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Abstract. Coffee-pine agroforestry is a common land use system in Indonesia, that provides
several benefits, including increased soil fertility, biodiversity, and economic returns. However,
the management of coffee-pine agroforestry systems can significantly impact on soil water
dynamics, affecting coffee bean yields. This study investigated the effects of different
management systems on soil water dynamics and coffee bean yields in a coffee-pine agroforestry
system in UB Forest, Malang East Java, Indonesia. Five different management systems were
evaluated: (i) no management, (ii) pruned coffee with no fertilizer, (iii) pruned coffee with added
organic fertilizer, (iv) pruned coffee with added organic-inorganic mix fertilizer, with a planting
distance of pine trees of 3 x 2 m, and (v) pruned coffee with added organic-inorganic mix
fertilizer under pine trees with a planting distance of 6 x 2 m. The soil water dynamics were
measured at depths of 0-0.2 m with a soil moisture sensor and connected with a data logger
measured within a year, started in April 2022. Coffee bean yield was measured with 100 coffee
plants, then converted to production on ton ha?. The results showed that the different
management systems significantly impacted soil water dynamics and coffee bean yields. The
combination of pruning and fertilization is a promising management strategy for increasing
coffee bean yields in coffee-pine agroforestry systems. The consequent better growth of coffee
plants impacts increasing soil water extraction. This study provides valuable insights for farmers
and forest managers who are interested in improving the productivity of coffee-pine agroforestry
systems and conserving soil water or sometimes needing water addition through irrigation.

Keywords: Agroforestry, forest management, coffee cultivation, water dynamics, coffee yields

1. Introduction

The coffee production sector in Indonesia is declining, with an average decline rate of 1.4% per year
and is expected to increase to 1.52% in 2022-2026 [1]. This decline is due to the not yet optimal
management of coffee cultivation in Indonesia, because most coffee cultivation in Indonesia is carried
out in a unique way, which is carried out in a forest area agroforestry system, either in simple or complex
systems (multi-strata system) [2]. One of the most widely practiced coffee cultivation in Indonesia is
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coffee cultivation in a coffee-pine-based agroforestry system, this is because coffee cultivation in a
coffee-pine-based agroforestry system has economic and ecological benefits [3], In addition to
producing coffee beans, coffee cultivation in agroforestry systems also has the potential to maintain or
even improve ecological processes, such as nutrient and water cycling, energy flow, and carbon storage.
[4]. Based on this uniqueness, coffee cultivation in the agroforestry system also has challenges, one of
which is related to water distribution in the agroforestry system, because cultivation in the agroforestry
system is carried out without an irrigation system and fully relies on rainwater, so it needs proper
management so that coffee production in the coffee-pine agroforestry system can achieve optimal
results. [5].

Differences in agroforestry management impact the level of groundwater dynamics over a long
period of time, and will affect the level of coffee bean yield. Water dynamics conditions that tend to be
more stable will have an impact on increasing coffee bean yields, while extreme groundwater dynamics
will reduce coffee bean yields, because it will result in excess water during the rainy season, and drought
during the dry season [6], [7].

The growth and production of coffee plants is largely determined by the availability of water in the
soil in optimal conditions, because the availability of water in the soil greatly affects the growth of
shoots, shoot growth will have an impact on the quality of growth and production of coffee plants [5],
[8]. Shoot growth is influenced by the availability of water in the soil, which can be absorbed by coffee
plants optimally, if coffee plants experience water stress (deficit conditions) it will reduce the existence
of shoots, and the number of nodes, and photosynthesis conditions are not optimal, thus affecting coffee
production [9]. The level of coffee production is largely determined by the fulfilment of water needs for
plants, because water deficit conditions in coffee plants will have an impact on reducing fruit nodes per
tree, the number of fruits per node, and the size of coffee fruit. [5], [8], [10].

In addition to drought conditions, excess water conditions also have a negative impact on coffee
growth and production, excess water conditions will have an impact on low oxygen levels in the soil,
thus inhibiting growth, and causing death in coffee plants [11], [12]. The condition of the roots and
leaves will be disrupted if the coffee plant experiences excess water conditions, one of the initial
responses that occurs when the coffee plant experiences excess water stress is the closing of stomata
which is accompanied by a decrease in the photosynthetic rate of the plant [13], [14], [15]. Excess water
also results in the failure of optimal flower formation for coffee plants, as well as fruit rot in the early
phase [12].

The growth and production of coffee plants in the agroforestry system is very diverse, this diversity
is thought to be one of the factors due to the non-optimal water needs in the agroforestry system caused
by fluctuations in soil water levels (water is easily lost or soil conditions are too much water). [16], [17].
The difference in soil water dynamics at the same time is due to differences in soil texture, bulk density,
and soil organic matter content [18]. Soil moisture content has a positive relationship with increasing
clay content in the soil, and a negative relationship with sand content in the soil [18], [19]. Soil bulk
density and organic matter are among the components of soil physical properties that play an indirect
role in the water storage capacity of the soil [20]. The denser soil, it means high soil bulk density and
low organic carbon. [21], and water availability in the soil have a positive relationship with soil organic
matter content, structure, and constant mineralogy. A 1% increase in soil C-organic will increase water
content by 2-5% [20], [22].

Coffee cultivation in agroforestry systems is highly dependent on the management patterns carried
out to maintain optimal conditions for coffee plants, some management patterns have been carried out
by local communities, including a.) regulation of plant populations, b.) fertilization, c.) tree pruning, and
d.) addition of organic materials [23]. However, it has not been proven to maintain optimal soil water
dynamics for plant growth, i.e. avoiding water deficiency or excess. Here, we will examine to improve
the management potential of coffee cultivation in the pine-coffee agroforestry system by focusing on
how to maintain soil water dynamics in optimal conditions for growth and impact on coffee plant
production.
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2. Materials and Methods

2.1.  Study area

This research was conducted on Andisol in April-September 2022, located in the “Special Purpose
Forest Area (KHDTK)” or UB Forest, Sumbersari, Tawangargo Village, Karangploso District, Malang
Regency (Figurel). The elevation of the research site ranges from 700-1100 meters above sea level.
Laboratory analysis was conducted at the Soil Physics Laboratory, Soil Science Department, Faculty of
Agriculture of Brawijaya University.

2.2. Research and data collection

The experiment was arranged in a nested design with one research factor, namely coffee management
interventions, with three replications (Table 1). The five research plots are traditionally managed by
farmers in the UB Forest area with a plot size of 20 x 20 m. This study compared soil water content and
production rates across five different kind of agroforestry management interventions. The soil water
contents were measured at depths of 0-0.2 m with soil moisture sensor and connected with data logger
measured within six months, started at April 2022. Coffee bean yield was measured with 100 coffee
plants, then converted to production on ton ha™.
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Table 1. Description of management intervention (treatment) on research location

Plot Management Intervention
Without Pine forest aged 32 years with a tree planting distance of 3 m x 2 m with coffee plants
Management (WM) aged 8 years, no management efforts were made,
Management Pine forest aged 32 years with a tree spacing of 3 m x 2 m with coffee plants aged 8
Without Fertilizer  years, with the intervention of coffee stems being pruned, not fertilized.
(WF)

Organic Fertilizer ~ Pine forest aged 32 years with a tree spacing of 3 m x 2 m with coffee plants aged 8
Management (OF)  years, with the intervention of coffee stems being pruned, fertilized organic matter at
doses around 10 Mg ha* year.

Mixed Fertilizer Pine forest aged 32 years with a tree spacing of 3 m x 2 m with coffee plants aged 8
Management (MF)  years, with the intervention of coffee stems being pruned, fertilized organic matter at
doses around 10 Mg ha* year? and NPK inorganic fertilizers at doses of 100 gram
trees™ year™.

Recommended Pine forest aged 32 years with a tree spacing of 3 m x 2 m with coffee plants aged 8
Management (RM)  years, with the intervention of coffee stems being pruned, fertilized organic matter at
doses around 10 Mg ha! year® NPK inorganic fertilizers at doses of 100 gram trees™
year*and thinning at 10 years old, so pine trees spacing becomes 6 m x 2 m.

2.2.1 Coffee bean yield production

Calculation of coffee yield production samples used of 20 x 20 m harvest area. The coffee beans were
harvested from each tree inside the plot. Then the wet coffee beans were weighed and 100 samples of
coffee plants were taken from each research plot to determine the weight of oven-dried beans. The

equations used to calculate coffee bean production are as follows [3]:
wt of wet beans (g)—wt of dry bean (g)

Bean water content =
wt of dry beans (g)

Beans yield = wt of wet beans — wt of water content

2.2.2  Soil water content

Soil samples were measured in the topsoil at a depth of 0-0.2 m. Furthermore, the water content was
measured by soil moisture sensor, connected with a data logger within a year. Dynamic soil water
content was measured in a six month, from April-September 2022. Data from the sensor has been
calibrated using actual data in the field, namely by comparing sensor data with data from direct
measurements by using gravimetric method at the same time.

2.3.  Data Analysis

The data obtained from the observations was analysed using ANOVA, if the results of variance are
significantly different, then proceed with the Fisher’s LSD 5% level test. Furthermore, each research
variable was be tested for regression and correlation to determine the influence and relationship between
variables.
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Figure 2. The comparison of coffee bean yield in five coffee-pine agroforestry treatments: recommended management
(RM), mixed fertilizer management (MF), organic fertilizer management (OF), without fertilizer (WF), and without
management (WM).

3. Result

3.1. Coffee bean yield

The results showed that yield increased significantly (p<0.05) in the organic fertilizer (OF), mixed
fertilizer (MF), and recommended management (RM) treatments, when compared to the no management
(WM) treatment (Figures 2). The highest production yields were obtained in the recommended
management treatment (RM), which carried out pruning, organic and inorganic fertilization, and

thinning of pine trees with an increase of almost 20 times more than the no management treatment
(WM).

3.2. Soil dynamics water
The results showed that there was a significant difference in soil water content (p<0.05) in the
recommended treatment (RM), when compared to the others management treatment at a depth of 0-0.2
m from April until September (Figure 3). The recommended management treatment tended to have
lower water content when compared to all management treatment.

The results also showed that there was a significant negative correlation between soil water content
and coffee yield in April (r=0,92); May (r=0,90), June (r=0,66), July (r=0.77), August (r=0.70) and
September (1=0,80) (Figure 4).
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4. Discussion

Differences in agroforestry system management impact on growth rate, coffee production, and soil water
content in the system. The results of coffee plant production show that the highest production is in the
recommended management (RM), this is due to the management of coffee branch pruning and thinning
of pine shade plants which causes optimal light and water entering the agroforestry system. Water
content is clearly visible between the treatments. So a soil water dynamic that has been measured in
April, May, June, July, August, and September 2022. The recommended management treatment has a
lower level of water content when compared to the treatment without management. This is due to
differences in the density of shade plants because of tree spacing, where the recommended management
has less shade cover, with a planting distance of 6 x 2 m. Less shade cover will result in higher light
intensity received by the plants, thus increasing the evapotranspiration rate. The high rate of
evapotranspiration that occurs both on the plant and the soil surface will reduce the level of water content
and moisture in the soil.

There is a negative correlation between soil moisture content and coffee bean production, Further
details are discussed below.

4.1. Soil water dynamic

Cultivating coffee with a shading or agroforestry system will protect coffee plants from extreme
microclimatic dynamics. This aims to create optimal growing environmental conditions for coffee plants
in the long term [23]. So it is necessary to have the proper agroforestry system management so that
microclimate conditions (temperature, soil water content, humidity) can support coffee production
optimally [24]. In this study we focused on the dynamics of soil water that occurred in five different
managements, of all the existing management conditions, the soil water content was adequate for the
needs of coffee plant growth and production, that not less than 30% [15], [25]. The more water content
available in the soil, the better the performance of the coffee plant in growing and producing coffee
beans [26], [27].

However, it is interesting that, coffee plant production is best obtained from soil conditions with
lower water content, despite on the rainy month and dry months. The main reason for this could be that
coffee plants tend to be stunted in their growth and production when there is excess water and
waterlogging, when the soil water content is more than 50% [15], [28].

In addition, if coffee plants get good management and can produce well, it will cause high demand
for water, to help the formation of flowers and ripening of fruit, wich will cause soil moisture conditions
to decrease [29], [30]. Fertilizer application and intensifying coffee production often result in higher
coffee plant growth and more vigorous growth. This, in turn, increases the water demand of coffee plants.
The additional nutrients from fertilizers stimulate plant growth and fruit production, requiring more
water to support these processes. As a result, coffee plants draw more water from the soil to meet their
increased water demand.

4.2. Coffee development and coffee bean yields

The results of this study indicate that the best management to produce high coffee bean production is
recommended management treatment, with management of fertilization, pruning, and thinning of shade
plants to 6 x 2 m. This is because the effect of thinning the shade is to provide optimal microclimate
conditions [25]. The condition of an agroforestry system that is too dense with shade plants will reduce
the intensity of sunlight obtained by cultivated plants, the impact is that coffee plants will experience
photosynthetic inhibition [31]. The condition of an agroforestry system that is too dense with shade
plants will slow down the process of soil evaporation, thus creating a humid and excess water
environment [32]. Humid environmental conditions and excess water will disrupt the physiological
processes of the coffee plant, with the loss of flowers when entering the generative phase and fruit rot
in the early phase [33].
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In addition, pruning on coffee plants will accelerate the generative phase. This is evidenced by when
compared to agroforestry systems without management, the condition of stem diameter in agroforestry
systems without management tends to be larger. This indicates that the focus of photosynthesis tends to
be used for cambium formation rather than flower and fruit formation [33], [34].

5. Conclusion

Coffee bean yields were significantly affected by the different management systems. The combination
of pruning and fertilization resulted in the highest coffee bean yields, while the no-management
treatment had the lowest coffee bean yield, The combination of pruning and fertilization is a promising
management strategy for increasing coffee bean yields in coffee-pine agroforestry systems. We also
conclude that the different management systems significantly impacted on soil water dynamics. The no-
management treatment had the highest soil water content, while the combination of pruning and
fertilization treatment had the lowest soil water content. The consequent better growth of coffee plants
has an impact on increasing the extraction of soil water. This study provides valuable insights for
farmers and forest managers interested in improving the productivity of coffee-pine agroforestry
systems and conserving soil water or sometimes need water addition through irrigation.
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