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Abstract

The coffee berry borer (CBB), Hypothenemus hampei, remains the most
destructive pest affecting Arabica coffee production in Indonesia. While its general
biology is well-known, there is a significant knowledge gap regarding how dif-
ferent agro-ecosystems and host maturity stages influence the pest’s internal
population dynamics and reproductive fitness. This study aims to evaluate the
interplay between three cropping systems (monoculture, coffee-orange intercropping,
and coffee-vegetable intercropping) and fruit maturity stages (green, yellow, and
red) on CBB infestation levels and its internal life stages. The research was conducted
from December 2021 to Februari 2022 in Karo Regency, North Sumatra, Indonesia.
A total of 1 kg of coffee berries per replicate was collected and all bored berries
were dissected under a stereomicroscope to quantify eggs, larvae, pupae, and adults.
Data were analyzed using Generalized Linear Models (GLM) and Tukey’s HSD test.
Results indicated that the monoculture system recorded the highest infestation
levels, while the coffee-orange intercropping significantly reduced borer pressure,
which may be associated with increased habitat complexity and possible olfactory
interference. Green berries appeared less suitable for larval development, charac-
terized by high adult penetration but failed larval development due to insufficient
endosperm hardness. These findings underscore the importance of habitat complexity
and timely harvesting as critical components of site-specific Integrated Pest Manage-
ment (IPM) strategies to disrupt the CBB life cycle in the Indonesian highlands.
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INTRODUCTION

Indonesia is recognized as one of the
world’s top five coffee-producing nations,
with Arabica and Robusta serving as the
primary cultivated varieties. Around 90% of
Indonesia’s coffee production is exported,
while domestic consumption has shown a
consistent upward trend, further increasing
overall demand (Ramadhillah & Masjud,
2024). Despite this strong production capacity,
the sustainability of coffee production is
threatened by insect pest infestations. Among
the most destructive pests is the Coffee Berry
Borer (CBB), Hypothenemus hampei (Ferrari),
which infests Arabica coffee (Coffea arabica)
(Johnson et al., 2020a).

The coffee berry borer (CBB) is a cryptic
pest that spends most of its life cycle inside
the coffee berry, where it bores into the fruit,
feeds on the endosperm, and reproduces.
This behavior causes significant economic
losses by reducing both yield and the physical
quality of the beans (Moreno-Ramírez et al.,
2026).

Effective management of this pest requires
a deep understanding of its ecological prefe-
rences, particularly how it responds to the
surrounding environment and the physiological
state of its host. The severity of H. hampei
infestation is often first evaluated through
overall infestation rates, which provide a
baseline for the pest pressure within a specific
region. These broad metrics are heavily
influenced by the cropping system and the
surrounding agro-ecosystem (Tejada et al.,
2025). Variations in land management from
intensive monocultures to complex shaded
polycultures significantly alter the microcli-
mate (Scordia et al., 2023). Factors such
as shade-driven temperature reductions and
increased humidity play a critical role in the
dispersal and survival rates of the borer
(Abewoy, 2022). Understanding the overall
infestation across different land types is the

first step in identifying high-risk areas within
a plantation (Mahob et al., 2022). However,
a comprehensive understanding of CBB ecol-
ogy requires looking beyond general infesta-
tion levels to the interplay between the en-
vironment and host phenology. The physi-
ological state of the coffee berry, specifically
its maturity stage, is a primary driver for CBB
host selection. This selection process is
largely governed by the developmental regu-
lation of Volatile Organic Compounds
(VOCs) that act as potent olfactory cues.
While classic attractants such as methanol
and ethanol have been widely studied, recent
evidence highlights the critical role of specific
terpenes, particularly limonene and pinene,
in host recognition. The biosynthesis of these
compounds is developmentally regulated,
with limonene synthase expression reaching
its peak in ripe (red) fruits—a stage that
correlates directly with maximum CBB
attraction (Figueroa-Varela et al., 2025).
Consequently, the transition from green to
red berries does not only offer a visual signal
but also an intensified chemical ‘map’ that
guides the borer toward the most suitable
hosts for reproductive success (Figueroa-
Varela et al., 2025).

Despite these biochemical insights from
laboratory settings, a significant knowledge
gap persists regarding how sensory-driven
preferences translate into internal population
dynamics—specifically the ratio of larvae to
imago—and overall borer fitness across diverse
Indonesian agro-ecosystems. Beyond surface-
level infestation, these internal dynamics
(comprising eggs, larvae, pupae, and adults)
offer a more profound metric of pest fitness.
Relying solely on the percentage of infested
berries (external infestation) fails to capture
the true potential for future outbreaks. Thus,
identifying the specific life stages within berries
of varying maturity is vital to distinguish whether
a fruit serves merely as a temporary refuge
or as a productive ‘nursery’ for a succeeding



64 PELITA PERKEBUNAN, Volume 42, Number 2, August 2026 Edition

Efrata et al.

generation. Therefore, this study aims to
evaluate the combined influence of cropping
systems and fruit maturity stages on both
the overall infestation levels and the internal
population dynamics of H. hampei. By analyzing
the ratio of larvae to imago across various
land types and berry ripeness, this research
seeks to bridge the gap between landscape
ecology and pest biology. The findings are
expected to provide a scientific basis for
developing site-specific Integrated Pest
Management (IPM) strategies to disrupt the
borer’s life cycle in Arabica coffee plantations.

MATERIALS AND METHODS

Study Site and Experimental Design

The research was conducted from
December 2021 to February 2022 within
Arabica coffee (Coffea arabica) plantations

located in Karo Regency, North Sumatra,
Indonesia (02°50' – 03°19' North Latitude
and 97°55' – 98°38' East Longitude. The
study sites were situated in the highlands,
with elevations ranging from approximately
1,100 to 1,450 m above sea level (asl.), a
region characterized by a cool tropical climate
ideal for Arabica cultivation (Figure 1). To
evaluate the impact of land management
on pest dynamics, the study utilized a struc-
tured design involving three distinct cropping
systems:

1. Monoculture coffee (intensive manage-
ment with minimal shade).

2. Coffee intercropped with orange (Citrus sp.).

3 . Coffee intercropped with seasonal
vegetables.

The experiment followed a randomized
block design with three treatments each
replicated three times across the designated
sites.

Figure 1. Spatial distribution of sampling locations
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Sampling Procedure and Fruit
Categorization

Sampling was conducted during the
non-peak harvesting season to minimize bias
associated with the excessive abundance of
ripe berries during peak harvest and to allow
clearer observation of host selection by the
coffee berry borer, Hypothenemus hampei.

Three cropping systems were evaluated:
(1) monoculture coffee, (2) coffee inter-
cropped with orange (Citrus sp.), and (3)
coffee intercropped with seasonal vegetables.
Each cropping system was represented by
three farmer-managed fields as replicates,
resulting in a total of nine sampling sites.
To ensure comparability among sites, selected
fields met the following criteria: a minimum
area of 0.5 ha, coffee plant age above five
years, and a minimum population of 500
coffee trees per field. These criteria were
established to reduce variation associated
with field size, plant age, and stand density.

In each replicate field, a composite sample
of 1 kg of freshly harvested Arabica coffee
berries (approximately 350–450 berries) was
randomly subsampled from the total harvest
collected by farmers during routine harvesting
activities. Farmers were instructed to harvest
berries following their normal practices with-
out prior selection based on visible pest damage,
in order to minimize sampling bias and better
represent field infestation conditions.

The collected berry samples were trans-
ported to the laboratory and sorted according
to fruit maturity stage based on pericarp
color: (1) Green (immature fruits) (2) Yellow
(semi-ripe fruits), and (3) Red (fully ripe fruits).

Laboratory Analysis and Internal
Population Assessment

To assess overall infestation levels, the
percentage of bored berries was calculated
for each sample using the following formula:

Infestation (%) =

(number of bored berries/total number of
observed berries) × 100

Only berries showing visible entry holes
caused by Hypothenemus hampei were se-
lected for dissection. Each bored berry was
carefully opened under a stereomicroscope
to examine the internal population. Detailed
observations were conducted to quantify all
developmental stages present within each
infested berry, including eggs, larvae (all
instars), pupae, and adults (imago). The total
number of individuals per developmental
stage was recorded for each berry and sub-
sequently pooled at the sample level for
analysis. In addition, the larvae-to-adult ratio
was calculated as a proxy for reproductive
success and to evaluate the suitability of
berries at different maturity stages as re-
productive sites for the development of sub-
sequent generations.

Statistical Analysis

All gathered data regarding infestation
levels and internal pest populations were
analyzed using Generalized Linear Models
(GLM) to account for the interplay between
cropping systems and maturity stages. The
analysis was performed using RStudio soft-
ware. To determine significant differences
between treatment means, Tukey’s Honestly
Significant Difference (HSD) post-hoc test was
applied at a 5% significance level (± = 0.05).

RESULTS AND DISCUSSION

Evaluation of Habitat Heterogeneity
and Precipitation on Overall CBB
Infestation Levels

The analysis of overall infestation rates
reveals a significant disparity between the
three evaluated agro-ecosystems, demon-
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strating that habitat complexity is a primary
driver of H. hampei population pressure. Our
findings indicate that the monoculture system
consistently exhibited the highest percentage
of bored berries. This phenomenon can be
explained through the ‘Resource Concentra-
tion Hypothesis’ where a simplified landscape
with high host density (C. arabica) minimizes
the energetic ‘searching cost’ for female
borers (Figure 2.) (Gonzalez & Grezz, 1995;
(Lanta et al., 2025). In such environments,
the continuous availability of host plants and
a more stable microclimate favor rapid colo-
nization and high dispersal efficiency, as the
beetles do not need to navigate through non-
host vegetation(Vázquez & Jacques, 2019).
Furthermore, the lack of shade in monocul-
tures leads to increased canopy temperatures
and lower relative humidity—conditions
known to accelerate the metabolic rates and
flight initiation of the CBB, which typically
prefers temperatures between 20°C and 30°C
for optimal activity (Mariño et al., 2016).

The environmental context of the Karo
highlands plays a critical role in sustaining
these populations. Based on the historical

rainfall data from 2013 to 2022 (Figure 3.),
the region has consistently experienced high
annual precipitation, with 2022 recording
approximately 3,000 mm. This high rainfall
regime, despite showing a slight fluctuation
from the peak in 2019 (approx. 4,500 mm),
maintains a consistently high relative humidity
(>80%) within the coffee canopy. Such micro-
humid conditions are essential for CBB survival,
as they prevent the desiccation of eggs and
larvae inside the galleries (Jaramillo et al.,
2009). However, high precipitation also plays
a dual role; while it favors internal develop-
ment, heavy rain events can physically wash
away dispersing females or promote the
growth of entomopathogenic fungi, such as
Beauveria bassiana, which naturally regulates
CBB populations (Melissa A. & Manoukis,
2020). In contrast, the marked reduction in
infestation within the Coffee-Orange inter-
cropping system suggests a potent ‘masking
effect’ or olfactory interference (Castro et al.,
2017). Orange trees emit a diverse and intense
profile of volatile organic compounds (VOCs),
including limonene, citral, and various terpenes
(Góngora et al., 2020). These compounds

Figure 2.   Comparison of fruit infestation among cropping systems
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likely create ‘chemical noise’ that overlaps
with or antagonizes the specific olfactory plume
(e.g., ethanol and methanol) emitted by ripening
coffee berries (Figueroa-Varela et al., 2025).
From a neuroethological perspective, this inter-
ference disrupts the borer’s highly specialized
antennal receptors, significantly hindering its
ability to discriminate and locate suitable
hosts amidst a heterogenic chemical back-
ground (Kumar et al., 2024). Despite the
high rainfall in 2022 which generally favors
pest development, the chemical and physical
barriers in intercropped systems remained
effective in suppressing colonization.

Additionally, the Coffee-Vegetable system
showed intermediate infestation levels, pro-
viding a degree of ‘associational resistance’
The concept of intermediate infestation in
Coffee–Vegetable systems is well-supported
in agroecology: such systems typically provide
partial (not maximal) associational resistance.
This occurs because added plant diversity
begins to interfere with pest behavior and
supports some natural enemies, but does not yet

reach the structural and functional complexity
of full agroforestry systems. As a result, pest
suppression is measurable but incomplete,
which is exactly what “intermediate infesta-
tion” implies (Venzon, 2021). Although seasonal
vegetables provide limited volatile-mediated
interference compared to citrus, their contri-
bution to habitat heterogeneity and microclimate
regulation—particularly through reduced light
intensity and increased humidity—likely impairs
Hypothenemus hampei flight and host-location
efficiency, resulting in lower infestation than
in open monocultures (Moreno-Ramirez et al.,
2024). The presence of non-host barriers
increases the ‘environmental grain’, forcing
the borer to spend more time in flight and
increasing its exposure to mortality factors,
such as the heavy rainfall typical of the Karo
Regency. Collectively, these results under-
score that maintaining landscape complexity
in the Karo highlands serves as a fundamental
ecological strategy to dampen the initial pressure
of CBB outbreaks by disrupting both the sensory
cues and the physical dispersal of the pest.

Figure 3.   Annual rainfall variation in Karo Regency (2013–2022)
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Host Preference and Fruit Maturity

The physiological state of the coffee berry,
specifically its maturity stage, serves as a
primary driver for H. hampei host selection
and reproductive success (Gongora et al,
2026). Our findings demonstrate a significant
preference for red (fully ripe) berries across
all cropping systems, followed by yellow
(semi-ripe) and green (immature) fruits. This
hierarchy is likely associated with changes
in volatile organic compound (VOC) emissions
during fruit development, which may enhance
the olfactory attractiveness of ripe berries,
although VOCs were not directly measured
in this study (Rodríguez et al., 2013). While
classic attractants such as methanol and ethanol
are present in ripening fruits, emerging evidence
suggests that specific terpenes, including
limonene and pinene, may play a key role, as
their emissions tend to increase and peak in
fully ripe (red) fruits. This transition from
green to red berries may creates an intensified
chemical ‘map’ that guides the female borer
toward the most suitable hosts for offspring
survival (Figueroa-Varela et al., 2025).

Interestingly, the presence of adults in
green berries (Figure 5.), despite the low
overall infestation, may indicate exploratory
behavior consistent with a “test-boring”
phenomenon (Johnson et al., 2020b). In
these immature fruits, the high number of
adults coupled with the near absence of eggs
and larvae suggests that, although females
can penetrate the pericarp, the internal condi-
tions may not be conducive to successful
colonization and reproduction (Aristizábal
et al., 2023). The apparent resistance of
green berries is likely associated with both
chemical and physical barriers. Immature
fruits often contain higher concentrations
of secondary metabolites, such as chlorogenic
acids and caffeine, which function as anti-
feedants or toxic deterrents, particularly
affecting early larval development, consistent
with ontogenetic defense theory (Boege &
Marquis, 2005; (Barton & Koricheva, 2010);
(Al-Khayri et al., 2023). Physically, the milky
or soft-paste endosperm of green fruits likely
lacks the structural integrity required for
stable gallery construction. In the absence
of a sufficiently hardened substrate, galleries
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may be unstable or difficult to maintain, and
the high moisture content of immature beans
may further compromise larval survival
(Vega et al., 2019; Johnson et al., 2020b;).

In contrast, the red berries provide the
optimal balance of nutritional quality and
physical stability. The hardening of the en-
dosperm (dry matter >20%) provides a solid
foundation for the borer to expand its maternal
gallery and protect its brood from environ-
mental fluctuations (Baker et al., 1992;
Damon, 2000;Jaramillo et al ., 2006;
Aristizábal et al., 2023). Our data indicates
that the transition to the ripe stage triggers
a shift in borer behavior from host-seeking
(sampling) to reproductive investment (ovi-
position) (Aristizábal et al., 2023). Thus,
while green and yellow berries may serve
as temporary refuges or demographic sinks
due to limited reproductive success, red
berries function as the primary source of
population growth, as oviposition and brood
development occur only after sufficient
endosperm maturation (Johnson et al., 2020b).
This distinction is vital for management
strategies, as it underscores that the presence
of holes in green berries does not necessarily
equate to a productive breeding site, whereas
every infested red berry represents a potential
launchpad for the next generation.

Internal Population Dynamic

The internal population dynamics across
different maturity stages reveal that red berries
serve as the primary biochemical nursery
for H. hampei. As illustrated in Figure 5,
there is a significant “population explosion”
exclusively within the red berries, where the
numbers of eggs, larvae, and imago are drama-
tically higher compared to the green and
yellow stages. This confirms that once a
female colonizes a ripe fruit, it shifts from
dispersal and host-seeking to reproductive
investment, initiating oviposition within the

endosperm where population growth occurs
(Johnson et al., 2020b;Mariño et al., 2016;
(Aristizábal et al., 2016). The hardened en-
dosperm of red fruits likely provides a more
suitable physical substrate for gallery expan-
sion, while also offering nutritional condi-
tions that can support the development of
a larger brood (Strong et al., 2023)

A critical observation from the data is
the high density of eggs and larvae in red
berries compared to their near-absence in
green fruits. This disparity reinforces the
‘test-boring’ hypothesis discussed in Section
3.2; while imago counts are present in green
berries, the failure to produce a significant
number of offspring (eggs/larvae) indicates
a lack of host acceptance or high larval
mortality due to the chemical deterrents
(chlorogenic acids) and high moisture content
of immature beans (Damon, 2000). In red
berries, however, the successful transition
from egg to larvae identifies these fruits as
a potent ecological ‘source’ for the next
generation of CBB (Mariño et al., 2021)

Furthermore, the data shows a consis-
tently lower population of pupae across all
stages, including red berries, when compared
to larvae and imago. This phenomenon points
toward a rapid generation turnover or a highly
synchronized developmental transition (Azrag
et al., 2020). In the tropical highland climate
of Karo, the pupal stage likely represents a
brief physiological ‘bridge,’ allowing for the
rapid emergence of new adults to exploit
the remaining ripe harvest. The high count
of imago in red berries, often exceeding 100-
200 individuals per sample in some cases
(as shown by the data points), underscores
the massive capacity of a single fruit to act
as an inoculum source.

From a management perspective, these
results highlight the necessity of sanitation
(lelesan) and timely harvesting. Since red
berries function as the “reproductive engine”
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of the infestation, leaving them on the tree
or ground provides a continuous supply of
new adults. By targeting the removal of these
high-capacity nurseries, farmers in North
Sumatra can effectively break the borer’s life
cycle and dampen future outbreak pressures.

Practical Implications for Integrated
Pest Management (IPM)

The findings of this study offer a robust
scientific framework for refining Integrated
Pest Management (IPM) strategies specifically
tailored for the Arabica coffee landscapes of
the Karo highlands. Our results underscore that

habitat diversification, particularly through
Coffee-Orange intercropping, serves as a non-
chemical primary defense. By leveraging the
potential “masking effect” of non-coffee
plant VOCs (volatile organic compounds),
farmers can naturally reduce the coloniza-
tion rate of H. hampei without sole reliance
on synthetic insecticides, as habitat complexity
and intercropping systems are known to disrupt
pest host-location behavior and enhance
ecological control (Bhattacharyya et al.,
2026). This ecological approach is particu-
larly vital given the high annual precipitation
in the region (approx. 3,000 mm), which often
reduces the persistence and effectiveness of

Figure 5.   Population distribution across developmental stages and fruit maturity levels
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Figure 6. Developmental stage composition of Hypothenemus hampei in coffee berries across
cropping systems and fruit maturity stages
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foliar-applied chemical treatments, making
biological and structural barriers more cost-
effective and sustainable (Haider et al., 2026;
Góngora et al., 2023).

Furthermore, the clear identification of
red berries as the critical “reproductive engine”
(as shown by the high larvae-to-imago ratio
in Section 3.3) dictates the timing and inten-
sity of field interventions. Management efforts
must prioritize sanitation (lelasan) and rapid
harvesting cycles to remove these high-capacity
nurseries from the field before the next generation
of adults emerges, as IPM programs consis-
tently highlight the importance of targeting
reproductive sites within mature berries
(Góngora et al., 2023). Since green berries
primarily serve as temporary “sinks” or early
colonization sites, the presence of borer holes
in immature fruits should not trigger imme-
diate chemical intervention, but rather serve
as an early warning for an impending surge
in the red berry population.

Lastly, the high rainfall patterns observed
from 2013 to 2022 suggest that IPM programs
in North Sumatra must account for micro-
humid stability. In high-moisture environments,
the application of entomopathogenic fungi
such as Beauveria bassiana may be highly
effective, as consistent humidity enhances
fungal infection, sporulation, and persistence
in the field (Bhattacharyya et al., 2026;
Góngora et al., 2023). By integrating habitat
complexity, rigorous sanitation of ripe fruits,
and climate-adaptive biological controls, a
more resilient coffee production system can
be established—ensuring both the yield and
the quality of North Sumatran Arabica for
the international market.
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