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Abstract. Khoirunnisak A, Prijono S, Wicaksono KS. 2023. The role of coffee agroforestry on available water capacity and root length
density in smallholder plantation. Biodiversitas 24: 55-61. The application of coffee agroforestry has several advantages, such as
increasing the cycle of nutrients and soil organic matter as well as improving soil physical properties. However, there is still an
information gap related to the interaction between coffee plants and shade plant roots. This study aimed to evaluate coffee agroforestry
on available water capacity (AWC) and root length density (RLD). The research was carried out at the smallholder coffee plantation in
Dampit District in four shade types (coffee-open, shaded with Leucaena leucocephala and shaded with L. leucochepala). Soil and root
samples were taken at three depths (0-20 cm, 20-40 cm, and 40-60 c¢cm) and at two distances (near the coffee stems and between the
coffee shade). The variables observed were AWC, RLD, soil organic C, soil aggregate stability, and soil penetration resistance. The
result was coffee plants with shade trees increased AWC value and root density compared to coffee-open. The type of shade
significantly affected RLD, where shaded with Gliricidia sepium, and shaded with L. leucochepala were better than coffee-open. This
indicates that there was no root competition between coffee plants and shade trees. However, shaded with Musa sp. had lower RLD than
coffee-open. Soil depth had a significant effect on the AWC value and root length density of coffee plants, where the most AWC values

and coffee root distribution were higher at a depth of 0-20 cm.
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INTRODUCTION

Coffee is one of the main plantation commodities in
Indonesia that has an important role in increasing non-oil
export in Indonesia. Indonesia is the fourth largest coffee
producer in the world, with a total production of 660,000
tons in 2017 (Sujatmiko and Ihsaniyati 2018). Coffee is
cultivated across Indonesia’s major islands from the west
part to the east, and East Java Province occupies the
position of the top five largest coffee fields in Indonesia
(BPS 2019). One of the coffee production areas is Dampit
Sub-district, Malang District, East Java. Robusta coffee is
the most commonly cultivated in Dampit, which is grown
at an altitude of 600-700 masl with a coffee area of around
5,467.75 ha (in 2017) and productivity of 400-700 kg ha*
(Fikriani and Slamet 2019). It shows that coffee
productivity is still low compared to Brazil and Vietnam,
which reached 2000 kg ha* and 1500 kg ha* (ICO 2019).

The fluctuation of coffee production is caused by
several factors, including changes in coffee land area and
climate change. Coffee plants in Dampit Sub-district are
generally cultivated by the rainfed system. Water is one of
the limiting factors for the success of rainfed agriculture
because it only relies on rainwater as the main source of
water input. The frequency of precipitation is important in
rainfed agriculture because it indicates how often the soil
water is filled up by natural precipitation during a certain
time (Sohoulande et al. 2019). This makes rainfed crop
production much more vulnerable to the effects of

environmental stresses, especially climate variability and
extremes (Eeswaran et al. 2021).

Most farmers cultivate agroforestry coffee to solve
these problems. Agroforestry is an ecologically and
economically efficient agricultural practice. Thus the
practice supports biodiversity conservation, increases water
use efficiency and is economically beneficial (the tree
produces fruits, timber, etc.) (Dori et al. 2022). Several
studies have shown that the use of shade trees can improve
the physical and chemical characteristics of the soil through
increasing soil nutrients (tree roots can penetrate deeper
and reach nutrients that may not be accessible to the coffee
roots), and the addition of organic matter through tree and
coffee litter (Moreira et al. 2018; Etafa 2022), also
indirectly increase available water capacity (AWC).
Available water capacity is the ability of the soil to hold
water for a certain period of time (Olorunfemi et al. 2016).
Increasing the available water capacity is needed to
maintain groundwater conditions in order to remain
available in accordance with the coffee phenology phase.

Although many farmers cultivate coffee agroforestry
systems, there are still information gaps related to the
belowground interactions between coffee roots and shade
trees, whether there is competition or complementarity.
Root competition can be defined as a phenomenon where
the roots of shade plants reduce the access of coffee plant
roots in absorbing water and nutrients and significantly
affect tree biomass and productivity (Defrenet et al. 2016).
Sarmiento-Soler et al. (2019) reported that the use of water
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in coffee agroforestry systems was higher than in
monoculture coffee, potentially reducing water availability
for coffee. On the other hand, several studies have shown
that there may be water competition between coffee and
shade plants under dry conditions (Bayala et al. 2015). The
selection of shade plants with different root structures
causes plant roots to absorb water in different soil layers,
thereby reducing competition and water loss through deep
percolation (Sarmiento-Soler et al. 2019). To answer these
questions, a study was conducted with the aims of (i)
analyzing the effect of coffee shade on available water
capacity and coffee root density and (ii) analyzing the
effect of soil depth on available water capacity and coffee
root density under coffee agroforestry systems in
smallholder plantations.

MATERIALS AND METHODS

Study area

The research was conducted at a few selected
smallholder coffee plantations in Srimulyo Village, Dampit
Sub-district, Malang District, East Java, Indonesia
(8.25654-8.27093 S, and 112.7747-112.7792 E) (Figure 1).
Dampit is one of the largest coffee producers in Malang,
with a land area of 3,372.5 ha and a total production of
2,280.3 tons (BPS 2019). The research is located at an
altitude of 480-565 m asl. Based on the Schmidt Ferguson

climate, the location was classified to D class, which is
divided into two periods; the wet month (rainfall >100 mm)
and the dry month (rainfall <60 mm) with an average
annual rainfall of 2209 mm (climate stations of
Karangploso, Malang). The soil type is Inceptisol (Sari and
Prijono 2019). The research was carried out between
October 2021 - May 2022. The sample analysis process
was carried out at the Soil Physics, Chemistry and Biology
Laboratory, Faculty of Agriculture, Brawijaya University,
Indonesia.

Experimental design

The study used a survey method to determine the
research location and soil sampling sites. The research
design was a randomized block design with four different
systems; coffee-open (KO), coffee with Musa sp. shade
(KP), coffee with Gliricidia sepium shade (KG), and coffee
with Leucaena leucocephala shade (KL) with 3
replications. The research plot was 20 m x 20 m. The plots
were selected based on the following criteria: i) coffee age
between 25-30 years, and ii) located on a flat slope. The
type of coffee cultivated is Robusta coffee with a spacing
between coffee plants of 2.5 m x 2.5 m. Fertilization was
carried out twice a year, at the beginning of the rainy
season and the end of the rainy season at the rate of 205 kg
N ha?, 76 kg P,Osha, and 167 kg K,O ha™ per year.
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Figure 1. Soil and root sampling site at the coffee smallholder plantation in Srimulyo Village, Dampit Sub-district, Malang District,

East Java, Indonesia
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Sampling and sample measurement

Soil and root sampling were carried out at three depths
(0-20 cm, 20-40 cm, and 40-60 cm), and two distances:
near the coffee stem (75 cm from the coffee stem) and
between coffee-shade tree (100-150 cm from coffee stems).
The distance of 75 cm refers to the limit of coffee
fertilization around the stem and the distance of 100-150
cm refers to the middle distance of coffee-shade tree. The
middle distance of the coffee-shade tree is different in a
different system, where the middle distance of KP and KG
is 100 cm, and the middle distance of KO and KL is 150
cm. The variables observed were Available Water Capacity
(AWC) and root length density (RLD) as the main
variables. AWC is soil characteristics that determine soil
water supply, which is defined as the difference between
volumetric water content at field capacity and the
permanent wilting point of the soil (Kukal et al. 2022). The
supporting variables were soil organic carbon, soil
aggregate stability and soil penetration resistance.
Disturbed soil was used for the analysis of soil organic
carbon using the Walkey and Black method. Soil aggregate
sampling was used for the analysis of soil aggregate
stability (Mean Weight Diameter: MWD) using the wet
sieve method. Measurement of soil penetration resistance
was carried out directly in the field using a hand
penetrometer.

Available water measurement

The undisturbed soil sample was used to analyze
available water capacity using a ring sample with a
diameter of 5 cm and a length of 6 cm. Available water
capacity was measured as the differences between
volumetric water content at field capacity (0.03 MPa; pF
2.5) and wilting point (1.5 MPa; pF 4.2) (Ghassemi-
Golezani and Farhangi-Abriz 2021). The methods used
were the sanbox (pF 2.5) and the pressure plate apparatus
method (pF 4.2).

Root length density measurement

Measurement of root length density was carried out on
coffee trees with a stem diameter of 5-20 cm. Root samples
were taken using an iron block in size 20 cm x 20 cm x 10
cm (modified research of Saleh et al. 2022). Furthermore,
coffee roots were separated from the soil using a dry sieve
method carried out in the field and a wet sieve carried out
in the laboratory. The sieves used were 2 mm and 250 pm
in diameter.

Root density analysis was carried out using the Line
Intersect method by Tennant (1975). The sub-sample of the
coffee root was cut into small pieces of about 2 cm and
spread on grid paper (the grid size was 1 cm x 1 cm). Then,
the intersection of the roots with horizontal and vertical
lines on grid paper was calculated manually. The
calculation of RLD is presented in equation 1.

RLD = m ((H+V)D)

@

Where: H: total of roots intersection in horizontal lines;
V: total of roots intersection in vertical lines; D: the grid
size

Data analysis

The collected data were analyzed by variance analysis
and continued with the analysis of Tukey’s HSD (honestly
significant difference) at a level of 5% to determine the
significant difference among treatments. Correlation
analysis was performed to measure the relationship
between roots and soil parameters (i.e. RLD, AWC, C-
organic, soil aggregate stability, and soil penetration
resistance). All analyses were performed by using SPSS 25
for windows.

RESULTS AND DISCUSSION

Analysis of the variance of AWC and RLD variables is
presented in Table 1. The effect of coffee shade type on
AWC and RLD values was presented in Table 2, and the
effect of soil depth on AWC and RLD values was
presented in Table 3.

Table 1. Analysis of variance of Awvailable Water Capacity
(AWC) and Root Length Density (RLD)

. AWC RLD
Source of variation
p value
Type of coffee shade (S) 0.281" 0.022"
Soil depth (De) 0.002" <0.0001**
Distance(Di) 0.597 " 0.002"
S xDe 0.061"s 0.484"s
S x Di 0.738" 0.308"s
De x Di 0.867" 0.262"s
S x De x Di 0.215" 0.619"

Note: ns: not significant, *: significant (p value<0,05), **: very
significant (p value <0,001)

Table 2. Available Water Capacity (AWC) and Root Length
Density (RLD) values at the different coffee shade

Code Coffee shade A;N C_3 RLD_3
cmicm cmcm
KO Coffee open 0.08 0.03 ab
KP Coffee + Musa sp. 0.10 0.02a
KG Coffee + G. sepium 0.07 0.07b
KL Coffee + L. leucocephala 0.08 0.04 ab

Note: Numbers followed by different letters in the same column
are significantly different at the 5% Tukey’s test

Table 3. Available Water Capacity (AWC) and Root Length
Density (RLD) values at different soil depths

. AWC RLD
Soil depth (cm) o om om om?
0-20 0.10b 0.07b
20-40 0.06a 0.02a
40-60 0.08 ab 0.04 ab

Note: Numbers followed by different letters in the same column
are significantly different at the 5% Tukey’s test



58 BIODIVERSITAS 24 (1): 55-61, January 2023

Available water capacity

Available water capacity was not affected by coffee
shade (Table 1). The KP treatment had the highest AWC
value, while the KG treatment had the lowest AWC value
(Table 2). AWC value was significantly affected by soil
depth (Table 1). The highest AWC values were at a depth
of 0-20 cm and significantly different at a depth of 20-40
cm (Table 3). AWC is water stored in soil pores where it
can be utilized by plant roots. The available water capacity
is influenced by several factors, one of which is soil
structure. The KP (coffee-Musa sp.) treatment had a stable
soil structure, so the AWC value was also high. In line with
the statement of Basset et al. (2023), soils that have a more
stable structure can increase water infiltration and have the
ability to absorb and retain water during irrigation or rain.
Besides soil structure, the AWC value is also influenced by
soil organic matter. The soil surface (0-20 cm depth) had a
higher AWC value because the soil organic matter content
was greater than at other depths (Table 4). Increasing the
percentage of soil organic C may change the soil surface
area and balance the proportion of soil pore size
distribution. These alternations can result in increased
water retention and retain moisture between field capacity
and permanent wilting point, or available water content
(Safadoust et al. 2014). AWC value was influenced by soil
organic carbon and soil aggregate stability (MWD) which
were presented in Table 4.

The highest soil organic C content was in the KL
treatment and the lowest soil organic C was in the KO
treatment (Table 4). It means that coffee agroforestry has a
higher organic C value than coffee without shade.
Similarly, Tumwebaze and Byakagaba (2016) reported that
coffee agroforestry had significantly higher soil organic C
compared to coffee monoculture. This may be due to the
continuous input of leaves and dead roots of shade and
coffee trees. In addition, coffee agroforestry had the
potential to store more soil organic C than plots without
shade trees. The increase in soil depth was followed by
lower soil organic C values (Table 4). According to
Thomazini et al. (2015), topsoil (0-30 cm depth) stores
almost half of the soil's organic C and three times the
carbon stored in plants. Other research shows that about 71
to 76% of the total carbon is stored at 0-30 cm soil depth
(Adiyah et al. 2022). The high value of soil organic C in
topsoil is the result of the decomposition of organic matter
from several sources, such as dead organisms (i.e. animals,
insects), plant litter, and root exudates (Kunlanit et al.
2019).

Agroforestry coffee contained a higher soil aggregate
stability than coffee-open, and aggregate stability
decreased with increasing soil depth (Table 4). Soil
aggregate stability was affected by several factors, one of
which is soil organic matter. Similarly, Rieke et al. (2022)
reported that soil aggregate stability was positively
correlated with soil organic C, indicating that increasing
soil organic C was followed by increasing soil aggregate
stability. The KL treatment had high soil organic matter;
therefore, the soil aggregate was more stable. On the other
hand, the KO treatment had low organic matter; therefore,
the soil aggregate stability was also low. Soil organic

matter can increase the activity of soil microorganisms and
increase the binding capacity and elasticity between soil
particles, thereby increasing the resistance and stability of
soil aggregates (Karami et al. 2012). Soil aggregate
stability is an important physical property that affects soil
stability, and plays a key role in maintaining soil porosity,
water holding capacity, permeability, reducing erosion and
soil carbon conservation, and can be used as an evaluation
of soil quality (Thomaz 2021; Ma et al. 2022).

Correlation between AWC, soil organic C, and soil
aggregate stability

Soil organic C was significantly positively correlated
with the AWC value (Table 5). Increasing soil organic C
could increase the available water capacity. Similar results
were shown by Hanuf et al. (2021) that the increase in soil
organic C was followed by an increase of available water
capacity. Soil organic matter content affects the available
water capacity either directly or indirectly. Increasing soil
organic C content can increase the number of oxygen-
containing functional groups (e.g. carboxylic, phenolic
hydroxyl and amino groups) in soil. These groups provide
sorption sites for water molecules. However, the decrease
or increase of sorption sites with increasing soil organic C
depends on soil clay content (Zhou et al. 2020). Indirectly,
organic matter increases the available water capacity by
improving soil physical properties such as soil aggregation,
pore size distribution (increasing the activity of soil
organisms which has an impact on the formation of new
soil pores, especially around the root zone), bulk density,
and porosity (Guhra et al. 2022). On the other side,
increasing soil water content can increase soil organic C.
Increased soil water content provides food for soil biota by
increasing the content of microbial biomass, where
microbial activity ideally occurs when the soil moisture
content is close to field capacity (Ramesh et al. 2019).

Soil aggregate stability was significantly positively
correlated with the AWC value (Table 5). It shows that the
increase in soil aggregate stability was followed by an
increase in AWC value. The more stable the soil aggregate,
the less easily crushed by external pressure (rainwater or
soil management) so that the pore space is maintained,
which results in an increase in available water capacity.

Root length density

The type of coffee shade significantly affected root
length density (RLD) (Table 1). KG had the largest RLD
value, while the KP treatment had the lowest RLD value
(Table 2). Soil depth significantly affected the RLD value
(Table 1). The soil depth of 0-20 cm had the highest RLD
value and was significantly different from other soil depths,
while the depth of 20-40 cm had the lowest RLD value.

KO and KP treatments had lower RLD values than KG
and KL treatments. In the KP treatment, it was suspected
that Musa sp. root system inhibits the growth of coffee
roots. Musa sp. roots are adventitious roots with a shallow
root system and spread widely on the soil surface
(Panigrahi et al. 2021). Thus, it has a low potentiality to
uptake water and nutrient from deep soil layers and is
vulnerable to water stress. In addition, Musa sp. is
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characterized by a large shoot system i.e. broad leaves,
which  these usually associated with a high
evapotranspiration rate (Ali et al. 2015). This indicated that
there was a possibility of water competition on the soil
surface between coffee plants and Musa sp. plants,
especially during the dry season.

KG and KL treatments had a higher RLD value than
coffee open. This indicated that there was no competition
between coffee plant roots and G. sepium roots or L.
leucocephala roots on the topsoil. G. sepium and L.
leucocephala plants are legume plants, where the roots of
legume plants are in symbiosis with N-fixing bacteria,
thereby increasing soil fertility. The roots of G. sepium and
L. leucocephala are able to penetrate deep into the soil and
resist drought (Okoye et al. 2022), so they do not interfere
with coffee roots.

The roots of coffee plants are most widely distributed at
a depth of 0-20 cm. Several other studies have shown
similar results that about 50-70% of fine roots of coffee
plants are distributed on the soil surface (Carducci et al.
2015; Padovan et al. 2015). This is due to the contribution
of organic matter through plant litter and the application of
fertilizers, which are mostly concentrated on the soil
surface. The distribution and growth of coffee roots are
strongly influenced by environmental and soil conditions
(Padovan et al. 2015). In dry conditions, the distribution of
coffee roots tends to the deeper parts of the soil.
Meanwhile, in wet conditions, the coffee roots on the
topsoil (up to 40 cm soil depth) play a more important role
in absorbing water and nutrients (Silva et al. 2020).

The distance from the coffee plant significantly affected
the RLD value. RLD at the coffee stem was greater than
between the coffee plants-shade tree (inter-row) (Figure 2).
According to Schmidt et al. (2022), coffee roots have
greater root lengths near the coffee stem (up to 60 cm away
from the coffee stem). This is probably because these
plants are fertilized at that distance. Root growth depends
on other processes, such as nutrient cycling, which near the
coffee stem (row) from the coffee plant is the fertilization
area. Otherwise, soil mineral deficiency may limit coffee
root development (Nunes et al. 2020). Factor affecting root
length density

Penetration resistance is one of the factors that affect
root growth. Soil penetration resistance is an important soil
physical property to water access which also affects root
elongation. Soil penetration resistance is influenced by soil
characteristics (such as bulk density, soil aggregates
stability, soil texture, organic matter, and soil moisture
content) and tillage (Souza et al. 2021). Coffee combined
with shade plants had better penetration resistance than
coffee without shade. This is presumably because the
combination of coffee with shade trees can increase soil
organic matter through plant litter and increase the stability
of soil aggregates, which can improve soil penetration
resistance. In accordance with the opinion of Gabriel et al.
(2021) that the presence of cover crops can reduce soil
compaction because the plant canopy can protect against
the destruction of soil surface aggregates by rainwater, and
the organic matter can improve soil aggregation.
Penetration resistance >2.5 MPa usually inhibits root

elongation and adversely affects plant growth (Souza et al.
2021). The overall treatment had a penetration resistance
value of < 2.5 Mpa, so soil compaction was not the main
factor inhibiting root elongation.

The value of soil penetration resistance increased with
increasing soil depth (Table 5). Otherwise, the value of
RLD decreased with increasing soil depth (Table 3 and
Figure 2). Increasing penetration resistance in the deep
layer indicated that soil compaction occurred in the deep
layer. Penetration resistance at 0-40 cm soil depth was <1
Mpa. It indicated that there was no soil compaction and did
not inhibit root growth. Meanwhile, at a depth of 40-60 cm,
the penetration resistance value is >1.1 MPa, which
indicates that soil compaction occurs and there is little
inhibition for root growth. It can be seen in Figure 2 that
root growth decreased with increasing soil depth, which
indicates that root growth restriction occurred in the deep
layers.

Soil penetration resistance had a negative correlation
with RLD values (r = -0.036, p>0.05). In line with previous
research which showed that root growth rate was
significantly negative correlated with soil penetration
resistance (Lipiec et al. 2012; Valentine et al. 2012). With
increasing soil penetration resistance, roots need to exert
higher mechanical forces and stresses to penetrate the soil,
leading to an increase in the metabolic costs of soail
exploration. A further impact on the root phenotype,
namely resistance to soil penetration, can lead to shallower
root growth, root thickening, and a reduction in the number
of lateral and axial roots. A decrease in the rate of root
elongation, shallower root growth, root thickening and a
decrease in the number of roots reduces the volume of soil
that can be explored by plants in absorbing water and
nutrients (Colombi et al. 2018), thus affecting plant growth.
This mechanism shows that soil compaction can inhibit
root growth.

Table 4. Soil organic carbon and Mean Weight Diameter (MWD)
at the different coffee shades and soil depth

Soil

: Soil Soil organic
Code 2;?%2? MWD depth carbon MWD
% mm (cm) % mm
KO 04l1a 159a 0-20 0.72¢c 3.12c¢c
KP 0.42a 2.08a  20-40 0.46 b 1.83Db
KG 0.46a 1.69a  40-60 0.28a 1.26a
KL 0.66b 293D

Note: Numbers followed by different letters in the same column
are significantly different at the 5% Tukey’s test

Table 5. Pearson correlation of AWC (Available Water Capacity),
soil organic carbon, and MWD (Mean Weight Diameter)

AWC Soil organic MWD
carbon
Soil organic carbon 0.248" 1 0.722™
MWD 0.346™ 0.722™ 1
AWC 1 0.248" 0.346™

Note: “correlation is significant at 0.05 level, “correlation is
significant at 0.01 level
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Figure 1. Root length density (cm cm-3). A. Near the coffee stem (row); B. Between coffee plants-shade tree

Table 5. Soil penetration resistance at the different coffee shades and soil depth

Penetration resistance

Penetration resistance

Code Coffee shade MPa Soil depth (cm) Mpa
KO Kopi tanpa naungan 1.01 0-20 0,88 a
KP Kopi + Musa sp. 1.10 20-40 0,97b
KG Kopi + G. sepium 0.93 40-60 1,26 ¢
KL Kopi + L. leucocephala 1.10

Note: Numbers followed by different letters in the same column are significantly different at the 5% Tukey’s test

In conclusion, shade plants in coffee plantations could
increase AWC and RLD values. The KP treatment had the
highest AWC value, although it was not significantly
different from the other treatments. Coffee shade
significantly affected RLD value. KG and KL treatments
had higher RLD values than unshaded coffee. These results
indicated that the application of coffee agroforestry with G.
sepium or L. leucocephala had a positive impact on root
growth, where there was no competition between coffee
plants and shade tree roots. KP treatment had a lower RLD
value than coffee open, which indicated that there was a
possibility of root competition between coffee plants and
Musa sp. The overall treatment had a penetration resistance
value of <2.5 MPa, which indicated that soil compaction
was not a factor inhibiting root growth. Soil depth
significantly affected AWC and RLD values. The highest
AWC value occurred at topsoil (0-20 cm). Likewise, the
highest RLD value also occurred at topsoil (0-20 cm),
which indicated that the roots of coffee plants were widely
distributed on the soil surface. This happened because the
soil surface had high soil organic C, more stable soil
aggregates, and low soil penetration resistance compared to
other depths.
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