


Temporal Dynamics of Major Cocoa Diseases in Andhra Pradesh, India: A Two-Year Surveillance Study

ABSTRACT
	Background: Cocoa production, now expanding in regions like Andhra Pradesh, is heavily affected by fungal and bacterial diseases causing major yield losses, but proper cultural practices like sanitation, pruning, and shade management can effectively reduce disease incidence regardless of the cropping system.
Aims: This study aimed to quantify year-to-year and seasonal variation in the incidence of six major cocoa diseases in Andhra Pradesh, assess year-by-season interaction effects, and determine relationships between weather parameters and disease incidence.
Study Design: Two-year longitudinal roving survey (2024–2025).
Place and Duration of Study: Twelve geo-tagged cocoa farms, Eluru district, Andhra Pradesh, India (16°42′N, 81°06′E); January 2024 to December 2025.
Methodology: Monthly disease incidence of stem canker, black pod rot, Lasiodiplodia dieback, charcoal pod rot, cushion gall, and cherelle wilt was recorded from 100 randomly selected trees per farm. Temporal and seasonal variation was analysed using a two-factor completely randomized design (CRD) with year and season as fixed factors; means were separated using Fisher's LSD test (P = .05). Pearson's correlation analysis quantified weather–disease associations.
Results: Stem canker declined from 30.67% (2024) to 18.92% (2025; F = 118.67, P < .001) while cushion gall increased from 13.94% to 20.75% (F = 61.79, P < .001). Black pod rot peaked during monsoon (17.68 ± 7.93%) and was strongly correlated with rainfall (r = 0.55, P < .01) and relative humidity (r = 0.63, P < .01). Lasiodiplodia dieback correlated positively with mean temperature (r = 0.62, P < .01). Significant year × season interactions (P < .01 for most diseases) indicated that seasonal dynamics differed between years.
Conclusion: Cocoa disease dynamics in Andhra Pradesh are governed by complex temporal, seasonal, and climatic interactions. These findings provide a baseline for developing predictive disease management strategies and climate-adaptive cultivation practices in emerging cocoa-growing regions. Given increasing climatic variability, weather-informed and adaptive management approaches incorporating real-time monitoring and disease forecasting are essential to improve the timing and efficiency of disease control interventions in non-traditional growing regions.
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1. INTRODUCTION
Cocoa (Theobroma cacao L.) is a vital cash crop supporting smallholder farmers across tropical regions. In India, cultivation has traditionally been concentrated in Kerala, Karnataka, and Tamil Nadu; however, strategic expansion into non-traditional areas such as Andhra Pradesh has created new challenges, particularly regarding disease management in regions with limited baseline epidemiological data (Ploetz, 2007).
Cocoa productivity is significantly constrained by different fungal diseases. Stem canker and black pod rot caused by Phytophthora spp., Lasiodiplodia dieback and charcoal pod rot caused by Lasiodiplodia theobromae (Pat.) Griffon and Maubl., cushion gall caused by bacterial complex, and cherelle wilt collectively result in yield losses ranging from 20–30% in managed plantations to over 70% under severe disease pressure, jeopardising farmer livelihoods and the long-term sustainability of cocoa production (Ploetz, 2016).

Cultural management practices play an important role in determining disease incidence and severity in cocoa plantations. Practices such as regular sanitation, pruning, shade management, and timely removal of infected plant material directly influence microclimate conditions and pathogen inoculum levels within the canopy. Armengot et al. (2020) demonstrated that cacao grown under agroforestry systems does not exhibit higher pest and disease incidence compared to monocultures when good cultural management practices are consistently maintained, emphasising that consistent and good cultural management practices are more critical in limiting disease incidence than the type of cropping system adopted. This has important implications for emerging cocoa-growing regions like Andhra Pradesh, where standardised disease management protocols are yet to be fully established.
Temporal variation in disease incidence reflects both seasonal weather patterns and year-to-year climatic variability, which can significantly alter pathogen infection dynamics, sporulation patterns, and disease spread (Appiah et al., 2004). Systematic temporal surveillance is essential for identifying shifts in disease prevalence and developing timely management strategies, particularly under changing climatic conditions.
The present study monitored the temporal dynamics of six major cocoa diseases in Eluru district, Andhra Pradesh over two years (2024–2025). Specific objectives were to: (i) quantify year-to-year variation in disease incidence; (ii) identify seasonal patterns across monsoon, post-monsoon, and summer seasons; (iii) assess year × season interaction effects; and (iv) determine relationships between weather parameters and disease incidence. Findings are expected to provide baseline data for disease management planning and contribute to understanding how temporal and climatic factors influence disease occurrence in non-traditional cocoa-growing regions.
2. MATERIALS AND METHODS
2.1 Study Area and Sampling
The study was conducted in Eluru district, Andhra Pradesh (16°42'N, 81°06'E), representing a non-traditional cocoa-growing region where cultivation has been recently introduced. Roving surveys were conducted monthly over two consecutive years (2024 and 2025) across 12 representative cocoa farms selected and the farms were geo-referenced to ensure consistent monitoring throughout the study period.
2.2 Disease Assessment
At each farm, disease incidence was assessed monthly from 100 randomly selected cocoa trees following a systematic sampling pattern to ensure representative coverage. Six major diseases were recorded based on characteristic symptoms: stem canker, black pod rot, Lasiodiplodia dieback, charcoal pod rot, cushion gall, and cherelle wilt. Disease diagnosis was based on characteristic symptoms as described in standard manuals (Ploetz 2007). For each disease, the percentage of infected trees or affected plant parts was recorded. 
Disease incidence (DI) was calculated for each disease using the formula:
DI (%) = (Number of infected plants / Total number of plants observed) × 100
Monthly data from all 12 farms were pooled to obtain mean disease incidence values for each month. Descriptive statistics (mean, standard deviation, and coefficient of variation) were computed to characterise disease trends over the two-year period.
2.3 Seasonal Variation
The year was divided into three major seasons based on the climatic conditions of Andhra Pradesh: (i) summer (February–May), (ii) monsoon (June–September), and (iii) post-monsoon (October–January). Seasonal and temporal variation in disease incidence was analyzed using a two-factor completely randomized design (CRD) with year (Factor A: 2024, 2025) and season (Factor B: monsoon, post-monsoon, summer) as fixed factors. Data were subjected to analysis of variance (ANOVA), and treatment means were compared using Fisher's Least Significant Difference (LSD) test at P = 0.05. Statistical analyses were performed using RAISINS software.
2.4 Weather Data Collection and Correlation Analysis
Monthly weather data including mean temperature (°C), total rainfall (mm), and mean relative humidity (%) were obtained from the NASA/POWER (Prediction of Worldwide Energy Resources) database. Pearson's correlation analysis was performed to quantify relationships between weather parameters (temperature, rainfall, relative humidity) and disease incidence over the two-year period. Correlation matrices were visualised using a correlogram to facilitate interpretation of complex relationships among variables.
3. RESULTS AND DISCUSSION
3.1 Prevalence and Temporal Variation of Cocoa Diseases
The two-year survey revealed the occurrence of six major diseases in cocoa plantations of Eluru district viz., stem canker, black pod rot, charcoal pod rot,  Lasiodiplodia dieback, cushion gall, and cherelle wilt (Fig.1). Analysis of variance demonstrated highly significant temporal variation for stem canker, Lasiodiplodia dieback, cushion gall, and cherelle wilt; significant variation for black pod rot; while charcoal pod rot showed no significant temporal variation (Table 1).
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Fig. 1. Major cocoa diseases observed during the survey in Andhra Pradesh: (A) stem canker, (B) black pod rot, (C) Lasiodiplodia dieback, (D) charcoal pod rot, (E) cushion gall, and (F) cherelle wilt. 



Stem canker was the most prevalent disease in 2024 (30.67 ± 11.51%) but showed a dramatic decline in 2025 (18.92 ± 6.66%), representing a 38.3% reduction (F = 118.67, P < .001. The substantial reduction in stem canker incidence observed during 2025 may indicate the combined influence of environmental variability, improved phytosanitary practices, and possible reduction in inoculum load within plantations. Stem canker pathogens, particularly species of Phytophthora, are highly influenced by prolonged moisture availability and canopy microclimate conditions. Similar fluctuations in stem canker intensity have been reported in tropical cocoa-growing regions where annual variation in rainfall distribution significantly altered disease pressure (McMahon et al. 2010). The present findings therefore suggest that year-to-year climatic variability plays an important role in regulating disease development in Andhra Pradesh cocoa ecosystems. 
Cherelle wilt showed decreasing trend from 30.75 ± 10.25% in 2024 to 24.17 ± 9.57% in 2025, a reduction of 21.4% (F = 37.55, P < .001). It highlights the diverse physiological mechanisms underlying different cocoa diseases. Cherelle wilt is primarily a physiological disorder rather than a pathogenic disease, resulting from competition for nutrients and water among developing pods and other plant parts (Zuidema et al. 2005).
 Conversely, cushion gall showed a marked increase from 13.94 ± 9.50% to 20.75 ± 5.94%, representing a 48.9% increase (F = 61.79, P < .001). Cushion gall caused by bacterial complex, typically thrives under specific microclimate conditions within the plantation (Ploetz 2007). Lasiodiplodia dieback also increased significantly from 11.83 ± 9.08% to 14.78 ± 7.15% (F = 11.32, P < .001).  The increase in Lasiodiplodia dieback incidence during 2025 is particularly important because Lasiodiplodia theobromae is recognised as an opportunistic pathogen associated with plant stress conditions. Elevated temperatures, intermittent drought stress, and physiological weakening of trees may predispose cocoa plants to infection and disease progression. Similar associations between temperature stress and Lasiodiplodia-related diseases have been documented in perennial tropical crops including cocoa, mango, and citrus (Mohali et al., 2005). The increasing prevalence of dieback diseases under warmer conditions may therefore represent an emerging threat under future climate change scenarios. 
Black pod rot incidence remained relatively stable between years (12.96% vs. 14.45%; F = 3.82,                                   P = .053), while charcoal pod rot showed minimal variation (13.09% vs. 13.44%; F = 0.10, P = .754). These shifts indicate a changing disease complex in Andhra Pradesh, moving from Phytophthora-dominated issues toward stress-related opportunistic pathogens. Such transitions are increasingly reported in expanding cocoa regions under variable climates and highlight the need for holistic surveillance beyond single-disease focus (Minimol et al. 2024; Adams et al. 2025).
Table 1. Year-wise mean disease incidence (%) in cocoa plantations of Eluru district, Andhra Pradesh
	Year
	Stem Canker
	Black Pod Rot
	Lasiodiplodia Dieback
	Charcoal Pod Rot
	Cushion Gall
	Cherelle Wilt

	2024
	30.67 ± 11.51ᵃ
	12.96 ± 8.00ᵃ
	11.83 ± 9.08ᵇ
	13.09 ± 12.73
	13.94 ± 9.50ᵇ
	30.75 ± 10.25ᵃ

	2025
	18.92 ± 6.66ᵇ
	14.45 ± 8.32ᵃ
	14.78 ± 7.15ᵃ
	13.44 ± 5.05
	20.75 ± 5.94ᵃ
	24.17 ± 9.57ᵇ

	F stat
	118.67**
	3.82*
	11.32**
	0.10NS
	61.79**
	37.55**

	p value
	0.000
	0.053
	0.001
	0.754
	0.000
	0.000


Values represent mean ± standard deviation. Means followed by different superscript letters within a column are significantly different at P = .05 (LSD test). *P < .05; **P < .01; NS, not significant.
3.2 Seasonal Variation in Disease Incidence
Significant seasonal variation was observed for all diseases except charcoal pod rot (Table 2). Black pod rot exhibited the highest incidence during the monsoon season (17.68 ± 7.93%), significantly exceeding both post-monsoon (14.89 ± 8.44%; P < .001) and summer (8.55 ± 4.88%; P < .001) periods, reflecting the critical influence of rainfall and humidity on Phytophthora-driven disease development (Guest, 2007). Phytophthora palmivora and P. megakarya, the primary causal agents of black pod rot, are oomycete pathogens that require free moisture for zoospore production and dispersal (Opoku et al. 2000; Akrofi et al. 2015). The monsoon season provides ideal conditions for infection, with frequent rainfall facilitating spore dispersal through splash dispersal mechanisms and maintaining the high humidity necessary for infection (Appiah et al. 2004). 

Cherelle wilt showed peak incidence during summer (30.58 ± 11.12%), significantly higher than monsoon (26.21 ± 8.97%) and post-monsoon (25.58 ± 10.48%) periods, likely attributable to moisture stress and increased resource competition.  Although the negative correlation with temperature (r = -0.37) might suggest reduced incidence under warmer conditions, the peak during summer likely reflects increased plant stress due to reduced water availability and higher evapotranspiration rates. (Zuidema et al., 2005). Lasiodiplodia dieback demonstrated dual peaks during monsoon (14.83 ± 8.01%) and summer (16.18 ± 9.10%) seasons, while post-monsoon incidence was significantly lower (8.91 ± 5.52%; P < .001), consistent with its stress-associated etiology (Mohali et al., 2005).
Cushion gall peaked during post-monsoon (20.03 ± 8.40%), followed by monsoon (17.82 ± 8.40%), with lowest incidence in summer (14.18 ± 8.09%; F = 15.52, P < .001). The negative correlation between cushion gall and temperature (r = -0.37) observed in this study suggests that cooler periods may favour disease development. The significant increase in 2025 coincided with higher incidence during post-monsoon and monsoon periods, when temperatures are relatively moderate and humidity remains elevated. This aligns with previous reports indicating that cushion gall is favoured by humid conditions with moderate temperature (Wood & Lass 2001).  

Stem canker showed relatively uniform incidence across monsoon (25.62 ± 10.93%) and post-monsoon (26.56 ± 9.88%) seasons, with a slight reduction during summer (22.21 ± 11.96%; F = 6.02, P = .003). Similar higher cushion borne stem cankers were recorded in the P. megakarya prevalent area during the main black pod season from June to October (Appiah et al. 2004).  
Table 2. Seasonal variation in disease incidence (%) across cocoa plantations of Eluru district, Andhra Pradesh
	Season
	Stem Canker
	Black Pod Rot
	Lasiodiplodia Dieback
	Charcoal Pod Rot
	Cushion Gall
	Cherelle Wilt

	Monsoon
	25.62 ± 10.93ᵃ
	17.68 ± 7.93ᵃ
	14.83 ± 8.01ᵃ
	13.99 ± 9.00ᵃᵇ
	17.82 ± 8.40ᵇ
	26.21 ± 8.97ᵇ

	Post-monsoon
	26.56 ± 9.88ᵃ
	14.89 ± 8.44ᵇ
	8.91 ± 5.52ᵇ
	11.33 ± 6.44ᵇ
	20.03 ± 8.40ᵃ
	25.58 ± 10.48ᵇ

	Summer
	22.21 ± 11.96ᵇ
	8.55 ± 4.88ᶜ
	16.18 ± 9.10ᵃ
	14.47 ± 12.42ᵃ
	14.18 ± 8.09ᶜ
	30.58 ± 11.12ᵃ

	F stat
	6.02**
	49.99**
	25.82**
	3.11*
	15.52**
	8.57**

	p value
	0.003
	0.000
	0.000
	0.049
	0.000
	0.000


Values represent mean ± standard deviation. Means followed by different superscript letters within a column are significantly different at P = .05 (LSD test). *P < .05; **P < .01; NS, not significant.
These seasonal patterns in Eluru district broadly align with those in traditional Indian cocoa regions (Kerala, Karnataka) and West Africa, but the pronounced summer stress effects on cherelle wilt and Lasiodiplodia dieback appear amplified in this non-traditional, relatively drier area.
3.3 Year × Season Interaction Effects
Significant year × season interactions were observed for all diseases (P < .01 for black pod rot, Lasiodiplodia dieback, charcoal pod rot, cushion gall, and cherelle wilt; P = .024 for stem canker), indicating that seasonal disease dynamics differed meaningfully between years (Table 3). These interactions emphasize that disease forecasting cannot rely solely on fixed seasonal calendars, as annual climatic variability modifies pathogen behaviour (Läderach et al., 2013).
For stem canker, the highest incidence was recorded during the 2024 monsoon season (33.52 ± 10.16%), significantly different from all 2025 treatments. Black pod rot peaked during the 2025 post-monsoon period (20.21 ± 6.84%), more than double the 2024 post-monsoon incidence (9.56 ± 6.28%), reflecting inter-annual variation in rainfall timing and intensity.
Lasiodiplodia dieback remained relatively stable across seasons in 2024 (8.79–13.85%), but in 2025, summer incidence surged to 19.52 ± 7.73%, the highest value recorded across all treatment combinations, likely indicating severe heat or drought stress predisposing trees to infection. The study conducted by Asman et al. (2024) in Indonesia also demonstrated the potential threat of drought stress to cocoa plants under the infestation of L. theobromae. Cherelle wilt remained consistently high during all 2024 seasons (29.23–32.08%) but declined in 2025, particularly during monsoon (21.48 ± 4.18%) and post-monsoon (19.08 ± 8.42%) periods. However, 2025 summer showed a resurgence (31.94 ± 9.74%), comparable to 2024 levels. The consistently elevated cherelle wilt rates observed during 2024 seasons align with the baseline physiological thinning described by Melnick (2016), wherein the tree adjusts pod load in response to assimilate availability. The decline observed during the 2025 monsoon and post-monsoon periods likely reflects improved soil moisture conditions that reduced evapotranspiration stress and enhanced assimilate supply to developing cherelles. However, the resurgence of wilt during 2025 summer substantiates Melnick's (2016) assertion that high temperatures exacerbate cherelle wilt through increased pod respiration and intensified competition for assimilates between vegetative flushes and young fruits.
The significant year × season interactions observed in the present investigation demonstrate that cocoa disease epidemiology in Andhra Pradesh is highly dynamic and cannot be adequately explained by seasonal effects alone. Variability in rainfall onset, rainfall distribution, temperature fluctuations, and humidity patterns between years likely altered pathogen activity and host susceptibility differently across seasons (Bomdzele & Molua 2023). Such interactions complicate disease forecasting because similar calendar periods may not consistently produce comparable disease pressure across years. These findings have important implications for integrated disease management in non-traditional cocoa-growing regions. Fixed spray schedules based solely on calendar months may not provide adequate protection under increasingly variable climatic conditions. Instead, adaptive disease management approaches incorporating real-time weather monitoring and seasonal forecasting may improve the timing and efficiency of disease control interventions.
Table 3. Year × Season interaction effects on disease incidence (%) in cocoa plantations of Eluru district, Andhra Pradesh
	Treatment
	Stem Canker
	Black Pod Rot
	Lasiodiplodia Dieback
	Charcoal Pod Rot
	Cushion Gall
	Cherelle Wilt

	2024 × Monsoon
	33.52 ± 10.16ᵃ
	19.25 ± 8.54ᵃ
	13.85 ± 10.08ᵇ
	16.60 ± 11.86ᵃ
	12.15 ± 7.04ᵈ
	30.94 ± 9.97ᵃ

	2024 × Post-monsoon
	30.88 ± 11.69ᵃᵇ
	9.56 ± 6.28ᶜᵈ
	8.79 ± 7.05ᶜ
	8.46 ± 6.04ᶜ
	18.98 ± 11.04ᵇᶜ
	32.08 ± 8.04ᵃ

	2024 × Summer
	27.62 ± 12.05ᵇ
	10.06 ± 4.66ᶜ
	12.83 ± 9.21ᵇ
	14.21 ± 16.73ᵃᵇ
	10.69 ± 7.96ᵈ
	29.23 ± 12.30ᵃ

	2025 × Monsoon
	17.73 ± 3.31ᵈ
	16.10 ± 7.02ᵇ
	15.81 ± 5.12ᵇ
	11.38 ± 3.03ᵇᶜ
	23.50 ± 5.22ᵃ
	21.48 ± 4.18ᵇ

	2025 × Post-monsoon
	22.25 ± 4.76ᶜ
	20.21 ± 6.84ᵃ
	9.02 ± 3.45ᶜ
	14.21 ± 5.51ᵃᵇ
	21.08 ± 4.30ᵃᵇ
	19.08 ± 8.42ᵇ

	2025 × Summer
	16.79 ± 9.16ᵈ
	7.04 ± 4.68ᵈ
	19.52 ± 7.73ᵃ
	14.73 ± 5.60ᵃᵇ
	17.67 ± 6.64ᶜ
	31.94 ± 9.74ᵃ

	F stat
	3.86*
	35.92**
	4.82**
	8.22**
	9.50**
	19.60**

	p value
	0.024
	0.000
	0.009
	0.000
	0.000
	0.000


Treatments with the same superscript letter within a column are not significantly different at P = .05 (LSD test). *P < .05; **P < .01.
3.4 Correlation Analysis of Cocoa Diseases and Weather Parameters
Pearson correlation analysis revealed significant relationships between cocoa diseases and meteorological variables (Fig. 2). Black pod rot showed the strongest associations with weather parameters, exhibiting strong positive correlations with relative humidity (r = 0.63, P < .01) and rainfall (r = 0.55, P < .01), confirming the critical role of moisture in Phytophthora-driven epidemics (Akrofi et al., 2015). Lasiodiplodia dieback exhibited a strong positive correlation with mean temperature (r = 0.62, P < .01), consistent with the known heat-stress etiology of this disease (Mohali et al., 2005). Stem canker showed weak correlations with most weather variables, with minor negative associations with mean temperature (r = −0.31) and Lasiodiplodia dieback (r = −0.38). Cushion gall and cherelle wilt demonstrated moderate negative correlations with mean temperature (r = −0.37 for both), suggesting that additional biotic or management factors govern their occurrence beyond temperature alone.
The strong positive association between black pod rot and both rainfall and relative humidity confirms the dominant influence of moisture on Phytophthora disease epidemiology. Moisture not only facilitates pathogen reproduction and dispersal but also enhances pod surface wetness duration required for successful infection. These findings indicate that rainfall and humidity may serve as useful predictors for development of weather-based forecasting systems in cocoa plantations. Similarly, the positive correlation between temperature and Lasiodiplodia dieback suggests that increasing thermal stress may predispose cocoa trees to opportunistic pathogen attack (Huda-Shakirah et al., 2022). Under projected climate warming scenarios, stress-associated pathogens may become increasingly important components of cocoa disease complexes. This highlights the need for integrated climate-resilient management strategies combining improved shade regulation, moisture conservation, sanitation, and stress reduction practices.
The strong year × season interactions, combined with the observed shift toward temperature-driven pathogens, are particularly relevant under warming climate scenarios. If temperature extremes increase, stress-associated diseases such as Lasiodiplodia dieback may become more dominant, potentially altering the disease complex in cocoa ecosystems. Weather-based monitoring of rainfall and humidity could enable prediction of black pod rot pressure 7–14 days in advance, while temperature monitoring during summer could serve as an early warning system for Lasiodiplodia dieback outbreaks (Läderach et al., 2013).
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                   Fig. 2. Pearson's correlogram depicting interrelationships among cocoa diseases and weather parameters (pooled over two years). 
Circle size represents magnitude of correlation (r); colour intensity indicates direction (positive or negative).


3.5 Management Implications
The temporal and climatic interactions observed necessitate integrated, adaptive disease management. For black pod rot, timely fungicide application (e.g., copper-based) during monsoon high-risk windows, combined with sanitation (regular removal of infected pods) and shade regulation, remains effective. Stem canker management should focus on wound protection and early excision. For stress-related diseases (Lasiodiplodia dieback, cherelle wilt, cushion gall), emphasis on irrigation during dry periods, balanced nutrition, and pruning to reduce humidity and stress is critical.

Long-term sustainability in Andhra Pradesh will depend on deploying resistant/tolerant clones, promoting agroforestry systems that balance shade and airflow, and developing weather-based decision support tools. Continuous surveillance, as demonstrated in this study, is essential for early detection of shifting disease complexes amid climate variability.

3.6 Limitations of the study
The present study has certain limitations that should be acknowledged. First, surveillance was restricted to a single agro-climatic zone within Eluru district, Andhra Pradesh, which may limit the generalisability of the findings to other cocoa-growing regions with different soil, topographic, and microclimatic conditions. Second, the two-year study duration, while sufficient to capture seasonal trends, may not reflect long-term disease cycle patterns that could influence disease dynamics over time. Third, as this was an observational study, the correlations between weather parameters and disease incidence cannot be interpreted as cause-and-effect relationships; the correlations reported here are associative and should be validated through controlled experimental studies. Future research encompassing multiple agro-climatic zones and longer surveillance periods would strengthen the predictive value of these findings.
4. CONCLUSION
The study demonstrates that cocoa disease dynamics in Andhra Pradesh are governed by complex interactions among temporal, seasonal, and environmental factors. The significant year-to-year variation in disease incidence, coupled with distinct seasonal patterns and strong weather associations, underscores the need for adaptive, weather-informed disease management strategies. The strong positive correlation between moisture-related variables and black pod rot, contrasted with temperature-driven Lasiodiplodia dieback, indicates that climate change may fundamentally alter disease pressure landscapes in cocoa production systems.
The emergence of cushion gall as an increasing threat and the concerning rise in dieback diseases highlight the dynamic nature of pathogen communities in perennial cropping systems. As climate variability increases and traditional seasonal patterns become less predictable, flexible management approaches based on real-time weather monitoring and disease risk assessment will become increasingly important.  It is also recommended the development and adoption of climate-resilient cultivation strategies by cocoa farmers to address the challenges posed by changing climate (Oladipo et al. 2024). Ultimately, sustainable cocoa production will require integrated strategies that simultaneously address multiple diseases while building overall tree resilience through improved cultural practices, stress management, and genetic enhancement. The breeding programs of cocoa trees for sustainable resistance to plant health constraints and climate change are therefore particularly important challenges for cocoa farming, with the other management practices of plantations (Cilas & Bastide 2020; Abdelzaher 2025).
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