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Indonesia, the world�s third-largest coffee producer, is rapidly expanding coffee
agroecosystems, often at the expense of deforestation. Understanding the
ecophysiology of coffee agroecosystems is thus critical for assessing their
impacts on the regional carbon cycle. However, current knowledge of coffee
ecophysiology is largely derived from studies in Central and South America and
equatorial Africa, with few observations from Indonesia despite its distinct
climatic context and large area. In this study, we measured plant functional
traits (i.e., leaf structural, physiological, and chemical traits) of coffee plants at
four distinct sites in Java, Indonesia, to assess the spatio-temporal variations of
coffee leaf traits along with their relationship with shade and reproductive output.
We found that physiological traits showed the largest within-site variation, while
structural traits varied most strongly among sites. Across seasons, photosynthetic
traits (i.e., light-saturated photosynthetic rate Amax and maximum carboxylation
rate Vcmax) exhibited pronounced seasonality at a robusta (C. canephora ) coffee
site, whereas arabica coffee (C. arabica) and hybrid (C. arabica x C. canephora )
sites showed greater seasonal shifts in structural traits. We also found that denser
shade promoted resource-acquisitive strategies (higher photosynthetic capacity,
lower leaf mass per area), but this did not translate into greater fruit production.
Our study provides one of the � rst � eld-based assessments of the ecophysiology
of coffee agroecosystems in Indonesia, which will advance our understanding of
coffee expansion on the regional carbon cycle.
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1 Introduction

Coffee is one of the most highly demanded crop commodities in
the world, with Indonesia being the third largest producer globally
(International Coffee Organization, 2024). Beyond its economic
signi�cance, coffee in Indonesia is commonly cultivated within
agroforestry systems, where it grows beneath the canopy of shade
trees. Intercropping coffee with other species provides ecological
and social bene�ts, such as: (1) enhancing crop resilience by
buffering extreme weather and reducing pests and diseases, (2)
improving soil fertility and erosion, (3) increasing carbon
sequestration and biodiversity, (4) diversifying income for farmers
from shade tree products (e.g., fruits, timber, �rewood), and (5)
providing food security for households (Koutouleas et al., 2022).
Thus, these production systems not only sustain livelihoods but also
potentially serve as climate mitigation and adaptation strategies
(Martin et al., 2020; van Noordwijk et al., 2021; Terasaki Hart et al.,
2023). However, when established on previously forested land,
coffee agroecosystems may lead to substantial carbon losses
(Terasaki Hart et al., 2023). Since 1980, Indonesia’s coffee
production area has increased by 80%, from 0.7 million ha to 1.2
million ha in 2021 (Badan Pusat Statistik Indonesia, 2021).
Unfortunately, much of this expansion has occurred at the
expense of remaining forest (Goldman et al., 2020), resulting in
uncertain consequences for regional land-atmosphere CO2

exchange. Thus, characterizing the ecophysiology of coffee
agroecosystems—including how coffee plants take up, store, and
release carbon—is critical for understanding their role in the
regional carbon cycle.

Plant functional traits, de�ned as morpho-physiological or
phenological features measurable at the individual level (Violle
et al., 2007), are commonly used to examine plant-environment
interactions in agricultural contexts (Garnier and Navas, 2012). Leaf
traits, including physiological (e.g., maximum photosynthetic
carboxylation rate or Vcmax, maximum electron transport rate or
Jmax), and structural traits (e.g., leaf mass per area or LMA, leaf area
index per unit land surface) re�ect trade-offs between resource-
acquisition and conservation along the leaf economic spectrum
(LES). Using a trait-based approach, these individual-level traits can
further be upscaled to ecosystem-level processes (Enquist et al.,
2017), thus offering important insights into how organisms interact
with their environment (Garnier and Navas, 2012). Additionally,
�eld measurement on leaf traits can help inform process-based
ecosystem models to simulate crop performance and land surface
processes, such as carbon, water, and energy balance (Xu and
Trugman, 2021).

In coffee agroecosystems, trait-based approaches have been
widely used to investigate the response of coffee plants to climate
stresses (DaMatta and Ramalho, 2006; Cavatte et al., 2012), shading
(Vaast et al., 2006; Bote and Struik, 2011, 2011; Oliosi et al., 2016),
elevation gradients (Getachew et al., 2022), fertilizer treatment
(Buchanan et al., 2019), and disease pressures (Gagliardi et al.,
2023). For instance, coffee physiological traits were reported to have
a high plasticity across light, temperature, and moisture gradients,
while chemical traits such as leaf nitrogen (N) concentration are
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mainly controlled by resource availability (soil biology, soil
chemistry) and soil fertility management (Martin et al., 2017;
Getachew et al., 2022). In contrast, structural traits such as LMA,
leaf dry matter content (LDMC), and leaf thickness showed less
variation but more unpredictable responses to environmental
�uctuations (Martin et al., 2017; Buchanan et al., 2019). Together,
these studies highlight the substantial variation in coffee traits,
shaped by both climatic factors and management practices
(Gagliardi et al., 2015; Martin et al., 2017; Martin and Isaac, 2021).

Besides varying across growing regions, leaf traits in coffee also
vary temporally (Oliosi et al., 2020; Silva et al., 2004).
Photosynthetic capacity in arabica coffee, for example, was
observed to be higher in the warm and wet seasons in
Southeastern Brazil than in the dry seasons (Silva et al., 2004).
Meanwhile, leaf chemical traits vary with climatic seasonality (e.g.,
higher nutrient availability in the wet season) (Santos et al., 2021),
and/or phenological phases (e.g., nutrient translocation from the
leaves to the fruit during the fruit-�lling stage) (Oliosi et al., 2020;
Santos et al., 2021; Silva et al., 2022; Leo�n-Burgos et al., 2024b).

Although coffee plants have been extensively studied, most of
our understanding of their ecophysiology is derived from �eld
studies in Central and South America and equatorial Africa
(Melke and Fetene, 2014; Charbonnier et al., 2017; Chinchilla-
Soto et al., 2021). Research in Southeast Asia remains limited
(Chiarawipa et al., 2025), despite distinct patterns of climate-
vegetation seasonal response across the tropics (Uribe et al.,
2021). Given the dependency of plant traits on the local
environment, it is therefore important to conduct leaf trait
measurements for coffee agroecosystems in Indonesia.

In this study, we address this gap by characterizing leaf trait
variation in Indonesian coffee agroecosystems, involving C. arabica,
C canephora, and their hybrids. Speci�cally, we (1) measured key
leaf structural, physiological, and chemical traits across multiple
sites representing typical coffee-growing environments in
Indonesia, (2) assessed the seasonal pattern of these traits, and (3)
explored how leaf traits relate to canopy cover and fruit production.
We aim to provide essential baseline data on the spatial and
temporal variability of coffee leaf traits in this understudied region.
2 Materials and methods

2.1 Study sites

Trait data collection was conducted at four coffee plantations in
Java Island, Indonesia (Figure 1; Table 1). The �rst site (‘AE-W’, for
Arabica hybrid–Eucalyptus–West Java) is located at Riung Gunung,
Pangalengan, Bandung Regency, West Java (7° 9’58.25”S, 107°
31’8.47”E). The coffee farm belongs to Java Frinsa Estate and is
situated at the foothill of Mount Tilu. The coffee variety grown at
this site is Timor hybrid (‘hibrido de timor’), which is a natural
cross of arabica and robusta originating from East Timor in the
1920s, known to be resistant to leaf rust. Timor hybrid’s leaf length
is typically around 21 cm, with greenish-brown young leaves and
dark green mature leaves (Budiasih et al., 2025). The coffee plants
frontiersin.org
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are grown at 1 × 3 m spacing together with timber species shade
trees with dense canopy (83.4% cover), such as Eucalyptus sp. (78
trees/ha; 33 m height) and Agathis dammara saplings (78 trees/ha;
4 m height). This site has the highest elevation (1621 m) among all
sites, making it the coolest and wettest site. This site is also the most
intensely managed, where it receives around 750 kg/ha of nitrogen-
phosphorus-potassium (N-P-K) fertilization and 500 kg/ha of
dolomite per year, and is regularly pruned to ca. 1.75 m height
and weeded after the harvesting season.

The second site (‘AM-W’, for Arabica–Mixed trees–West Java) is
located at Pasir Sereh, Cisurupan District, Garut Regency, West Java (7°
17’28.44”S, 107°45’56.25”E), which is situated on the foothill of Mount
Papandayan. This site grows arabica var. Typica, which was historically
originated from in Malabar, Java in the 18th century. This variety has
low yield and is less resistant to leaf rust, but is adapted to high
elevation (World Coffee Research, 2025). Arabica var. Typica generally
has a leaf length of around 16 cm and dark green-colored mature
leaves, and could naturally grow up to 3–5 m (Budiasih et al., 2025).
Coffee plants at this site are grown together with mixed fruit tree
species as shade trees, such as citrus (133 trees/ha; 3.44 m height),
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jackfruit (48 trees/ha; 5.22 m height), and mango (26 trees/ha; 16.55 m
height). It is characterised by a reduced shade (31% canopy cover) and
minimum management measures, where coffee plants are not pruned
but given organic fertilizer once or twice a year during the �owering
period. Further details on shade tree characteristics are provided in
Supplementary Materials, Supplementary Figure 3.

The third site (‘AP-E’, for Arabica hybrid–Pine–East Java) is
located at Brawijaya University education forest (UB Forest),
Sumbersari, Karangploso, Malang Regency, East Java (7°
49’28.10”S, 112°34’29.06”E) at the foothill of Mount Arjuna. This
site is characterized by the dense canopy (94% cover) of pine trees
(ca. 800 trees/ha) with ‘Catimor’ coffee growing underneath.
‘Catimor’ variety is a cross between Caturra (C. arabica) and
Timor (C. arabica x C. canephora), and is resistant to coffee leaf
rust and berry diseases (World Coffee Research, 2025). This variety
generally has a leaf dimension of 18.6 × 7.1 cm, with plant height
around 140 cm (Budiasih et al., 2025). Coffee plants at this site were
recently rejuvenated, but with low management intensity.

The fourth site (RM-E, for Robusta–Mixed trees–East Java) is
located in Jabon village, Ngantang District, Malang Regency, East
FIGURE 1

Location of study sites in Java Island (A) and the photo of each site taken between November 2023�2024, Indonesia. (B) Arabica hybrid�Eucalyptus�
West Java or �AE-W� site, (C) Arabica�Mixed trees�West Java or �AM-W� site, (D) Arabica hybrid�Pine�East Java or �AP-E� site, and (E) Robusta�Mixed
trees�East Java or �RM-E� site.
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