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Abstract

Climate change has emerged as a key factor influencing the stability of oil palm productivity, particularly through
its effects on temperature regimes, rainfall variability, and hydrological conditions. Understanding how these climatic
pressures interact with adaptation strategies and knowledge systems is essential for strengthening resilience across oil
palm production systems. This study aims to systematically synthesize peer-reviewed evidence on the impacts of climate
change on oil palm productivity, with specific attention to documented adaptation measures and the role of knowledge
systems in supporting adaptive capacity. A Systematic Literature Review (SLR) approach was employed following a
structured and transparent protocol. Data were collected exclusively from peer-reviewed journal articles indexed in
Scopus and published between 2020 and 2026. A total of 38 articles meeting predefined inclusion criteria were analyzed
using thematic synthesis and cross-study comparison to identify dominant climate stressors, productivity responses,
adaptation strategies, and mechanisms of knowledge systems. The results indicate that climate change affects oil palm
productivity through interacting biophysical pathways, with yield responses strongly mediated by management intensity
and adaptive practices. Water management, soil and nutrient optimization, and climate-resilient planting materials
consistently reduced yield variability, while formal and experiential knowledge systems enhanced the effectiveness of
adaptation. Overall, productivity resilience was shaped by the integration of climatic information, adaptive management,
and knowledge exchange rather than by climatic factors alone. Future research is recommended to quantitatively assess
the combined effects of multiple adaptation strategies and to further examine the contributions of knowledge systems
across diverse production contexts.
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Introduction

Climate change has emerged as one of the most significant global challenges influencing agricultural systems, food
security, and rural livelihoods across tropical and subtropical regions. Increasing temperatures, shifting rainfall patterns,
and the growing frequency of extreme weather events are reshaping biophysical growing environments and altering crop
productivity dynamics worldwide [1]. For perennial crops, climate-related stressors often exert delayed and cumulative
effects, complicating both impact assessment and adaptive response planning. As a result, understanding how climate
change interacts with long-lived agricultural systems has become a central concern within sustainability and resilience-
oriented research agendas [2].

Within this broader context, oil palm (Flaeis guineensis) occupies a prominent position as a globally important
agricultural commaodity. Qil palm cultivation supports millions of livelihoods and plays a key role in vegetable oil supply
chains, particularly in Southeast Asia, Africa, and parts of Latin America [3]. The productivity of oil palm systems is
shaped by a combination of climatic suitability, agronomic management, and long-term investment cycles. Given its
perennial nature and extended production lifespan, oil palm productivity is particularly sensitive to cumulative climatic
variability rather than short-term fluctuations alone [4]. Consequently, climate change introduces both challenges
and opportunities for productivity management, depending on the degree to which adaptive strategies are effectively
implemented.
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Recent scientific literature has increasingly documented how climate-related variables such as temperature increases,
rainfall variability, and altered hydrological regimes influence oil palm growth, yield formation, and harvesting stability.
Empirical studies and modeling assessments have reported that prolonged dry periods, shifts in seasonal rainfall
distribution, and rising mean temperatures can affect phenological development, fresh fruit bunch formation, and yield
consistency over time [5]. At the same time, these impacts are rarely uniform across regions or production systems, as local
environmental conditions and management practices mediate productivity outcomes. This heterogeneity underscores
the importance of moving beyond generalized narratives toward more nuanced, evidence-based understandings of
climate—productivity relationships.

In parallel with impact assessments, a growing body of literature has emphasized the role of adaptation strategies in
moderating climate-related risks to oil palm productivity. Adaptation measures documented in previous studies range
from water and soil management interventions to crop improvement, plantation design optimization, and adjustments
in agronomic practices [6]. Rather than framing climate change solely as a threat, this body of work highlights the
capacity of oil palm systems to respond dynamically through incremental and management-driven adaptations. Such
perspectives align with broader resilience frameworks that emphasize adaptive capacity, learning, and system flexibility
as critical components of long-term sustainability.

Beyond physical adaptation measures, knowledge systems have been increasingly recognized as a central element in
shaping adaptive responses to climate change. Knowledge systems encompass formal scientific research, extension
services, climate information services, technological tools, and accumulated operational experience within production
systems [7]. In the context of oil palm cultivation, effective knowledge integration supports informed decision-making
related to planting material selection, water management, nutrient application, and harvesting schedules under variable
climatic conditions. The interaction between climate information and management knowledge thus plays a pivotal role
in translating climate awareness into practical productivity outcomes.

Despite the growing volume of research addressing climate change impacts, adaptation strategies, and knowledge
systems in oil palm production, the existing literature remains fragmented across disciplines, regions, and methodological
approaches. Many studies focus on specific climatic variables or localized case studies, while others emphasize modeling
projections without systematically integrating management and knowledge dimensions [8,9]. This fragmentation limits
the ability to derive comprehensive insights into how climate change, adaptation strategies, and knowledge systems
collectively shape oil palm productivity resilience. Consequently, there is a need for integrative synthesis that consolidates
existing evidence, identifies dominant patterns, and clarifies areas of convergence and divergence across studies.

Systematic Literature Review (SLR) offers a rigorous methodological framework to address this need by enabling
transparent, reproducible, and comprehensive synthesis of peer-reviewed research. Unlike narrative reviews, SLR
applies structured search strategies, explicit inclusion criteria, and systematic analysis procedures to minimize bias and
enhance analytical clarity. In the context of climate change and agricultural productivity, SLR has been widely adopted to
map research trends, assess the consistency of evidence, and identify knowledge gaps warranting further investigation.
Importantly, SLR relies exclusively on secondary data and does not involve field observations, interviews, or participatory
methods, ensuring that findings are grounded entirely in verifiable scientific literature.

Building on this methodological foundation, this review focuses specifically on oil palm productivity as influenced by
climate change, with an emphasis on adaptation strategies and knowledge systems that contribute to resilience. Rather
than assessing sustainability outcomes in a normative or evaluative manner, the review adopts a neutral analytical
stance that examines documented evidence on how productivity responses are shaped by climatic and management
factors. By synthesizing studies published between 2020 and 2026, the review captures recent scientific advancements
and reflects evolving research priorities in climate adaptation and agricultural resilience.

The objective of this study is to systematically synthesize and analyze peer-reviewed literature on the impacts of climate
change on oil palm productivity, with particular attention to documented adaptation strategies and the role of knowledge
systems in enhancing resilience. Through a structured SLR approach, the study aims to identify dominant climate-
related stressors, quantify reported productivity impacts, examine adaptation measures at different production scales,
and assess how knowledge systems support adaptive capacity within oil palm systems.

Based on this objective, the study addresses the following research question:
RQ: How do climate change impacts on oil palm productivity interact with adaptation strategies and knowledge systems
to shape resilience across different production contexts?

This research question guides the analytical focus of the review and provides a coherent framework for the discussion and
conclusion sections, where synthesized evidence is interpreted to clarify adaptation effectiveness, resilience pathways,
and implications for future research.

Literature Review
The literature on climate change and oil palm productivity has expanded substantially over the past decade, reflecting
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growing scholarly attention to the interactions between climatic variability, agronomic performance, and adaptive capacity
in perennial crop systems. Rather than treating climate change as a singular or deterministic driver of productivity
outcomes, recent studies increasingly adopt integrative perspectives that account for biophysical processes, management
practices, and knowledge-based interventions. This literature review synthesizes key thematic strands emerging from
peer-reviewed research, focusing on climatic sensitivity in perennial crops, quantified productivity responses in oil palm
systems, adaptation strategies at multiple scales, plantation-level management mechanisms, and the role of knowledge
systems in enhancing resilience. By structuring the review around these interconnected themes, the section provides
a conceptual and empirical foundation for understanding how oil palm productivity responds to climate change within
diverse environmental and management contexts.

Climate Change and Agricultural Productivity in Perennial Crop Systems

Climate change has been widely recognized as a key driver influencing agricultural productivity, particularly in tropical
regions where perennial crops dominate production systems. In contrast to annual crops, perennial commodities such
as oil palm exhibit long biological cycles, delayed yield responses, and cumulative sensitivity to climatic variability [10].
Existing literature emphasizes that climate-related impacts on perennial crops are rarely immediate, instead manifesting
through complex interactions between temperature, rainfall, soil moisture, and long-term management practices
[11]. This temporal dimension complicates productivity assessment and necessitates longitudinal and systems-based
analytical approaches.

Within agricultural climate studies, temperature increase and rainfall variability are consistently identified as the most
influential climatic factors affecting crop growth and yield formation [12]. However, the magnitude and direction of
productivity responses depend on crop physiology, local environmental conditions, and adaptive capacity. Several reviews
highlight that productivity outcomes cannot be attributed solely to climatic variables, as management intensity and
institutional support play equally significant roles [13]. This perspective provides an important conceptual foundation for
examining oil palm productivity under changing climatic conditions.

Oil Palm Productivity and Climatic Sensitivity

Oil palm productivity is shaped by a combination of climatic suitability, agronomic management, and the age structure
of the plantation. Optimal oil palm growth has traditionally been associated with relatively stable temperature ranges,
evenly distributed rainfall, and adequate solar radiation [14]. Deviations from these conditions, particularly prolonged
droughts or excessive rainfall events, have been shown to influence fresh fruit bunch (FFB) development, oil extraction
efficiency, and harvest regularity. Empirical studies consistently report lagged productivity effects, with climatic stress
events influencing yields 12—24 months after occurrence due to the crop’s perennial growth cycle [15].

Temperature sensitivity has received increasing attention in recent oil palm research. Several modeling and observational
studies suggest that sustained increases in mean daily temperature may alter flowering patterns, sex ratios, and
assimilate allocation, with potential implications for long-term yield stability [16]. Nevertheless, the literature does not
present a uniformly negative outlook. Instead, productivity responses vary considerably across regions and production
systems, indicating that climate sensitivity is mediated by management practices and site-specific conditions.

Rainfall variability represents another critical climatic factor affecting oil palm productivity. Studies focusing on Southeast
Asia and Africa highlight that both rainfall deficits and excesses can disrupt physiological processes, water availability,
and nutrient uptake [17]. Importantly, moderate climatic variability does not necessarily lead to a decline in productivity
when appropriate management strategies are in place. This reinforces the need to interpret climate impacts within
broader agronomic and institutional contexts rather than as isolated stressors.

Adaptation Strategies in Oil Palm Production Systems

Adaptation strategies form a central theme in the literature examining climate change impacts on oil palm productivity.
Rather than advocating structural transformation of production systems, most studies emphasize incremental,
management-oriented adaptation measures that enhance system resilience [18]. Water management interventions are
among the most frequently documented strategies, including drainage optimization, water table regulation in peatlands,
and supplemental irrigation during extended dry periods. These measures are consistently associated with reduced yield
variability under climatic stress.

Soil and nutrient management practices are also highlighted as key adaptive responses. Adjustments in fertilizer timing,
nutrient formulation, and organic matter application are reported to improve nutrient use efficiency under variable
rainfall conditions [19]. The use of mulching materials, such as empty fruit bunches, is frequently cited for improving soil
moisture retention and moderating surface temperatures, thereby buffering crops against heat and drought stress. Such
practices illustrate how adaptation often builds upon existing agronomic techniques rather than introducing entirely new
systems.

Crop-level adaptation strategies have gained prominence in more recent literature. The development and deployment
of climate-resilient planting materials, including drought-tolerant or heat-adapted varieties, are increasingly discussed
as medium- to long-term adaptation pathways [20]. While large-scale adoption remains uneven, modeling studies
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suggest that improved planting material can contribute significantly to yield stability under projected climate scenarios.
Importantly, these strategies are typically framed as complementary to, rather than substitutes for, improved management
practices.

Plantation Management and Microclimatic Regulation

Beyond individual adaptation measures, the literature increasingly emphasizes plantation-scale management as a
determinant of climate resilience. Canopy management, planting density adjustments, and harvest scheduling are
identified as mechanisms for regulating microclimatic conditions within plantations [21]. By influencing light interception,
evapotranspiration rates, and soil temperature, these practices can moderate the impacts of external climatic variability
on oil palm physiology.

Several studies argue that management intensity explains a substantial proportion of observed yield variability, often
exceeding the explanatory power of climatic variables alone [22]. This finding challenges simplified narratives that
attribute productivity outcomes primarily to climate change, instead highlighting the role of adaptive management in
shaping resilience. Such insights support a balanced interpretation of climate impacts that recognizes both environmental
constraints and human agency.

Knowledge Systems and Adaptive Capacity

Knowledge systems constitute a critical, though sometimes underexplored, dimension of climate adaptation in oil palm
production. The literature distinguishes between formal knowledge systems, such as research institutions, extension
services, and decision-support tools, and informal systems based on experiential learning and operational knowledge
[23]. Effective adaptation depends on integrating these knowledge forms, enabling producers to translate climate
information into context-specific management decisions.

Formal knowledge systems are frequently associated with improved access to climate data, seasonal forecasts, and
best-practice guidelines. Studies report that timely climate information supports proactive planning for fertilization,
harvesting, and water management, thereby contributing to yield stabilization under variable conditions [24].
Technological advancements, including remote sensing and digital monitoring platforms, further enhance the capacity
to detect early stress signals and implement targeted interventions.

At the same time, several reviews caution that knowledge dissemination alone is insufficient without institutional support
and access to resources. Adaptive capacity is shaped by the interaction between information availability, management
flexibility, and economic feasibility. This integrated perspective reinforces the importance of knowledge systems as
enablers of adaptation rather than standalone solutions.

Collectively, the reviewed literature presents a nuanced understanding of climate change impacts on oil palm productivity.
Rather than depicting oil palm systems as uniformly vulnerable, existing studies highlight significant variability in
productivity responses driven by management practices, adaptation strategies, and knowledge integration. Climate
change acts as a modifying force that interacts with existing system characteristics, amplifying or attenuating productivity
outcomes depending on adaptive capacity.

Despite these insights, several conceptual and empirical gaps remain. First, adaptation strategies are often assessed
in isolation, with limited synthesis of how multiple measures interact synergistically. Second, knowledge systems are
frequently discussed descriptively rather than analytically, limiting understanding of their quantitative contribution to
resilience. Third, spatial unevenness persists in the evidence base, with disproportionate focus on certain regions and
production contexts.

Addressing these gaps requires an integrative synthesis that consolidates fragmented findings into coherent
analytical frameworks. By systematically reviewing recent peer-reviewed literature, this study contributes to a more
comprehensive understanding of how climate change, adaptation strategies, and knowledge systems collectively shape
oil palm productivity resilience. This synthesis provides a critical foundation for subsequent discussion on adaptation
effectiveness, research priorities, and policy relevance.

Method

This study adopts the Systematic Literature Review (SLR) methodology, following the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) framework, to synthesize and critically assess scholarly evidence on
the impacts of climate change on oil palm productivity, with a particular focus on adaptation strategies and knowledge
systems that contribute to resilience. Oil palm is a strategic agricultural commodity with significant socioeconomic
importance in tropical regions, and its productivity is increasingly influenced by climate-related factors, including
temperature variability, altered rainfall patterns, and extreme weather events. Within this context, adaptation and
management responses have become central to sustaining productivity while maintaining environmental and operational
balance. By systematically consolidating peer-reviewed studies, this review provides an evidence-based overview of
how climate change impacts oil palm productivity and how adaptation strategies and knowledge systems have been
conceptualized and applied across different production settings.
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Figure 1: Systematic Literature Review Process Based on the PRISMA Protocol

Figure 1 illustrates the identification, screening, and selection process of articles conducted in accordance with the
PRISMA protocol. The initial literature search was performed using the Scopus database with the broad keyword
combination Oil Palm AND Climate Change, which yielded 1,021 records. To enhance thematic focus and relevance, the
search was refined using a targeted Boolean string: (“oil palm” OR “palm oil” OR “Elaeis guineensis”) AND (“climate
change” OR “climate variability”) AND (“productivity” OR “yield” OR “growth”) AND (“adaptation” OR “management” OR
“farming practices”). This refinement resulted in the exclusion of 927 records that did not align with the scope of the
review, leaving 94 articles for further screening. A publication year filter was subsequently applied to include studies
published between 2020 and 2026, which led to the removal of 29 articles and reduced the dataset to 65 records.
Language screening excluded one non-English publication, resulting in 64 eligible English-language articles. Further
screening based on accessibility criteria eliminated 26 articles that were not available through Open Access or Open
Archive sources. At the conclusion of the selection process, 38 peer-reviewed articles met all inclusion criteria and were
retained for full-text analysis and qualitative synthesis.

All bibliographic records were systematically managed in Mendeley Desktop to support reference organization, duplicate
detection, and consistent citation formatting throughout the review process. This study is based entirely on secondary
data from peer-reviewed scientific literature; no field observations, interviews, or focus group discussions were
conducted. The findings and interpretations presented in this review are therefore grounded exclusively in the critical
synthesis of the selected 38 studies. Through this systematic consolidation, the review aims to provide a comprehensive
understanding of climate change impacts on oil palm productivity and to map documented adaptation strategies and
knowledge systems that support resilience, while also identifying areas where further research is required.

Results
This systematic literature review identified five key thematic clusters that collectively characterize how recent peer-
reviewed studies examine the impacts of climate change on oil palm productivity and the roles of adaptation strategies
and knowledge systems in shaping resilience. These themes emerged from an in-depth analysis of 38 peer-reviewed
articles published between 2020 and 2026 and reflect the dominant analytical emphases within the contemporary
literature.

The Identified Thematic Domains are:

« Climate-induced biophysical stressors in oil palm systems,

¢ Quantified impacts of climate variability and extremes on productivity and yield,

* Farm-level and plantation-scale adaptation strategies,

« Institutional, technological, and management-based knowledge systems supporting resilience,
¢ Cross-cutting synthesis of patterns, contextual variation, and remaining research gaps.

The most frequently addressed theme was climate-induced biophysical stressors, which appeared in 31 of the 38
studies (approximately 82%). This dominance reflects the strong agronomic and climatological orientation of oil
palm research, where temperature dynamics, rainfall variability, and hydrological conditions are commonly treated as
foundational determinants of crop growth and physiological performance. Closely following this, quantified impacts
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of climate variability on productivity and yield were examined in 28 studies (around 74%), highlighting the extensive
use of statistical analyses, climate-yield modeling, and long-term plantation datasets to translate climatic signals into
measurable production outcomes.

Adaptation strategies at farm and plantation scales constituted the third most prevalent theme, documented in 25
studies (approximately 66%). The prominence of this theme indicates a growing recognition that climate-related
productivity outcomes are strongly mediated by management responses, including water regulation, soil and nutrient
management, and crop-level adjustments. The literature within this cluster largely frames adaptation as incremental
and management-driven, emphasizing optimization of existing production systems rather than structural transformation.

In contrast, knowledge systems supporting climate resilience were explicitly analyzed in 18 studies (approximately
47%). These studies addressed the roles of extension services, climate advisory tools, digital monitoring technologies,
and experiential management knowledge in enabling adaptive decision-making. Although increasingly acknowledged as
critical enablers of resilience, knowledge systems remain less consistently integrated into climate—productivity analyses,
reflecting methodological challenges in capturing institutional capacity, information flows, and learning processes.

The least represented thematic cluster was cross-cutting synthesis of patterns, contextual variation, and research gaps,
which appeared explicitly in 11 studies (approximately 29%). This relatively low representation suggests that while
individual components of climate impacts and adaptation are well documented, fewer studies adopt fully integrative
or systems-oriented perspectives that link biophysical stressors, adaptation strategies, and knowledge systems across
diverse production contexts.

The predominance of biophysical and yield-focused themes indicates that the literature has largely mirrored broader
global debates on climate change impacts and productivity risk assessment. Meanwhile, the comparatively lower emphasis
on knowledge systems and integrative synthesis reflects structural gaps in connecting climate exposure with adaptive
capacity and decision-making processes. This imbalance implies that resilience is often inferred indirectly through
productivity metrics rather than explicitly conceptualized as an emergent outcome of interacting climatic, managerial,
and institutional factors. The following sections elaborate each thematic cluster in detail, drawing on quantitative and
qualitative evidence from the reviewed studies.

Climate-Induced Biophysical Stressors in Oil Palm Systems

Across the reviewed literature, climate change was consistently conceptualized as a modifier of biophysical growing
conditions rather than as a deterministic driver of productivity decline. Temperature increases, rainfall variability,
and hydrological alterations were identified as the most influential climate-related stressors affecting oil palm growth
dynamics [25-27]. Reported increases in mean annual temperature ranged from 0.8 to 1.5 °C across major oil palm-
producing regions over the past three decades, with climate projections suggesting potential increases of up to 2.0 °C by
2050 under intermediate emission scenarios [28,29]. Several studies linked these temperature changes to accelerated
phenological development, including shortened leaf emergence intervals and reduced durations of inflorescence
differentiation, which in turn influenced bunch formation processes [30].

Rainfall variability emerged as a critical stressor, particularly in regions characterized by pronounced dry and wet
seasons. Multiple studies reported that deviations exceeding £15% from the long-term mean annual rainfall significantly
affected the initiation and filling stages of fresh fruit bunch (FFB) development [31,32]. Prolonged dry periods lasting
more than 3 consecutive months were frequently associated with physiological stress responses, such as reduced
stomatal conductance and lower photosynthetic efficiency, with yield impacts evident 12-18 months after the initial
drought event [33,34]. In contrast, excessive rainfall events were associated with increased cloud cover, reduced solar
radiation interception, and heightened disease pressure, indirectly constraining productivity [35,36].

Hydrological stress was particularly pronounced in lowland and peat-based production systems. Studies focusing on
peatland plantations documented fluctuations in groundwater table depth ranging from approximately —40 cm during
extended droughts to +10 cm during extreme rainfall events [37,38]. Both conditions were shown to impair root
development and nutrient uptake efficiency, with waterlogging increasing anaerobic stress and drought conditions
limiting nutrient mobility [39]. These findings collectively indicate that climate-induced biophysical stressors affect oil
palm productivity through multiple, interacting physiological and environmental pathways rather than through isolated
mechanismes.

Quantified Impacts of Climate Variability on Productivity and Yield

A substantial proportion of the reviewed studies employed statistical analyses, process-based crop models, or hybrid
modeling approaches to quantify the impacts of climate variability on oil palm productivity. Yield responses were
commonly reported in terms of percentage changes in FFB yield and, to a lesser extent, oil extraction rate (OER). Across
Southeast Asian case studies, drought-related yield reductions ranged from approximately 5% to 25%, depending on
drought severity, duration, soil characteristics, and management intensity [40-42]. A multi-country comparative analysis
reported average yield declines of 10-12% following El Nifio-associated dry events, with recovery periods extending up
to 24 months in some locations [43,44].
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Temperature sensitivity analyses indicated that sustained mean daily temperatures exceeding 29-30 °C during critical
growth stages were associated with yield declines of approximately 3—6% per 1 °C increase, particularly in rainfed
systems with limited adaptive capacity [45,46]. However, yield sensitivity varied significantly across production systems.
Studies comparing management regimes found that plantations with optimized fertilization schedules and canopy
management exhibited yield losses that were 30—-40% lower than those observed in less intensively managed systems
under similar climatic conditions [47].

Rainfall extremes produced asymmetric yield responses. Moderate increases in rainfall during typically dry periods
were associated with yield stabilization or marginal gains of 2—4%, particularly in moisture-limited environments [48].
In contrast, excessive rainfall during peak production phases resulted in yield reductions of up to 8%, primarily due
to waterlogging, reduced radiation availability, and increased pest and disease incidence [49]. Importantly, several
studies emphasized that climate variables alone accounted for only part of observed yield variability, with agronomic
management factors explaining between 30% and 50% of productivity differences across sites [50].

Adaptation Strategies at Farm and Plantation Scales

Adaptation strategies identified in the reviewed literature were diverse and strongly context-dependent, reflecting
differences in climatic exposure, soil conditions, and production scale. Water management interventions were among
the most frequently documented adaptation measures. These included enhanced drainage infrastructure, controlled
water table management in peatlands, and supplemental irrigation during prolonged dry spells [51,52]. Quantitative
evaluations indicated that improved water management reduced drought-related yield losses by approximately 20-40%
compared to non-adapted systems [53].

Soil and nutrient management practices were also widely reported as effective adaptation measures. Adjustments in
fertilizer timing to align with rainfall patterns improved nutrient use efficiency and contributed to yield stabilization of
around 5-10% during climatically adverse years [54]. The application of organic residues, particularly empty fruit bunch
mulching, was associated with increased soil moisture retention, improved soil organic carbon content, and reductions
in surface soil temperature of up to 2 °C, thereby mitigating heat stress effects [55].

Genetic and crop management strategies gained increasing attention in recent studies. The use of climate-resilient or
drought-tolerant planting materials was associated with modeled yield gains of 8% to 15% under future climate scenarios
[56]. Additionally, modifications to planting density, pruning regimes, and canopy structure improved microclimatic
conditions within plantations, enhancing radiation use efficiency and reducing evapotranspiration losses [57]. Overall,
adaptation was predominantly framed as incremental and management-driven, emphasizing optimization of existing
practices rather than radical system transformation [58].

Knowledge Systems Supporting Climate Resilience

The reviewed studies underscored the importance of knowledge systems in facilitating effective climate adaptation in
oil palm production. Formal knowledge systems, including agricultural extension services, climate advisory platforms,
and decision-support tools, were frequently cited as mechanisms for translating climate information into operational
management decisions [59]. Access to seasonal climate forecasts was reported to improve the timing of fertilization,
harvesting, and water management interventions, contributing to yield stability gains of approximately 3—7% in several
plantation contexts [60].

Technological knowledge systems were increasingly integrated into adaptive management strategies. Remote sensing
technologies and digital monitoring platforms were used to track rainfall patterns, vegetation indices, and soil moisture
conditions, enabling early detection of stress and timely management responses [61]. These tools were particularly
effective in large-scale plantations, where spatial heterogeneity in climate impacts could be systematically monitored
and addressed.

Experiential and operational knowledge also played a complementary role. While not always quantified numerically,
several studies emphasized that accumulated management experience informed localized adaptive responses, such
as drainage adjustments and harvest scheduling [62]. The integration of scientific, technological, and experiential
knowledge was consistently identified as a key factor enhancing adaptive capacity and resilience.

Synthesis of Patterns and Emerging Evidence

Synthesis across the 38 reviewed studies revealed a consistent pattern in which climate change impacts on oil palm
productivity were strongly mediated by management intensity and adaptive capacity rather than driven solely by climatic
variables. Yield responses varied widely across regions and production systems, highlighting the importance of context-
specific adaptation strategies. Although climate stressors such as drought and elevated temperatures posed measurable
challenges, the evidence demonstrated that targeted adaptation measures substantially mitigated negative impacts and
supported productivity resilience.

The reviewed literature increasingly emphasized proactive adaptation supported by evolving knowledge systems
and technological innovation. Rather than depicting oil palm systems as uniformly vulnerable, the studies collectively
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identified practical pathways to enhance resilience through improved management, informed decision-making, and the
strategic use of climate information. These synthesized findings provide a robust empirical basis for the subsequent
discussion on adaptation effectiveness, resilience frameworks, and implications for sustainable oil palm production
under changing climatic conditions.

Discussion

This discussion addresses the research question: How do climate change impacts on oil palm productivity interact with
adaptation strategies and knowledge systems to shape resilience across different production contexts? By synthesizing
evidence from 38 peer-reviewed studies published between 2020 and 2026, this section interprets how climate stressors,
management responses, and knowledge infrastructures jointly influence productivity outcomes in oil palm systems.
Rather than treating climate change impacts as isolated biophysical phenomena, the reviewed literature collectively
demonstrates that productivity responses emerge from dynamic interactions between environmental pressures, adaptive
practices, and the capacity to access and apply relevant knowledge.

Interactions Between Climate Stressors and Productivity Responses

The reviewed studies consistently indicate that climate change influences oil palm productivity through cumulative and
often delayed pathways rather than immediate yield shocks. Temperature increases, rainfall variability, and hydrological
disturbances interact with the perennial growth cycle of oil palm, producing lagged effects on yield formation and
harvest outcomes [63,64]. This temporal lag commonly ranging from 12 to 24 months means that productivity outcomes
observed in a given year often reflect climatic conditions experienced in previous growth stages [65,66].

Importantly, the literature does not present a uniform relationship between climate stressors and productivity decline.
Instead, yield responses vary substantially across regions, soil types, and management regimes. For example, drought-
related yield reductions reported in Southeast Asia were generally lower in plantations with well-developed drainage
and soil moisture management systems compared to less intensively managed sites under similar climatic conditions
[67,68]. This variability suggests that climate change acts as a modifying force whose impacts are mediated by system
characteristics rather than as a deterministic driver of productivity loss.

Temperature-related stress exhibits similar interaction effects. While sustained increases in mean daily temperature
above optimal thresholds were associated with reduced bunch formation efficiency and altered phenological patterns,
several studies demonstrated that these effects were attenuated in systems with optimized canopy management and
nutrient supply [69]. These findings reinforce the interpretation that climate impacts on oil palm productivity cannot be
understood independently of management context.

Adaptation Strategies as Mediators of Climate Impacts

Adaptation strategies emerge in the reviewed literature as critical mediators shaping how climate stressors translate
into productivity outcomes. Rather than emphasizing radical transformation of oil palm systems, most studies highlight
incremental, management-oriented adaptations that enhance resilience within existing production frameworks [70].
Water management interventions, including drainage optimization, water table regulation in peatlands, and supplemental
irrigation during extended dry periods, were among the most frequently cited strategies [71].

Quantitative evidence indicates that such interventions can substantially reduce climate-induced yield variability. Several
studies reported reductions in drought-related yield losses of approximately 20-40% following the implementation
of improved water management practices [72]. These findings illustrate that adaptation strategies not only buffer
productivity against climatic extremes but also stabilize production over time, contributing to resilience rather than
short-term yield maximization.

Soil and nutrient management adaptations further illustrate the interactive nature of climate impacts and management
responses. Adjustments in fertilizer timing to align with rainfall patterns were consistently associated with improved
nutrient use efficiency and reduced vyield variability under fluctuating climatic conditions [73]. Organic amendments,
particularly empty fruit bunch mulching, were reported to enhance soil moisture retention and moderate soil temperature,
thereby mitigating both heat and drought stress. These practices exemplify how adaptation strategies operate by
modifying the microenvironment in which climatic stressors are expressed.

Crop-level adaptation strategies, including the use of climate-resilient planting materials, also contribute to mediating
climate impacts. Modeling studies suggest that drought-tolerant or heat-adapted varieties can improve yield stability
by 8-15% under projected climate scenarios [74]. However, the literature emphasizes that genetic adaptation alone is
insufficient; its effectiveness depends on complementary management practices and suitable environmental conditions.

Knowledge Systems and Adaptive Capacity

Knowledge systems play a central role in shaping the effectiveness of adaptation strategies and, by extension,
productivity resilience. The reviewed literature distinguishes between formal knowledge systems, such as research
institutions, extension services, climate advisory platforms, and decision-support tools, and informal systems grounded
in experiential and operational knowledge [75]. Resilience emerges most strongly in contexts where these knowledge
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forms are integrated rather than operating in isolation.

Formal knowledge systems enhance adaptive capacity by translating climate information into actionable guidance. Access
to seasonal climate forecasts, for example, enables producers to adjust fertilization schedules, harvesting plans, and
water management practices in anticipation of climatic variability. Several studies reported yield stability improvements
of approximately 3—7% in plantations using climate advisory services compared with those relying solely on historical
management practices [76].

Technological knowledge systems further strengthen adaptation by enabling real-time monitoring of climatic and
biophysical conditions. Remote sensing tools and digital plantation management platforms were increasingly reported as
mechanisms for detecting early signs of water stress, nutrient imbalance, or disease pressure [77]. These technologies
are particularly effective in large-scale production contexts, where spatial heterogeneity in climate impacts can be
systematically identified and managed.

At the same time, experiential knowledge remains a crucial component of adaptive capacity. While often less formally
documented, localized management experience informs practical adjustments such as drainage regulation, harvest
timing, and labor allocation during periods of climatic stress [78]. The literature suggests that resilience is greatest when
formal scientific knowledge complements rather than replaces operational expertise.

Contextual Variation Across Production Systems

The interaction between climate impacts, adaptation strategies, and knowledge systems varies markedly across
production contexts. Studies focusing on industrial plantations often emphasize technological and institutional
mechanisms, including digital monitoring systems and structured extension services [79]. In these contexts, adaptive
capacity is closely linked to access to capital, infrastructure, and technical expertise.

Conversely, studies examining smaller-scale or resource-constrained systems highlight the importance of low-cost,
management-based adaptations and localized knowledge. While these systems may be more exposed to climate
variability, the literature indicates that targeted support through extension services and knowledge-sharing platforms
can significantly enhance resilience [80]. This variation underscores that resilience is not solely a function of scale but
of the alignment between climatic exposure, adaptation strategies, and knowledge accessibility.

Importantly, the reviewed literature avoids portraying any single production context as inherently unsustainable or
resilient. Instead, resilience emerges as a dynamic property shaped by adaptive capacity and learning processes over
time. This perspective aligns with broader sustainability frameworks that emphasize continuous improvement and
adaptive management rather than fixed benchmarks [81].

Synthesis: Answering the Research Question

In response to the research question, the synthesis indicates that climate change impacts on oil palm productivity
interact with adaptation strategies and knowledge systems in complex, mutually reinforcing ways. Climate stressors
impose biophysical pressures that influence growth and yield, but their ultimate effects on productivity are mediated
by the presence and effectiveness of adaptive practices. Adaptation strategies, in turn, derive their effectiveness from
knowledge systems that enable timely, context-specific decision-making.

Resilience thus emerges not from any single factor but from the alignment of climatic conditions, adaptive management,
and knowledge integration. Systems characterized by proactive adaptation and robust knowledge exchange consistently
demonstrate lower yield variability and faster recovery following climatic stress events. This finding supports a resilience-
oriented interpretation of climate impacts that recognizes both environmental constraints and management agency.

The findings of this systematic review have several important implications. First, they underscore the need for climate
impact assessments to move beyond deterministic narratives and incorporate management and knowledge dimensions
when evaluating productivity outcomes. Second, they highlight the value of incremental adaptation strategies that build
on existing practices, offering practical pathways for enhancing resilience without necessitating fundamental system
transformation.

From a policy and management perspective, strengthening knowledge systems, particularly extension services and
climate advisory platforms, emerges as a key lever for enhancing adaptive capacity. Investments in digital monitoring
tools and decision-support systems can further enable timely, targeted adaptation, especially in large, heterogeneous
production landscapes.

For future research, several gaps warrant attention. There remains limited empirical synthesis on the synergistic effects
of multiple adaptation strategies applied concurrently. Additionally, the contribution of knowledge systems to resilience
is often discussed qualitatively, indicating a need for more quantitative assessment of knowledge-driven productivity
outcomes. Addressing these gaps will require integrative, cross-regional studies that combine climatic, agronomic, and
institutional perspectives.
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Overall, this review demonstrates that oil palm productivity under climate change is shaped by interactive processes
rather than linear cause—and—effect relationships. By consolidating evidence on climate impacts, adaptation strategies,
and knowledge systems, the study contributes to a more balanced and evidence-based understanding of resilience in oil
palm production systems, providing a foundation for informed discussion and future research.

Conclusion

This systematic literature review synthesizes recent evidence on how climate change impacts oil palm productivity
through complex interactions with adaptation strategies and knowledge systems across diverse production contexts.
The reviewed literature demonstrates that climate-related stressors such as temperature increases, rainfall variability,
and hydrological extremes do not operate as isolated determinants of productivity outcomes. Instead, their effects are
mediated by management practices and by production systems’ capacity to anticipate, absorb, and respond to climatic
variability.

The synthesis reveals that adaptation strategies play a central role in shaping productivity resilience. Incremental,
management-oriented adaptations, particularly those related to water regulation, soil and nutrient management, and
agronomic timing, consistently reduce yield variability and buffer oil palm systems against climate-induced stress.
These strategies are most effective when applied in a context-specific manner, reflecting local environmental conditions,
plantation characteristics, and operational constraints. As such, resilience emerges not from a single intervention, but
from the cumulative and coordinated application of adaptive practices over time.

Knowledge systems are identified as a critical enabling factor that determines how effectively adaptation strategies
are implemented and sustained. Formal knowledge infrastructures, including research outputs, extension services,
climate advisory tools, and digital monitoring platforms, enhance adaptive capacity by translating climate information
into actionable management decisions. At the same time, experiential and operational knowledge remains essential for
contextualizing scientific guidance and facilitating practical responses at the field level. The integration of formal and
informal knowledge systems is consistently associated with greater productivity, stability, and adaptive responsiveness.

Across different production contexts, resilience is shaped by the alignment between climatic exposure, available
adaptation options, and access to knowledge. Large-scale plantation systems tend to leverage technological and
institutional resources, while smaller or resource-constrained systems rely more heavily on low-cost adaptations and
localized knowledge. Importantly, the literature does not support a binary distinction between resilient and non-resilient
production systems. Instead, resilience is portrayed as a dynamic and evolving property that reflects learning processes,
management flexibility, and continuous adjustment to changing climatic conditions.

Overall, the findings indicate that climate change impacts on oil palm productivity are best understood through an
integrative framework that accounts for biophysical stressors, adaptive management, and knowledge exchange.
Productivity resilience is not solely determined by climate trends, but by the extent to which production systems are
equipped to interpret climatic signals and translate them into timely, informed, and context-appropriate responses. This
review therefore contributes a balanced, evidence-based perspective on resilience in oil palm production, emphasizing
adaptive capacity and knowledge integration as key determinants of sustained productivity under a changing climate
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