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Abstract

Drought stress is a primary constraint on global coffee production, threatening the industry’s
sustainability. This review provides a comprehensive synthesis of the determinants and
physiological and agronomic impacts of drought stress on coffee plants, and critically evaluates
current adaptation strategies. We delineate how drought severity is governed by interplay of genetic
factors (e.g., the greater susceptibility of Coffea arabica compared to C. canephora), soil properties, and
local climatic conditions. The primary physiological disruptions triggered by drought—beginning
with stomatal closure and oxidative stress, and culminating in severely reduced photosynthesis—
compromise plant vigor and resource allocation. Consequently, these physiological insufficiencies
manifest as significant agronomic losses, including stunted growth, yield reduction, bean quality
deterioration, and heightened susceptibility to pests and diseases. Compounding these direct
impacts, this work synthesizes climate modeling evidence indicating that prolonged drought risk
may ultimately lead to a significant geographic shift in viable coffee production areas. By identifying
the major determinants of drought stress—such as genetic variety, soil properties, and local climate
patterns—this review establishes a foundation for targeted solutions. In response to these
multifaceted challenges, we systematically analyze a suite of agronomic interventions—from
drought-tolerant cultivars and irrigation to agroforestry and soil management—outlining their
efficacy in building resilience. The review concludes by identifying critical knowledge gaps,
establishing that future research must prioritize the development of integrated, scalable adaptation
frameworks and advance breeding programs for drought tolerance, thereby enhancing climate-
resilient coffee production.

Keywords: coffea arabica; drought resistant cultivar; drought severity; drought mitigation; genetic
factor; irrigation

1. Introduction

Coffee is one of the most significant agricultural commodities in the world. It is the second-most
globally traded commodity after petroleum [1] and a significant contributor for the socio-economic
growth of many developing countries in the tropics. The coffee industry has a vast and a complex
network, encompassing a wide range of activities from cultivation to consumption, generating a huge
amount of revenues through the value chain and impacting the livelihoods of millions, worldwide
[2]. For instance, coffee production and the entire coffee sector in 2022-2023 cropping year generated
about 11.6 and 173.0 billion US dollar gross revenue, respectively [3]. Moreover, around 25 million
farming families around the world, majority of them are smallholder farmers, produce coffee and
deeply depend on this crop for their livelihoods [4,5]. In addition to this, coffee is deeply ingrained
in cultural and social fabrics for the peoples of some countries like Ethiopia which is recognized as
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the birthplace of Arabica coffee. Coffee in Ethiopia is a symbol of hospitality and tradition of the
nations and a backbone of the national economy, contributing to around 30% of the country’s foreign
exchange earnings [6] and providing job opportunity and livelihood for about 25% of the country’s
population [7].

Despite its global economic and social importance, coffee production is highly vulnerable to the
impacts of climate change. Among these, drought stress represents a particularly critical threat, given
the crop’s heavy reliance on predictable rainfall patterns. Drought, defined as a period of insufficient
precipitation leading to soil moisture depletion that cannot meet plant water requirements [8],
directly compromises coffee cultivation. In recent years, drought has becoming more frequent and
severe, caused substantial declines in coffee yield as coffee production relies heavily on rain-fed
agriculture [9]. The yield of Arabica coffee is projected to decline in many coffee-growing regions due
to climate variability, particularly to extreme temperatures and water deficit [10,11] and a severe
drought during the 2015-2016 cropping year in Brazil caused the yield reductions of 50-80% in un-
irrigated Arabica coffee [12]. Particularly, water deficit during the key developmental stages of coffee,
such as flowering and berry formation, leads to reduced productivity and bean quality [10]. Drought
stress, however, affects coffee at multiple scales from gene expression and leaf gas exchange to whole-
plant growth, yield and bean quality [13-15]. It affects growth and dry matter production by reducing
relative water content, leaf water potential, turgor pressure, and stomatal aperture, and thereby
reducing photosynthetic rate, and cell elongation and expansion [16-18]. Stomatal closure, which
reduces the availability of CO:z in leaves and inhibits carbon fixation, exposes chloroplasts to excessive
excitation energy, which in turn could increase the generation of reactive oxygen species (ROS) that
can induce oxidative stress, leading to cellular damage [19,20]. Drought stress also negatively affects
dry matter partitioning and temporal biomass distribution [21,22]. Reports indicate that changes in
precipitation patterns will decrease yield, reduce quality, increase pest and disease pressure, and
decrease coffee-suitable land by 2050 [13]. Yet, these drought effects vary with the genetics of coffee
plants (e.g., species and cultivar), growing environment (e.g., soil and climate), land physiognomy
(e.g., elevation, slope, aspect and shape), and farm management [23,24].

Over the past three decades, a considerable number of studies have been conducted to
understand the morphological, physiological, and biochemical responses of coffee to drought stress
[25-31] and identify the agronomic practices that mitigate the effects of drought on coffee [4,30,32].
Despite these efforts, significant challenges remain to exist and one of the key limitations is the slow
pace of translating the research findings into practical solutions that can be widely adopted by
farmers. The complex interactions between genetic, environmental, and management factors in
determining the drought resistance in coffee hampers the progress of addressing the drought
problem effectively [33]. Furthermore, while previous reviews have addressed plant physiology or
specific adaptation techniques in isolation, a comprehensive and integrated analysis linking the
determinants of drought stress to its physiological manifestations, agronomic consequences, and the
practical scalability of adaptation strategies is lacking This situation underscores a critical need for a
more integrated understanding of drought stress impacts and their interacting variables, which is
essential for developing robust adaptive strategies to ensure the sustainability of coffee production
in a changing climate. This review therefore seeks to fill this gap by providing a holistic synthesis
that connects the root causes of drought stress to tangible on-the-ground solutions, critically
integrating the latest evidence to inform future research and action. Hence, this review aims: 1) to
synthesize the documented impacts of drought on coffee physiology and agronomic performance; 2)
to identify the key factors that determine the severity of drought impacts on coffee plants; 3) to
evaluate potential adaptation strategies to mitigate the effects of drought stress; and 4) to pinpoint
critical knowledge gaps to guide and prioritize future research directions. To achieve these objectives,
this review systematically addresses three critical areas. First, it analyzes the principal physiological
and agronomic impacts of drought stress on coffee plants. Second, it examines the key genetic,
environmental, and management factors that determine the severity of these impacts. Finally, it
synthesizes and evaluates the spectrum of adaptation strategies available to mitigate the effects of
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drought on coffee production. Through this structured analysis, the review aims to consolidate
existing knowledge and identify pivotal research gaps to inform future work on building resilient
coffee systems.

2. Effects of Drought Stress on Coffee

The effects of drought stress on coffee plants are wide-ranging. It disrupts many cellular and
whole-plant functions, which impact plant growth, yield and quality of coffee by disturbing the
assimilate distribution balance between roots and shoots, reducing production of new leaves and
stem elongation, increasing leaf chlorosis, branch die-back, impacting flowering, and reducing
fruiting nodes per tree, number of fruits per node, seed size, seed density and seed uniformity, all of
which lead to a yield loss that ranges from 40-80% [34-36]. Coffee plants under drought stress exhibit
reduced plant and leaf growth, premature leaf shedding, wilting, and impaired photosynthesis due
to stomatal closure, which can drastically reduce the net carbon assimilation rate [10]. Furthermore,
drought influences the incidences of coffee pests and diseases, such as coffee leaf rust, coffee thrips
and coffee berry borer which could reduce coffee yield and quality and increase production costs
[37]. As indicated in Figure 1, this affects the plant’s overall health and ability to produce fruits.
Drought also causes a substantial economic loss for coffee farmers, which leads to vulnerability for
food insecurity particularly for smallholders who greatly rely on coffee for their livelihoods [38].

A) Branch Die-Back B) Severe leaf abscission and shedding

e

Figure 1. Morphological symptoms of drought stress in coffee plants (Coffea arabica) observed in the Mana
District, southwest Ethiopia, during the 2023 dry season. The image includes a scale bar. Visible effects are
labeled as follows: (A) Branch Die-Back, and (B) leaf abscission (loss), which are characteristic responses to

prolonged water deficit.

2.1. Physiological and Growth Impacts of Drought. Stress

Drought stress initiates a cascade of physiological disruptions in coffee plants that ultimately
manifest as reduced growth and productivity. This section delineates the primary physiological
effects from the subsequent impacts on growth and biomass allocation.

2.1.1. Primary Physiological Disruptions

The initial plant response to water deficit is a reduction in relative water content, leading to
decreased leaf water potential and turgor pressure. This hydraulic change triggers stomatal closure
to minimize water loss, which simultaneously limits CO, availability in the mesophyll. The direct
consequence is a severe reduction in photosynthetic rate; recent studies indicate drought can reduce
photosynthetic efficiency by up to 50% [15,16,18,39]. The impairment of photosynthesis subsequently
curtails the synthesis of essential sugars and proteins, forming the foundational disruption for all
downstream effects [40].
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Concurrently, the restriction of photosynthetic electron transport under drought leads to an
increase in oxidative stress. Chloroplasts exposed to excess excitation energy generate reactive
oxygen species (ROS), causing oxidative damage to lipids, proteins, and DNA [19,41,42]. This
damage, exemplified by significant increases in lipid peroxidation and protein oxidation, impairs
cellular membranes and enzyme functions, further compromising plant health and resilience [43].

2.1.2. Consequences on Plant Growth and Biomass Partitioning

The primary physiological disruptions directly translate into significant reductions in growth
and biomass accumulation. The relative growth rate (RGR) declines, primarily due to a decrease in
the net assimilation rate (NAR)—a physiological adjustment—rather than morphological changes
like specific leaf area [44,45]. This results in stunted growth and reduced dry matter production, with
growth rates potentially declining by 20-30% [39].

Furthermore, drought stress profoundly alters dry matter partitioning. To enhance survival,
plants shifts the balance of assimilate distribution, prioritizing root development over shoot growth
to improve water uptake [21,46,47]. This strategic reallocation of resources often results in a decrease
in leaf area by up to 30% [17], which in turn creates a negative feedback loop by further limiting the
plant’s photosynthetic capacity [48]. The process is exacerbated as drought impairs photosynthesis
and decreases sucrose content in leaves, reducing the export rate of assimilates from sources to sinks
[49,50]. Additionally, drought limits the sink organs’ ability to utilize incoming assimilates efficiently
and disrupts phloem loading/unloading through the inhibition of enzymes like acid invertase [51].

In summary, drought stress triggers a well-defined sequence of events, beginning with stomatal
closure and oxidative stress, which severely inhibits photosynthesis. These physiological
insufficiencies subsequently manifest as reduced vegetative growth and a strategic, yet ultimately
limiting, reallocation of biomass away from the shoots.

2.2. Effects of Drought on Yield and Quality

Drought stress during the critical developmental stages of coffee, such as plant growth,
flowering and fruit development, profoundly impacts coffee bean yield and quality. Reduced water
availability during the plant growth period can limit plant growth and during fruiting impacts bean
development, leading to lower yield and quality of coffee. Researches have demonstrated that water
deficits during flowering and berry development can reduce coffee yield by up to 50% and negatively
affect size, weight, and chemical composition of coffee beans [35,36]. Bunn et al. [32] found that
drought stress during the flowering stage can reduce coffee yield by up to 30%, with significant
decreases in bean size and weight. Reduced water availability during this stage can lead to poor
flowering and fruit setting, and lower bean quality, resulting in decreased economic returns for
farmers [52]. It is important to note that the magnitude of these reductions is highly context-
dependent, varying significantly with the coffee cultivar (e.g., the greater sensitivity of C. arabica vs.
C. canephora), soil water-holding capacity, the duration and severity of the drought stress, and local
microclimatic conditions [15,22]. Therefore, these figures should be interpreted as indicative of a
potential range of impacts rather than as universal constants.

Coffee plants under drought stress shows uneven ripening and produces smaller beans of
uneven size and low density. Uneven ripening leads to defects in bean texture and flavor and beans
with varying size are bad for specialty coffee roasters who greatly need uniform beans to get a
uniform roast and smaller beans are not usually acceptable at export markets. Drought stress also
alters the bean composition, such as chlorogenic acids, sucrose, and caffeine, which determines the
cup quality attributes of the beans [35,36,53]. As it impacts their profit and market competitiveness,
this decline in yield and quality is a critical concern for coffee producers.
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2.3. Effects of Drought on Coffee Pests and Diseases

Drought stress not only directly stresses the plant but also indirectly reduces yields by
exacerbating the incidence and infestation of some coffee pests and diseases, such as coffee leaf rust
(Hemileia vastatrix), coffee berry borer (Hypothenemus hampei), and coffee thrips (Diarthrothrips coffeae).
These coffee pests and diseases thrive under drought conditions, which can enhance their
reproductive success and survival rates [54] and further reduce yield and quality of coffee [55].
Drought also influences the dynamics of plant-pathogen interactions, often leading to increased
disease severity due to compromised plant immunity [56,57]. A study by Vazquez et al. [56] found
that drought-stressed coffee plants have a 40% higher incidence of coffee leaf rust and a 30% increase
in coffee berry borer infestation. Drought can also shift the distribution of pests, allowing them to
invade new areas, particularly in regions where coffee is grown under suboptimal conditions [58,59].
In addition to the yield losses brought by direct impact of drought, the increased vulnerability of
drought-stressed plants to these biotic stressors poses a significant challenge to coffee farmers, as it
necessitates additional pest and disease management measures, which increases the costs of
production.

2.4. Effects of Drought on Suitable Area for Coffee Cultivation

Several studies [9,32,59,60] predicted that suitable areas for coffee cultivation could significantly
be decreased due to climate change. As temperature rises and precipitation pattern becomes more
erratic, the land available for optimal coffee production is gradually shrinking. This contraction in
suitable areas poses a threat to global coffee supply and necessitates the development of more
resilient coffee varieties and cultivation practices [61]. Bunn et al. [32] predicted that by 2050, the
suitable area for coffee cultivation in the common coffee-growing regions of the world could decrease
by up to 50%. The common coffee-growing regions in countries like Brazil, Colombia, and Ethiopia
are facing with increasing challenges due to drought and high temperature stresses. This leads to a
shift in cultivation zones to higher altitudes and more temperate regions where the growing
conditions are more favorable [32,61]. However, these new areas often come with their own set of
challenges, including soil unsuitability and pests and diseases adapted to the highland or temperate
areas [62]. To counteract the effects of drought and the associated shifts in coffee-growing regions,
adaptation strategies, such as developing and using climate-resilient coffee varieties and climate
smart cultivation practices, are essential.

3. Determinants of Drought Impacts on Coffee

The impacts of drought stress on coffee depends on multiple interacting factors that include the
drought nature, plant genetics, soil and site characteristics, broader climatic context, farm
management, and landscape elevation [23,24].

3.1. Duration, Severity, and Intensity of Drought

The negative impacts of drought are expected to become greater when the drought episodes
associated with the present and ongoing climate changes are longer, and more frequent and intense
[2,63]. The duration, severity, and intensity of drought, each play a critical role in determining the
level of drought impacts on coffee plants. They determine the physiological, biochemical, and
morphological responses of coffee, ultimately affecting the plant growth, yield, and quality (Tablel).

The duration of drought refers to the length of time during which water availability is below the
optimal levels for plant growth. Drought severity refers to the degree to which water is limited to
plants and drought intensity refers to how quickly the water deficit develops and how extreme the
conditions are. Prolonged drought can lead to extensive reductions in coffee yield and quality. For
instance, extended water stress can cause severe leaf shedding to conserve water, significantly
reducing the photosynthetic area [10]. Long-term drought also compromises the root function,
reducing the plant’s ability to access available nutrients and water. Chronic water scarcity affects
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berry development, resulting in poor-quality beans with lower sugar content and impaired flavor
[64]. Severe drought triggers oxidative stress, leading to cellular damage through the accumulation
of ROS [65] and significantly reduces leaf water potential and photosynthetic activity, leading to leaf
necrosis and plant wilting. It can also bring a reproductive failure by reducing fruit setting and
causing a premature fruit drop [66]. A high-intensity drought causes a rapid reduction in soil water
content, which significantly limits water availability to roots. This leads to stomatal closure, reduced
carbon assimilation, and ultimately decreased plant growth [67]. The intense drought condition can
also impair root hydraulic conductivity, limiting the plant’s ability to recover after rehydration,
which exacerbates the damage and prolongs the recovery period. Understanding these drought
situations is essential for developing effective mitigation strategies, which could be helpful for
developing drought-tolerant varieties and management practices that ensure stable coffee production
under the changing climatic conditions.

Table 1. Determinants of Drought Impacts on Coffee.

Determinant
Outcomes of the Factors References
Factors

Duration, Severity, Longer, more severe or intense, lead to oxidative
[2,10,63-67]

Intensity stress, reproductive failure, and lead to yield loss
. Tolerant varieties exhibit longer roots; close stomata
Species and ) o
and higher water use efficiency, osmolyte [15,23,28-31,68-70]
Cultivar
accumulation, and delayed wilting.
Temperature Synergistically worsening drought impacts [9,10,12,30,75,76]
High solar radiation, low humidity, and strong
Sunshine,
o ) winds increase atmospheric demand and [30,66,75,77-80]
Humidity & Wind o ) ) ) .
evapotranspiration, rapidly depleting soil moisture.
Steep slopes and convex ridges increase runoff
Slope, Aspect, worsen drought impact; west-facing slopes are drier.
P P & P 8 'p [30,66,68,82-102]
Curvature Gentle, concave, and lower slopes retain more water

better alleviate drought impacts.

i . Degraded soils aggravate drought impacts as
Soil Fertility . . [104-109]
compared to fertile soil .

Practices like agroforestry, conservation, and
precision soil and water management enhance

Farm Management . o . [10,111-115]
drought resilience, while ignored fields are more

prone to drought impacts.

3.2. Genetic Factors

Differences in coffee genetics are vital for drought management and the diversity among coffee
cultivars in morphological, anatomical, and physiological traits can confer resilience to drought stress
[68]. Owing to its origin in warmer lowland areas of Africa and its typically deeper roots and vigorous
growth, C. canephora (Robusta) is generally expedited to be more drought- and heat-tolerant than C.
arabica. In comparative trials, Robusta clones maintained higher stomatal conductance and turgor at
low water potentials than Arabica [23]. However, as Robusta often grows in hotter regions, it can
suffer from extreme droughts combined with high heat stresses.
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Several studies [15,28-31] also indicate notable varietal variations within coffee species in
drought response. For example, some Arabica cultivars of Ethiopia maintained 2-3 times higher CO,
assimilation and biomass accumulation under a prolonged drought period than the sensitive ones.
The tolerant genotypes accumulated more osmolytes (glucose, maltose, and amino acids) to maintain
cell turgor, a strategy not seen in sensitive varieties [15]. Similarly, Avila et al. [69] and Koutouleas
et al. [70] reported elite Arabica hybrids and Robusta clones bred for drought resilience showed
higher water use efficiency (WUE) and a delayed leaf wilting under the drought stress condition.
Omics studies reveal that different coffee genotypes employ distinct molecular strategies, which
explains their varying resilience levels. In Robusta coffee (e.g., CL153), shows a strong enrollment of
ABA-signaling pathways, protein kinases, and phosphatases in response to drought stress [27]. A key
feature is the marked up-regulation of aspartic protease genes, which are thought to be involved in
protein recycling and stress signaling during severe water deficit [27,56]. In Arabica coffee, the
superior resilience of the Icatu cultivar is linked to a more robust and coordinated activation of a
protective network. This includes a greater abundance of transcripts and proteins related to heat
shock proteins (HSPs), aquaporins, and antioxidant systems [63]. Icatu also shows a higher
expression of genes involved in lipid metabolism and cuticle formation, such as lipid transfer proteins
(LTPs), which help minimize water loss. Thus, cultivar choice strongly determines the impacts of
drought responses on the coffee crop: farmers in dry regions often adopt locally adapted varieties
(e.g., Sarchimor or Catimor hybrids) known for their drought stress tolerance. Breeding programs
also now focus on water-stress traits of coffee, such as stomatal behavior, root depth, osmoprotectant
metabolism and antioxidant capacity [15,23]. Such genotypic plasticity in response to drought stress
involves inherent genetic traits that enhance the plant’s ability to cope with stress, regardless of
environmental triggers.

3.3. Environmental Factors

A combination of low precipitation and high evapotranspiration (ET) causes a drought stress in
plants [8,71]. Plants may experience transient drought stress during the noon hours of hot days even
with adequate rainfall or irrigation [72] due to a higher rate of transpiration compared to that of plant
absorption. A high evaporative demand, which is determined by low relative humidity and high
irradiance, temperature, vapor pressure deficit (VPD) and wind, accelerates the drought stress
development in plants [73]. An increase in soil temperature resulting from air temperature increase
may be even stronger when it is accompanied by a drought-induced decline in soil water content
[74]. These effects can be further aggravated by a progressive global warming.

3.3.1. Temperature

Temperature is a primary environmental factor that determines the growth and development of
coffee plants. It influences the physiological processes of coffee that includes photosynthesis,
respiration, and transpiration. Therefore, optimizing and minimizing the limitations of the thermal
resource of the growing environment is required to meet the objectives of the coffee business, i.e.,
quantity and quality of crop production [75]. Optimal growth temperatures for Arabica coffee range
from 18 °C to 22 °C. Deviations from this range, particularly in the form of elevated temperatures,
can lead to increased transpiration rates, exacerbating water loss and contributing to drought stress
[10]. Higher temperatures also accelerate soil moisture evaporation, leading to a quicker depletion of
soil water reserves. This is particularly detrimental during the drought periods, as proper growth
and development of coffee plants rely on adequate soil moisture [76]. The temperature increase
combined with drought creates a synergistic stress particularly on Arabica coffee, leading to reduced
plant growth, and bean yield and quality. The impact is especially severe in regions already
vulnerable to climate variability, such as Harar in Ethiopia, where temperatures often exceed the
optimal range, leading to accelerated water loss and reduced coffee yields [30]. The temperature-
induced drought effects are particularly pronounced at lower altitudes, where temperature extremes
are more common [9]. In general, temperature significantly influences the impact of drought stress
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on coffee through its direct effects on soil moisture dynamics, evapotranspiration, and plant
physiology. Understanding these interactions is crucial for developing effective management
strategies and breeding programs to enhance the resilience of coffee (particularly that of Arabica) in
the face of climate change and increasing drought incidences. It is also important to know that the
effects of temperature-induced drought stress on coffee can be mitigated by using heat-tolerant
varieties and some management approaches that can buffer temperature extremes [12], e.g.,
agroforestry systems and mulching or cover crops.

3.3.2. Sunshine, Relative Humidity and Wind

Sunshine, relative humidity (RH), and wind are critical factors influencing plant growth, yield,
and quality of coffee. While adequate sunlight is necessary for plant growth and development as it is
vital for photosynthesis activity of plants, excessive sunlight, especially when combined with drought
conditions can lead to increased water stress that negatively impacts plant growth, yield and quality
of coffee. Coffee farms with a high sunshine exposure often face challenges related to excessive ET.
This is particularly problematic during the dry season when the RH drops further increasing the
crop’s demand for water and leading to pronounced drought stress [77]. Wind can also influence the
microclimate around coffee plants. While moderate winds can aid in cooling and drying, excessive
winds can increase the ET rate, which can in turn intensifies a drought condition, particularly in
drought prone areas [78] and drought stress in coffee plants [66].

The interaction between sunshine and RH is also a significant determinant of drought stress in
Arabica coffee [75]. Sunshine affects both photosynthesis and ET while RH influences the ET rate and
water vapor in the atmosphere [79]. A low RH increases ET rate, enhancing the water needs of the
crops and consequently, the risk of water stress conditions due to a lack of easily accessible water in
the soil profile explored by roots. Therefore, a combination of a high sunshine and a low RH typically
exacerbates drought stress by increasing water loss both from soils and plants [79,80]. The
combination of an intense sunlight and a low humidity can also lead to leaf scorch and reduced
photosynthetic efficiency, ultimately impacting coffee yield and quality [30]. This shows that
understanding the balance between sunlight, atmospheric humidity, water availability, and coffee
physiology is crucial for optimizing the cultivation practices, particularly in the face of climate
variability and increasing drought occurrences [10]. It also essential to know the potential interaction
effects between temperature, rainfall pattern, RH, soil moisture content, ET rate, and wind condition
on severity of drought impacts on coffee production for developing and implementing effective
management strategies that can enhance the resilience of coffee plants to drought stress.
Implementing agricultural practices, such as agroforestry system, windbreak, and irrigation can help
to mitigate the adverse effects of high solar radiation, strong winds, and drought on coffee plants.

3.4. Topographic and Edaphic Factors

The distribution and availability of soil moisture in coffee agro-ecosystems are not uniform but
are critically shaped by the interplay of topographic relief and soil characteristics. These factors create
a complex mosaic of micro-climates, which can either ameliorate or exacerbate drought stress,
determining the success of coffee cultivation in hilly and mountainous regions.

3.4.1. Elevation

Elevation is a fundamental topographic factor that influences climate and soil property of the
area. As elevation increases, temperature decreases which means the effect of drought stress on plants
can decrease with elevation due to a reduction in ET rate with increasing elevation [33]. Higher
elevations provide a cooler microclimate, allowing Arabica coffee plants to maintain a better water
status during the periods of water deficit and a slower growth rate of berries, which can also enhance
bean quality [10]. Furthermore, the highland areas provide a more favorable microclimate for Arabica
coffee cultivation as compared to the lowland areas. This may imply that moving coffee cultivation

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1218.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 December 2025

from climatically unsuitable areas (lowlands) to more suitable areas (highlands) (if opportunities
exist) and developing cultivars with broad adaptability to a range of elevations can be helpful for
ensuring resilience to drought stress [81].

3.4.2. Slope, Aspect and Curvature of the Land

Topographic factors, such as slope, aspect (slope orientation) and land curvature are key
determinants of this micro-climate, particularly in mountainous or hilly catchments [82-90]. These
factors influence the distribution of sunlight, water runoff, and soil erosion in coffee-growing areas
[91]. Although specific studies directly comparing the effects of different slopes and slope
orientations (aspects) on drought stress in coffee cultivation appear to be lacking, some relevant
indirect studies and reviews [91,92] provide broader insights into the impacts of slope and aspect on
drought severity. The steepness of a slope is a primary determinant of water drainage dynamics. On
steeper gradients, gravitational forces dominate, leading to increased surface runoff and reduced
time for water infiltration. This results in lower soil moisture retention, directly intensifying drought
stress for coffee plants [66]. In contrast, gentler slopes allow for greater water percolation, enhancing
the soil’s moisture reservoir.

Aspect or the direction, the slope faces to sun affects the amount of sunlight and the heat load
received [93]. While the traditional north- and south-facing aspect dichotomy is relevant in mid-
latitudes, in equatorial regions, east- and west-facing slopes exhibit distinct micro-climatic regimes
due to diurnal solar movement. East-facing slopes receive solar radiation during the cooler morning
hours, which reduces evaporative loss while allowing effective warming, thus maintaining higher
soil moisture and moderated temperature profiles. In contrast, west-facing slopes are exposed to
more intense afternoon sun, leading to higher soil temperatures, greater evaporative demand, and
drier conditions [92,94]. The west-facing slopes are favorably exposed for receiving more solar
radiation, and the stored heat of soil warming facilitates a higher rate of soil moisture extraction by
ET [88]. In general, an east-facing slope will experience a colder and wetter soil micro-climate, while
a west-facing slope is commonly warmer and drier [86,87]. These variations are critical for crops like
coffee, whose growth and productivity are highly sensitive to both soil moisture and temperature.

Slope position and curvature further control water redistribution. Lower slopes (toeslopes)
accumulate moisture from lateral flow, while upper slopes are typically drier [90,95-98]. Concave
slopes enhance water accumulation and infiltration, whereas convex slopes promote water shedding
and rapid soil drying [88,98,99]. Consequently, depressions and valley bottoms have higher soil
moisture, while ridges and hilltops experience more severe drought stress due to runoff and exposure
[68]. This explains why in drought-prone areas of Ethiopia and Yemen, coffee is often cultivated in
valley bottoms and terracing and contour planting are used to mitigate these effects on hillsides [30].

Overall, understanding the combined impact of these topographic features is essential for
managing soil microclimate in coffee agro-ecosystems [89,94]. However, despite their recognized
importance, specific studies directly linking slope, aspect, and curvature to drought stress effects in
coffee are scarce [102]. Future research quantifying how these topographic factors modulate drought
tolerance and productivity is needed.

3.4.3. Soil Type and Fertility Status

Different soil types exhibit varying capacities for moisture retention, which directly influence
the impacts of drought stress on coffee. Sandy soils, characterized by their coarse texture, quickly
drain water and may not retain adequate moisture during a drought period, leading to stress in coffee
plants [103]. Conversely, clay soils have a higher moisture-holding capacity but can become
compacted, potentially restricting root growth and water uptake from the deep soil layers [104].
Effective soil management can enhance moisture availability in these soils [105].

Soil fertility status, which is defined as the availability of essential nutrients, such as nitrogen,
phosphorus, potassium, calcium, magnesium, sulfur and various micronutrients, also plays a critical
role in enhancing the resilience of coffee plants to drought stress by promoting a robust root system
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that enables coffee plants to access the deeper moisture reserves [79,106]. In addition to improving
root development, essential nutrients can also allow coffee plants to better cope with drought stress
by improving physiological process and overall plant health. Furthermore, some nutrients, such as
potassium, play a vital role in osmotic adjustment of plants that helps the plant to regulate stomatal
opening and water loss [10]. Fertile soils rich in organic matter content could also enhance water-
holding capacity of soils and physiological activity of plants, which is crucial for maintaining soil
moisture and crop performance during the drought stress periods, respectively [107,108]. Researches
indicate that coffee plants grown in nutrient-rich soils exhibit better physiological and growth
performances (e.g., higher leaf area index and photosynthetic efficiency) under drought conditions
[104,109]. Similarly, well-fertilized coffee plants tend to have a higher metabolic activity and
protective compounds, which can improve their resistance to drought stress. However, drought
conditions often reduce the availability of nutrients for plants, leading to nutrient deficiencies in
plants that intensify drought stress [110]. Nutrient deficiencies can impair physiological processes,
including photosynthesis and water use efficiency. For instance, nitrogen deficiency can lead to
reduced chlorophyll content, negatively impacting the plant’s ability to perform photosynthesis
effectively [10]. Allin all, the results of several studies show that knowing the properties and fertilities
of soils is essential to develop effective drought management methods tailored to specific soil types
and fertility status.

However, one cannot understand a coffee plant’s water status by looking at just one of these
factors. A coffee plant’s water status is an integrated outcome of the dynamic interplay between
atmospheric demand, soil supply, and climatic context (Figure2). Vapor Pressure Deficit (VPD)
represents the atmospheric “pull” for water, forcing stomatal closure to conserve it at the cost of
photosynthesis. Soil texture acts as the critical “buffer,” with sandy soils offering minimal plant-
available water and clay-loam soils providing a vital reservoir [103]. Altitude functions as a key
modulator, primarily by lowering temperature and thus VPD, creating a less stressful environment
[33]. These factors are inseparable in their effect. A high VPD at low altitude can induce physiological
stress even in moist soil, while the low VPD of high altitudes can partially compensate for poor soil
water retention. The most severe stress and yield loss occur when high atmospheric demand
coincides with low soil water supply —a “perfect storm” of high VPD and sandy soil. Consequently,
effective adaptation strategies must be tailored to these interactions: in high-VPD, low-altitude
regions, employing shade to reduce VPD and improving soil organic matter are critical, whereas at
high altitudes, the priority shifts to maintaining soil health to leverage the naturally favorable climatic
conditions.

| Altitude Soil Texture

L)
Modulates Controls Water
Temperature & VPD supply B Buffer Capacity
L
Armaspheric Soil Water
Demand High/Low VPD Availability
.'/.
Integrated Plant
Water Status
L
physiological &

Agronomic Qutcomes

FigureF2. A Systemic Framework of How VPD, Soil Texture, and Altitude Jointly Govern Coffee Plant Water
Status and Physiological Outcomes.
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3.5. Management Factors

Implementing sustainable management practices is crucial for enhancing resilience against
drought stress, which threatens coffee production globally [111]. The resilience of coffee plants to
drought stress can be significantly enhanced through effective management practices [112]. For
instance, managing well the coffee farms by providing shade, improving soil fertility, and
implementing soil and water conservation measures can enhance drought resilience as compared to
unmanaged ones [113]. Employing specific nutrient management strategies, such as the use of
biochar and growth-promoting bacteria, can enhance drought tolerance in coffee plants [114]. The
choice of the optimal times for the execution of the different field activities (e.g., the times for soil
cultivation, mulching, watering and weeding) is another crucial factor to limit the effects of drought
stress. The adoption of effective management practices, including precision farming, can also mitigate
the drought stress impacts on coffee. Such techniques address the micro-scale variability and
optimize the resources, which enhance drought resilience and productivity of coffee under the water-
limited conditions [10,115]. However, some of these management approaches can be costly for
smallholder farmers, and calls for national and international supports.

4. Adaptation and Coping Measures to Drought Stress

Comprehensive adaptation and coping strategies are necessary to address the challenges of
drought stress. Establishing robust breeding programs and developing drought-resistant coffee
varieties, developing and applying innovative irrigation techniques, using soil and water
conservation practices, using agroforestry systems, improving soil health through proper organic
amendment and fertilization, implementing integrated pest and disease management practices,
providing targeted training and extension services for farmers and institutional support and policy
intervention can be essential components of a comprehensive approach to enhance drought resilience
in coffee farming systems. Efforts towards solving the drought problem in plant production are
primarily based on developing tolerant varieties and irrigation. On top of that, rational agricultural
practices have been recognized worldwide as another basis for plant production planning in drought-
prone regions [116,117]. For example, agroforestry systems reduces water loss and improves
microclimates in the coffee agro-systems; organic amendments and soil conservation practices
enhances soil health and water-holding capacity; and integrated pest and disease management
strategies that account for the vulnerability of drought-stressed plants to pests and diseases improves
plant health, all support the resilience of coffee plants to drought stress [118]. Institutional support
and targeted training and extension services that can provide farmers with knowledge and tools they
need to adapt to the changing climate also helps to combat the impacts of drought stress on coffee
[119].

4.1. Breeding and Cultivar Selection

Breeding and drought-tolerant cultivar selection is a vital, long-term strategy for combating
drought stress. Breeders have developed some drought-tolerant cultivars of Arabica and Robusta
coffees. The research strongly indicates that different coffee cultivars possess distinct tolerances to
environmental stresses [120]. The recent F1 Arabica hybrids (e.g., ‘Acaid Cerrado’ derivatives)
combine plant vigor with some drought tolerance and a Robusta clonal selection has produced strains
like Conilon 120 with deeper roots and better WUE. Various Arabica coffee cultivars that exhibit
superior drought resistance were also identified, e.g., Acaua [121], Siriema [45], Catuai SH3 [122], IPR
103, and SL28 [81]. The drought resistance of these cultivars is largely attributed to traits, such as root
architecture [23,29,31], leaf morphology [28], stomatal behavior [123], and osmotic adjustment [124]
(Table2). This varietal difference pinpoints the importance of drought resistance breeding programs
of coffee for a sustainable coffee production under increasing the drought incidence conditions and
in drought-prone coffee-growing regions of the world.
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Moving beyond conventional methods, modern breeding is increasingly leveraging molecular
tools to accelerate progress. Molecular breeding and marker-assisted selection (MAS) are now being
employed to identify and select for key drought-resilience alleles more efficiently. For instance,
quantitative trait loci (QTLs) and candidate genes associated with root depth (e.g., CaMYB20), water-
use efficiency (e.g., CaERF1A), and osmotic adjustment (e.g., CaDHN1) have been identified,
providing valuable targets for selection [125,126]. Furthermore, the emergence of genome editing,
particularly CRISPR-Cas technology, holds transformative potential. While still in its early stages for
perennial crops like coffee, proof-of-concept studies have successfully edited genes involved in
caffeine biosynthesis and plant architecture. Targeted editing of genes regulating stomatal density
(e.g., SDD1), abscisic acid (ABA) responsiveness (e.g., CaNCED3), and the accumulation of protective
osmolytes like trehalose represents a promising frontier for the precise engineering of drought
tolerance [127,128]. This varietal difference, now exploitable through both conventional and
molecular means, pinpoints the importance of drought resistance breeding programs for a
sustainable coffee production under increasing drought incidence in drought-prone coffee-growing
regions of the world.

Table 2. Drought-tolerant varieties of Arabica and Robusta coffee, along with their key traits.

Variety/Clone (Species) Key Drought-Resistance Traits References

Apoata IAC 2258 (C. canephora) Deep & Prolific Root System (Primary trait) [23,120]

Stomatal Regulation (Early closure)

Sarchimor (e.g., T5296, Costa ) ) .
Osmotic Adjustment (Accumulation of solutes) [12,129,135]

Rica 95) (C. arabica
) ) Compact Structure (Lower leaf area)

Leaf Traits (Thicker leaves, waxier cuticles)
Icatu (C. arabica) Robust Root System (From Robusta parentage) [41,129,130]

Control of oxidative stress

Stomatal Regulation (Early closure)
Caturra . . [129,131,132]
High ware use efficiency

Castillo / Centroamericano (C. Osmotic Adjustment (Primary trait)

. _ [131]
arabica) Stomatal Regulation
Vigorous Root System (From Robusta parentage)
IAPAR 59 (C. arabica) Leaf Shedding Mechanism (Reduces transpirational [68,133]

area)

Hydraulic Conductance (Efficient water transport -
F1 Hybrids (e.g., Starmaya) (C.
from heterosis) [134,135]

arabica) )

Robust Root System (From heterosis)
F1 Hybrids (e.g., Mundo Maintenance of photosynthesis (134,135]
Maya) Enhanced root density ’

4.2. Preconditioning

Preconditioning refers to agronomic practices designed to prepare the coffee plants for adverse
environmental conditions, such as drought or high temperature. Preconditioning is a proactive
approach for managing drought stress by enhancing the plant’s drought tolerance mechanisms. It
represents a shift from reactive to preventive management, allowing plants to better cope with water
deficits [136]. Under natural condition, repeated drought recovery cycles are far more common than
a single (prolonged) drought event. By “training” the plants to endure water scarcity using a priori-
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exposure, it is possible to improve the physiological resistance of plants to drought stress. Plants
submitted to multiple drought cycles are able to develop an acclimation which might help them to
tolerate drought stress better than with plants suffering from drought stress for the first time [137-
139]. This kind of differential acclimation to stress involves not only the expression of trainable genes
related to drought tolerance [139], but also associates with an orchestrated reprogramming of
metabolic and physiological processes. In this sense, plants that are previously exposed to a certain
stress can develop a kind of acclimation, sometimes called stress memory, which would potentiate
their defense responses in order to prime them to a subsequent exposure to the same stress
[137,140,141].

Nevertheless if not managed properly, preconditioning can lead to reduced growth and yield,
particularly if the stress is applied during the critical growth stages of the crop. Moreover, the
effectiveness of preconditioning may vary with the time of the stress applied, severity of the stress
applied, and the specific crop variety used. Therefore, integrating preconditioning in to the coffee
farming systems could significantly reduce the impact of drought stress, although it requires careful
monitoring and management to avoid its adverse effects on plant growth and yield. However, even
if this strategy is being used in Robusta coffee [139] and in many other crops, responses of Arabica
coffee to the consecutive cycles of drought stress and re-watering (recovery) treatments have scarcely
been studied and it is difficult to extrapolate the information from Robusta and other crops for
Arabica coffee. Therefore, it is necessary to investigate whether cyclic drought treatment could
improve drought resistance in Arabica coffee or not.

4.3. Plant Nutrition

There are 17 elements which are currently considered essential for the plants to complete their
life cycle [142]. These plant nutrients are not only required for better plant growth and development,
but also for alleviating different abiotic stresses, such as drought stress. Evidences show that the
mineral-nutrient status of plants plays a critical role in increasing plant resistance to environmental
stresses [143] and inorganic fertilization mitigates the adverse effects of drought stress on crop
growth and development [143-145]. This means that tailored adaptive strategies based on plant
nutrition or soil fertility can increase the resilience capacity of coffee trees to drought stress.

Different essential mineral nutrients play various roles in alleviation of drought stress in plants.
Nitrogen, for example, affects carbon partitioning and improves the accumulation of soluble sugars
and starch, which in turn improves leaf growth [146,147]. Nitrogen fertilizer application, where light
is not limiting, increases the plant’s antioxidative defense mechanisms [143] that results in reduced
photooxidation of chloroplast pigments and leaf senescence. Nitrogen applied as fertilizers or in
other forms is also closely related to the ability of plant roots to absorb water from the soil. As per
Waraich et al. [142], improving water use efficiency is the possible mechanism of nitrogen to minimize
the detrimental effects of drought stress on plants.

Turner, [148] pointed out that phosphorus (P) deficiency appears to be one of the earliest effects
of mild to moderate drought stress in soil-grown plants and the application of P fertilizer
considerably improves plant growth under drought conditions [149-151]. The positive effects of P on
plant growth under drought have been attributed to an increase in stomatal conductance [152],
photosynthetic rate [150], cell-membrane stability, and water relations [153]. Phosphorus also
improves the root growth and maintains high leaf water potential. This improves the water and
nutrient uptakes and the activity of nitrate reductase that in turn improves the assimilation of nitrate
under drought condition [154]. Phosphorus also maintains cell turgidity by maintaining high leaf
water potential which in turn increases the stomatal conductance and photosynthetic rate under
drought condition.

Potassium (K) plays a key role for the survival of plants under environmental stress and plants
suffering from environmental stress like drought have a large internal requirement for K [155].
Environmental stresses that enhance the requirement for K cause oxidative damage to cells by
inducing ROS formation, especially during photosynthesis [156-158]. The reason for this appears to
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be related to the fact that K is required for the maintenance of photosynthetic CO: fixation. For
example, drought stress is associated with stomatal closure and thereby with decreased CO: fixation.
When plants are grown under a low K supply, drought-stress induced ROS production can be
additionally enhanced, at least due to K-deficiency-induced disturbances in stomatal opening, water
relation, and photosynthesis [143,159]. Decrease in photosynthesis caused by drought stress is
particularly high in plants supplied with low K and minimal in plants supplied with sufficient K
[160]. Moreover, alleviation of detrimental effects of drought stress, especially on photosynthesis, by
sufficient K supply has also been shown in legume crops [161]. According to Waraich et al. [142], K
minimizes the detrimental effect of drought on crop plants by improving water use efficiency of
plants. K also improves the root growth that in turn improves water and nutrient uptakes and leaf
water potential under drought condition [162]. Therefore, plant nutrition with K in drought condition
increases the tolerance of plants to drought stress by utilizing the available soil moisture more
efficiently than in K-deficient plants. However, as over-fertilization under drought stress condition
can be counterproductive, a caution is needed when we use fertilization as means of drought stress
management; for example, over-fertilization especially nitrogen can produce excess foliage that
increases the water demand of plants. Thus, a balanced fertilization should be considered for drought
management. However, evidence on the role of plant nutrition for drought stress alleviation in coffee
plants is limited. This calls for studies on the drought alleviation roles of specific nutrients and
fertilization.

4.4. Irrigation

Deficit irrigation is a water-saving strategy that involves applying less water than the crop’s full
requirement during certain growth stages of the crop. This method can effectively reduce water use
while maintaining acceptable yield levels [110]. By coinciding the irrigation time with critical growth
periods of coffee, such as vegetative growth, flowering, and fruit setting, farmers can optimize water
resources and improve coffee resilience to drought stress. In addition, accurate irrigation scheduling
based on allowable soil moisture depletion is essential for maximizing water use efficiency in coffee
cultivation. A study at Gera, southwest Ethiopia has shown that applying irrigation when the soil
moisture reaches 40% depletion significantly enhances coffee yield compared to over-irrigation or
under-irrigation practices [163]. This shows that implementing a precise irrigation schedule allows
to use water resources and to reduce the impact of drought stress in a better way than other irrigation
systems.

4.5. Soil and Water Conservation

Soil and water conservation practices are essential for preventing soil erosion, enhancing water
infiltration, and maintaining soil fertility, particularly in hilly and drought-prone areas, e.g., some
coffee growing-regions in Ethiopia, such as Harar. Techniques, such as contour plowing (planting),
terracing, ridges and the construction of check dams are commonly used to reduce water runoff and
conserve soil moisture, thereby improving the resilience of agricultural systems to drought. Terracing
is widely practiced to slow down water runoff and increase water infiltration into the soil (Figure 3).
In addition, check dams and contour plowing help to retain soil moisture and reduce the loss of the
fertile topsoils during heavy rains, which is particularly important in maintaining soil health and
productivity under drought condition [118]. These techniques are commonly used in some coffee
growing countries like Yemen [164], mulching that involves covering of the soil surface with organic
matter (i.e. pruned branches and leaves from coffee trees or other trees) or inorganic materials (i.e.,
plastic mulch) is another common practice applied to conserve soil moisture, suppress weeds, and
enhance soil conditions [165]. Cover crops are also grown to protect the soils from erosion and drying
and to improve soil properties and increase soil organic matter. In some Ethiopian coffee farms,
mulching with coffee husks, leaves, and straw is practiced to maintain soil moisture and improve soil
structure. The use of leguminous cover crops, such as Desmodium, Broad bean and Crotalaria spp., is
also widespread, particularly in large coffee farms in the southern and southwestern regions of
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Ethiopia. These cover crops not only fix atmospheric nitrogen, thereby enriching the soil with
nitrogen, but also help to retain soil moisture during the dry season [30]. However, there can be a
competition between cover crops and coffee plants for water and nutrients. So, identification of cover
crop species that are less competitive with coffee plants is needed to address these likelihood
challenges related to cover crops. In anyway, integrating soil and soil moisture conservation practices
including cover crops in to the coffee farming systems can maintain the productivity of coffee plants
under water-limited conditions by enhancing the natural resource base. However, the successful
implementation of these practices requires adequate technical support and community engagement
[30].

Figure 3. Soil and water conservation practices in Yemen [158].

4.6. Agroforestry and Shade Management

Coffee is normally an understory plant and deliberate shading can be an important drought
mitigation strategy for coffee. Shade trees in a coffee agroforestry system modify the microclimate by
reducing solar radiation, buffering the air temperature fluctuations (reducing temperature extremes),
increasing humidity, and slow down the wind speed, all of which enhance soil moisture retention
and lower the plant water demand and the severity of drought stress. In addition, shade trees
improve soil properties through litter falls and root turnovers, which raise the organic matter content
of soils and nutrient cycling, further helping soil moisture retention. A review by Koutouleas et al.
[70] shows that shade trees produce “favorable microclimate modifications” by lowering the
variability in air temperature and increasing relative humidity and wind protection. This review
work also shows that agroforestry protected coffee plants from frost events in Vietnam. Similarly,
shaded coffee farms in Ethiopia tend to have higher soil moisture levels and are less affected by
drought compared to non-shaded farms [166].

Despite all these general thoughts and research findings on the importance of shade trees for
drought stress alleviation, the existing empirical evidences are ambiguous and conflicting. There is a
potential trade-off between the positive role of shade in alleviating the detrimental effects of drought
stress by modifying the microclimate [167] and its negative effects through increasing the crop’s
susceptibility to drought stress by reducing resource allocation to roots which in turn reduces root
elongation for deep water absorption [46]. Besides, there could be a competition between shade trees
and coffee plants for water and nutrients. It is hypothesized that drought may be more harmful to
plants under low light or under shade because of the trade-off between the simultaneous
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requirements to allocate biomass in response to resource limitations both above and below the soil
surface. Under water-deficit condition, there will also be an intense competition between shade trees
and coffee plants for water and nutrients. The mixed results of the past studies could be due to the
differences in shade tree type and shade level. A potential solution is, therefore, the use of a dynamic
shade system, where the level of shade is adjusted based on seasonal and climatic conditions. Also,
the choice of shade tree species, planting density, and pruning practices are all critical factors that
need to be carefully managed to maximize the benefits of shade in alleviating the detrimental effects
of drought stress on coffee while minimizing its potential drawbacks [168]. However, these
contradictions call for studies that examine when, how and under which condition shade
(agroforestry system) alleviates the impacts of drought stress on coffee.

4.7. Crop Management and Diversification

Improved crop management practices (e.g., regular pruning and effective disease and pest
control) are equally important in sustaining coffee production under drought stress. Regular pruning
of coffee plants helps maintain an optimal canopy size, reducing water demand and improving air
circulation, which can lower the incidence of pests and diseases. Effective disease and pest
management is also crucial, as drought-stressed plants are more susceptible to pest and disease
attacks. Moreover, a diversified farm is inherently more resilient to environmental stress as engaging
farmers in different farming activities enable them to respond more effectively to environmental
challenges. Hence, crop diversification by integrating multiple crops with coffee could be a good
economic strategy for farmers to reduce the economic risks associated with coffee farming under
drought conditions.

4.8. Training and Extension Services

Giving targeted training and extension services to farmers are vital for disseminating knowledge
and skills necessary for adapting to drought conditions. Many smallholder coffee farmers,
particularly in the undeveloped countries, lack access to up-to-date information on climate-smart
agricultural practices. This gap can be filled by implementing the well-programmed and
participatory training and extension services on good agricultural practices that can alleviate the
impact of drought stress on coffee, such as the use of drought-tolerant varieties and improved
agronomic practices, e.g., pruning, shade, water and nutrient management, and soil and water
conservation. These programs are most effective when they are participatory, allowing farmers to
share their experiences and adapt the new knowledge and practices to their local contexts.

4.9. Policy Development and Institutional Support

Policy development and institutional support are crucial for creating an enabling environment
for the adoption of adaptive strategies in coffee production. Governments play a pivotal role in
shaping policies that support sustainable agricultural practices, including providing subsidies for
drought-resistant varieties, financing soil and water conservation projects, and offering incentives for
the adoption of climate-smart technologies. Policy frameworks that promote research and
development in drought-resistant coffee varieties and innovative farming techniques can also drive
progress.

In addition to national policies, international collaborations are essential in addressing the global
challenges of coffee production posed by climate change. Initiatives like the Global Coffee Platform
bring together stakeholders across the coffee value chain to develop and implement strategies that
can enhance the resilience of coffee production to drought stress caused by climate change. Research
and development are also critical in advancing our understanding of drought stress in coffee and in
developing new technologies and practices that can mitigate its impact. Investments on research and
development can lead to a breakthrough in biotechnology, water management, and climate
modeling, which can provide farmers with tools they need to adapt to the changing climates [169].
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While the climate-smart practices show a promise in enhancing coffee resilience to climate change,
challenges remain in their widespread adoption, necessitating further research and supportive
policies to ensure their effective implementation.

5. Conclusion

Drought poses a severe and growing threat to global coffee production, with far-reaching
agronomic and economic consequences. This review paper highlights the impacts of drought stress
on coffee physiology, growth, yield, and quality, which greatly vary with the genetics of coffee plants,
and soil, climatic and farming contexts. It also underscores the potential of coffee breeding and
drought-tolerant variety selection and agricultural practices (e.g., irrigation, soil and water
conservation, shade, and balanced plant nutrition) and the importance of multidisciplinary, multi-
sectorial and national and intentional efforts to sustain coffee production in drought condition. While
this review has synthesized the current understanding of drought impacts and adaptations strategies
in coffee, it has also revealed critical knowledge gaps in current research and proposes some research
directions for future studies that are essential for developing effective drought management
strategies for coffee production in a changing climate. Addressing these gaps requires future research
efforts that employ integrative, systems-level approaches to overcome these constraints.

Current research has successfully identified key drought-tolerant coffee genotypes—such as the
deep-rooted Robusta clone Apoata IAC 2258, the osmotically adjusting Arabica varieties Sarchimor
and Castillo, and the robust Icatu hybrids—each employing distinct physiological strategies from
improved stomatal regulation and leaf traits to enhanced hydraulic conductance. However, this very
diversity of mechanisms reveals critical research frontiers. Future efforts must pivot from singular
trait identification to the integrated, field-based validation of trait combinations, defining the ideal
“drought resilience ideotype” for specific growing environments. This requires leveraging high-
throughput phenotyping and remote sensing to develop scalable drought indices, while genomics
and predictive modeling must untangle complex Genotype-by-Environment (GxE) interactions.
Furthermore, pressing questions remain regarding the synergistic role of shade trees and nutrient
management in drought alleviation, as their interactions with coffee root and shoot physiology can
be contradictory. Finally, unlocking the potential of drought “pre-conditioning” or hardening in C.
arabica demands a deeper investigation into the underlying stress memory and epigenetic regulations
that could prime plants for enhanced resilience.

This review concludes with several integrated recommendations to bolster the resilience of
coffee production systems. First, it underscores the necessity for continuous breeding programs
focused on developing cultivars that synergize drought tolerance with high yield and superior cup
quality. Complementing these genetic efforts, the implementation of long-term agronomic field trials
is critical to refine and integrate Good Agricultural Practices —including optimized irrigation, soil
conservation, agroforestry, and nutrient management—into tailored packages for specific regional
contexts. Furthermore, leveraging climate forecasts and early-warning systems can empower farmers
to strategically time interventions such as irrigation and fertilization. The effective adoption of these
strategies hinges on robust training and extension services to disseminate knowledge directly to
growers. Finally, beyond on-farm measures, developing a coherent framework for policy
interventions and institutional, sectoral, and governmental cooperation is essential to holistically
address the multi-faceted challenge of drought resilience in coffee systems.
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