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ABSTRACT 
 

Aims: To evaluate interaction of soil pH and acidity with weather on Rice Brown spot (BS) 
occurrence in rice lowlands. 
Study Design: Cross sectional study. 
Place and Duration of Study: Four distinct rice lowlands belonging to different climatic zones 
(forest, transitional and savanna) of Côte d’Ivoire during cropping seasons of 2021. 
Methodology: BS characterization were done in different farmer fields where soil samples were 
also collected during dry and rainy seasons. Soil silicon and acidity were determined in those 
samples and rice grain yield at harvest time were recorded in different sites. Weather data related to 
sites and seasons were used to find out correlations. 
Results: Occurrence of BS was found in forest zones with scores of 4 and 3 compared to 1 and 2 
in savanna and transitional zones, respectively, with seasonal variation. Both rice production and 
the occurrence of BS were explained by soil parameters in conjunction with climatic parameters. 
Rainfall (R=0.38) and relative humidity (R=0.64) leaded BS occurrence and decrease of yield. Wind 
speed (R=0.62) and air maximum temperature (R= 0.63) were the determinant factors affecting rice 
yields. Si was found to be a component of sustainable soil management that interferes with soil pH 
in all climatic zones. Combined with Temperature, both soil parameters predicted BS occurrence 
over 50%. 
Conclusion: Temperature decrease BS pathogens occurrence whereas high humidity increases its 
spread. Those parameters combined with silicon which interferes with pH could leads sustainable 
solutions in BS control. Furthermore, having a deep understanding with rice varietal considerations 
can significantly improve strategies related to rice cultivation and protection. 
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1. INTRODUCTION  
 
Rice production is crucial for ensuring food 
security and providing essential nutrients to 
millions of people in Africa [1]. However, the 
expansion of rice production has been 
accompanied by the emergence of various biotic 
factors, including fungal diseases such as brown 
rice spot (BS), which significantly reduce crop 
yields. Rice brown spot is a major disease 
affecting rice production in several African 
countries, including Côte d'Ivoire, where it occurs 
in different agro-climatic zones with varying 
severity [2–6]. The disease causes necrotic 

lesions on leaves, panicles and grains, resulting 
in reduced photosynthesis and subsequent yield 
reduction up to 30% [5,7–9]. 
 
Factors such as temperature, humidity, rainfall, 
wind and soil status all play a crucial role in the 
occurrence and severity of brown spot in rice 
fields [10]. Temperature and high humidity 
significantly affect the development of brown spot 
from seed storage to the various vegetative 
stages, and wind can easily move spores from 
diseased to healthy plants in farms [11,12]. The 
survival of the pathogen in rice canopy bays 
when lesions are present is associated with 
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rainfall patterns and leaf wetness [13]. The 
frequency of disease occurrence is greatest in 
dry soil, lowest in wet soil, and moderate in moist 
soil [11]. Soils that are also deficient in silica, 
potassium, manganese, or magnesium, as well 
as the presence of hydrogen sulfide, make plants 
more susceptible to infection [14]. When these 
conditions are met, excessive amounts or lack of 
nitrogen with an increase in phosphorus present 
in the soils favor the appearance of BS, 
especially during the end of tillering [15,16]. The 
presence of silicon in a rice soil promotes growth, 
yield and disease resistance, especially against 
rice diseases, highlighting its importance in the 
regulation of brown spot disease with different 
responses under climate variability [7,17,18]. Soil 
acidity (pH) indirectly affects disease spread by 
influencing nutrient availability and uptake, with 
effects that can also vary from beneficial to 
detrimental [19]. 
 
However, the interactions between these 
different factors and their spatio-temporal 
variations remain poorly understood in the 
different agro-climatic zones of Côte d'Ivoire 
despite the long history of the disease in this 
region. This lack of understanding poses a major 
threat to rice production, as the disease outbreak 
can lead to severe losses, especially in weather 
favorable conditions. In addition, the increasing 
frequency of global warming and erratic rainfall 
may lead to a more severe manifestation of 
brown spot, ultimately could result higher yield 
reductions [20]. There is therefore an urgent 
need to study the interactions between climate 
and soil variability and their impact on the 
occurrence of BS in different agro-climatic zones 
of Côte d'Ivoire. Such a study will allow a better 
understanding of the mechanisms of BS 
development and the development of effective 
management strategies to control the disease. 
This study aims then to explore the impact of soil 
acidity and silicon concentration on BS 
occurrence in rice fields across various climatic 
zones in Cote d’Ivoire. The objectives are to (i) 
characterize BS occurrence in different climatic 
zones, and (ii) establish the relationship between 

BS severity and soil conditions, independent of 
rice genetic diversity, while considering weather 
factors. 
 

2. MATERIALS AND METHODS  
 

2.1 Study Areas 
 
Field surveys were conducted in major rice 
cropping lowlands in Gagnoa, Bouaké, Agboville, 
and Korhogo, localized respectively in South-
West, Center, South-East and North parts of 
Côte d'Ivoire. Located in forest zone, Gagnoa 
and Agboville share a bimodal rainfall regime 
with an average temperature of 23.5±13.4°C, 
while Bouaké in transitional zone has a tropical 
climate with a bimodal rainfall regime of around 
1200 mm per year. Korhogo, in sudanian area 
has a unimodal rainfall regime of less than 1200 
mm per year with high temperatures up to 33°C. 
Rice was cultivated in dry and rainy seasons 
following different cultural calendars as explained 
in Table 1. Soil properties of different areas are 
summarized in Table 2. 
 

2.2 BS Disease on Rice Leaves on Field 
 
93 rice farms were surveyed during rice cropping 
seasons of 2021, with 22 in Gagnoa, 25 in 
Bouaké, 19 in Agboville, and 27 in Korhogo. 
These farms cultivating moderate to susceptible 
rice cultivars to BS were selected on basis of 
cultivated area size (at least 1.24 acres) and 
were chosen based on the normal approximation 
of the binomial distribution [21].  
 
BS characterization was evaluated on rice leaves 
at the onset of the reproductive stage in 2-4 
randomly chosen stands of rice from different 
farmers' fields. Based on surface covered by 
brown spots on rice leaves, severity scores were 
recorded using the IRRI (2014) scale on 10 
plants per 1 m² plot, designed twice per stand as 
mentioned in Table 3. The average score of each 
surveyed field was retained. 

 
Table 1. Climatic characteristics and rice cultivation periods of different localities in 2021 

 

Locality Agro climatic zone Dry Season  Rainy Season Rainfall 
pattern 

Agboville Forest Zone (Eastern) December-March August –November Bimodal 
Bouaké Sudano-Giuinean February- May September-December Bimodal 
Gagnoa Forest zone (Western) March-June September-December Bimodal 
Korhogo Sudanian February-May August –November Unimodal 

 
Table 2. Soil Chemical properties for different areas 
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Soil nutrients Agboville Gagnoa Bouaké Korhogo 

C-org (g.kg
-1

) 11.27 9.25 11.94 12.26 
K (cmol/kg) 0.02 0.008 0.016 0.01 
Total-P (ppm) 4165 5297 4004 7056 
Ca (cmol/kg) 0.80 1.14 1.59 0.46 
Mn (ppm) 
Mn 36.38 % 

64.08 -- 112.28 100.01 

Fe2O3 (ppm) 
70% Fe 

38511.43 
 

29102.86 
 

21060 
 

59650 
 

-- Not significant values. 
C-org,; K, Total-P, Ca, Mn and Fe2O3 represent organic carbon, potassium, total phosphorus, calcium, maganese 

and iron rates in different areas. 

 
Table 3. Scale for brown spot disease of rice (IRRI, 2014). 

 

Disease scale Infection  

0 No incidence 
01 1–5% 
02 6–15% 
03 16–25% 
04 26–50% 
05 > 50% 

2.3 Soil analysis and Rice Yield 
 
Ninety-three (93) composite soil samples were 
collected per season from a depth of 0-20 cm per 
plot by mixing samples from different plots. After 
air drying, the soil samples were ground, sieved 
with a 2 mm sieve, and analyzed in the 
laboratory. The actual soil pH (pHH2O) and 
potential soil pH (pHKCl) were determined using a 
glass pH meter (HANNA) for a 1:2.5 soil-solution 
ratio. The total concentration of Si (SiO2) was 
determined by portable X-ray fluorescence 
spectrometry analysis using dry soil samples with 
less than 20% moisture. This method is accurate 
in determining the total elemental concentration 
in dry soil samples [22].  
 
Values of SiO2 (MV) were converted to Silicon 
(Si) concentration (cmol/kg) according to 
following equations as bellow: 
 

(1) Determination of molar number of SiO2 
according to molar weight (60.08g): 

 
  

         
                                                       (1) 

 
(2) Determination of Si concentration 

(46.7%) in the molar number of SiO2 
as calculated above:  

 
       

         
                                                       (2) 

 
During the harvest period, fresh weight of rice 
grains was measured and air-dried for a few 

days to determine the dry weight (DW). Moisture 
content (H) was measured by oven drying the 
rice grains for 24 hours at 70°C. Yield (Y) was 
estimated in tons per hectare using the following 
formula: 
 

      
     

    
   

     

  
                          (3) 

 
Y= Yield in tons/ha; DW= Dry weight in Kg; 
H=Humidity rate in % 
 

2.4 Climate Data 
 

Daily data for Maximum (Tmax), Mean (Tmean), 
and Minimum temperature (Tmin), Relative 
humidity (RH), Rainfall (Precip), and Wind speed 
(WS) were download from POWER | Data 
Access Viewer (nasa.gov) for different locations 
with a spatial coverage of 1/2

o
 *1/2

o
. Monthly 

averages were generated and adjusted for each 
cropping season. 

2.5 Statistical Analyses  
 
Data analysis was implemented using R software 
(Version 4.1.0). Non parametric Kruskal-Wallis 
and Dunn tests determined differences and 
homogenous groups between BS, rice yield, soil 
and weather. ANOVA analyzed effects across 
site-seasons on BS severities and paddy yield 
[23]. Spearman correlation analyses explained 
relationships between BS severity/rice yield and 
climate/soil parameters [24]. Regression 
analyses were established with significant 
explanatory variables for dependent variables 
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[25]. Confusion matrix evaluated model 
accuracy. 
 

3. RESULTS 
 

3.1 Environmental Conditions during Rice 
Cropping Seasons 

 
Daily fluctuations of environmental factors 
throughout seasons illustrated by Fig. 1, showed 
noticeable distinctions between the dry and rainy 
seasons in Korhogo followed by Bouaké, 
compared to Agboville and Gagnoa. Rainfall was 
high in the first semester in Gagnoa while 
Bouaké and Agboville had more dispersed 
peaks. RH was more stable in the wet season 
than the dry season, with the lowest average 
recorded in Korhogo during the dry season.  
 
In the dry season, temperature and wind speed 
were high. Table 4 shows weather parameter 
means for wet and dry seasons across localities. 
Korhogo and Bouaké had the highest average 
temperatures, reaching 28.8 and 28.1°C, 
respectively, while Agboville and Gagnoa had the 
highest rainfall amounts of 736 mm to 980 mm 
and RH above 80% during the rainy season. 
 

3.2 Soils Acidity and Silicon Content in 
Areas 

 
Soil across the studied areas had almost neutral 
active acidity (pH 6.6-6.7), with the lowest value 
at Korhogo (pH 6.3). Exchangeable acidity was 
stable (6.3) except for Korhogo (6.0). Similar 
ΔpH values were observed between Agboville 
and Korhogo (0.3) and Bouaké and Gagnoa 
(0.4), respectively. Soil silicon concentration 
(2.13-2.28 cmol/kg) was higher in the forest zone 
(Agboville and Gagnoa) compared to transitional 
and savanna zones (Bouaké and Korhogo). 
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Table 4. Weather during rice cropping seasons in year 2021 
 

 Mean Temp (°C) Max Temp (°C) Min Temp (°C) Rainfall (mm) Relative Humidity (%) Wind speed (m/s) 

Dry Rainy Dry Rainy Dry Rainy Dry Rainy Dry Rainy Dry Rainy 

Agboville 26.75 
 ±0.77 

25.61 
 ± 0.54 

31.59 
 ± .56 

29.41 
 ± 0.94 

23.1 
 ± .76 

22.66 
 ±0.77 

346.32 
 ± 4.21 

980.76 
 ± 22.3 

82,08 
 ± 4.35 

88.66 
 ± 2.91 

1,50 
 ±0.35 

1.57 
 ±0.48 

Bouaké 28.1 
 ±1.31 

25.61 
 ±0.77 

33.5 
 ±2.45 

29.90 
 ± 1.13 

23.5 
 ±1.12 

21.85 
 ±1.30 

394.2 
 ± 4.70 

435.60 
 ±8.79 

70,27 
 ± 10.5 

82.93 
 ±7.05 

1,73 
 ±0.38 

1.28 
 ±0.33 

Gagnoa 25.9 
 ±0.79 

25.48 
±0.64 

29.9 
 ±1.49 

29.50 
 ±1.36 

22.9 
 ±0.65 

22.31 
 ±0.63 

557.1 
 ± 5.5 

736.65 
 ±14.19 

86,38 
 ± 3.77 

87.40 
 ±5.12 

1,01 
 ±0.16 

0.88 
 ±0.21 

Korhogo 28.8 
±1.35 

26.25 
±1.19 

35.7 
±2.33 

31.69 
±2.83 

22.8 
± 4.9 

21.82 
±0.71 

257.6 
± 4.9 

488.21 
±8.40 

54,68 
± 15.8 

76.50 
±9.03 

2,02 
±0.43 

1.68 
±0.41 

*Mean Temp= Mean temperature; Max Temp= Maximum temperature; Min Temp= Minimum temperature. Data presented are the means ± standard deviations (Sds) for 
different regions 
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Fig.1. Daily variation of Rainfall (Precip); Relative humidity (RH); Maximum (Tmax); Mean 

(Tmean) and Minimum temperature (Tmin) with Wind speed (WS) during dry (blue line) and 
rainy seasons (red line) of 2021 in different studied areas 
Precip in mm; RH in %; Tmax,Tmean and Tmin in 

0
C with WS in m/s 

 
Table 5. Soil characterictics of different areas 

 

Rainy 

21 
Dry 21 
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Variables Study areas Significance 

Agboville Bouaké Gagnoa Korhogo p-value 

pH Water 6.6
a
 6.7

a
 6.7

a
 6.3

b
 ** 

pH KCl 6.3
a
 6.3

a
 6.3

a
 6

b
 ** 

∆ Ph 0.3 0.4 0.4 0.3 - 
Si (cmol.kg

-1
) 2,22

ab
 2.13

b
 2,28

a
 1,94

c
 ** 

Different letters indicate significant differences between mean values within comparison done with Kruskal-Wallis 
with Dunn’s test at ** p < .001 

 

3.3. BS Trough Rice Cropping Seasons 
 
Average BS severity varied significantly across 
the studied areas, with the highest severity in 
Agboville and the lowest in Korhogo. Seasonal 
variability was observed, with higher severities 
during the rainy season. Altitudinal decreasing of 
BS severity was observed as illustrated in Fig. 2, 
with the highest occurrence in the forest zone 
and the lowest in the savanna, regardless of the 
season. 
 

3.4 BS with Climatic Parameters  
 
Meteorological parameters, especially RH and 
rainfall, strongly influenced the severity of BS in 
rice. The correlation between BS severity and 
climate parameters is shown in Table 8. RH and 
rainfall were positively correlated  with  BS 
severity, while  Tmax and Tmean with WS  were 
correlated negatively. Minimum temperature had 
no significant effect. 
 
Backward regression identified Maximum and 
Mean temperature as significant variables 
affecting BS severity occurrence, with Rainfall 
initially identified. These parameters can predict 
severity with 56% accuracy. According to Fig. 3 
presenting correlation between soil and 
environmental factors, rainfall was closely related 
to maximum temperature and then had been 
removed from the model, decreasing R

2
 to 48% 

with low RMSE and MAE. Thus, the regression 
model developed is indicated in the following 
equation: 
 

Severity = 1.44 Tmean – 1.13 Tmax        (4) 
 
R

2
= 0.48  

 

3.5 BS with Soil Properties 
 
Lowland rice cultivation's BS is affected by soil 
pHWater, pHKCl, and SiO2 content (Table 9), 
positively correlated to its progress. BS has 
negative effects on grain yield (R = -0.43) by 
reducing paddy. SiO2 rate in soil was found as 
the main predictor for recorded BS severity at 

17% through regression analysis. The linear 
equation was as follows: 

 
Severity= 9.70 e-4 SiO2                                           (5)  

 
 R

2
= 0.17 

 
Table 6. BS severities through seasons 

 
Brown Spot severity 

 Dry Season Rainy Season 

Agboville 4.29±1,20 3,32±0.67 
Bouaké 2.52±0.82 2.96±0.75 
Gagnoa 3.22±1.35 3.48±1.06 
Korhogo 1.06±0.36 1.62±0.56 
Data presented are the means ± standard deviations 

(Sds) for different regions 

 
3.6 BS with Soil and Climate 
 
From regression analysis, three (Relative 
humidity, Rainfall, and Wind speed) of the six 
significant predictors for BS were removed due to 
strong correlation with Maximum temperature 
(Fig. 3). The final regression equation used three 
variables (Total SiO

2
, pH KCl, and Maximum 

temperature) and had an R
2
 value of 53%. Thus, 

the regression equation obtained is presented as 
follows: 

 
Severity =1.42 pH KCl + 5.04e-4 SiO2 -0.24 
Tmax                                                 (6) 
  
R

2
= 0.53 

 
3.7 Rice Yield and Effects of Season and/ 

or Site on Yield 
 
Average paddy yields ranged from 4.5 to 6.5 
t.ha-1 with the highest yield at Korhogo, followed 
by Bouaké and Agboville, and the lowest at 
Gagnoa as presented by Fig. 2 considering both 
seasons. Yield varied significantly across sites 
and seasons, with Korhogo consistently 
producing the highest yields and Gagnoa the 
lowest. Dry season yields were significantly 
higher than rainy season yields (P < .05)              
(Table 10). 
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3.8 Rice Yield and Climate Parameters  
 

From results Temperature (Mean, Maximum, and 
Minimum) and Wind speed positively affected 
rice yield during the growing season, while high 
humidity (rainfall and relative humidity) 
decreased yield (p < .05) (Table 11). Five climate 
parameters including Minimum and Mean 
temperature, Relative humidity, Wind speed and 
Rainfall were found to be significant predictors of 
rice paddy yield. These parameters can predict 
rice yield with 43% accuracy and low RMSE and 
MAE. Due to collinearity with relative humidity, 
Rainfall, wind speed and mean temperature were 
removed (Fig. 3). The regression model is 
presented as follows based on low correlation 
between Minimum temperature and Relative 
humidity: 
 

Yield = 0.46 Tmin – 6.02. 10-2 RH             (7) 
 

R
2
= 0.37 

3.9 Rice Yield and Soil Parameters 
 

Silicon content and acidity of soil impacted 
significantly rice grain yield obtained as 
presented in Table 11. Those parameters 
affected negatively rice grain yield as expressed 
soil pHwater (-0.35), pHKCl (-0.22) and soil 
content of SiO2 (-0.15).  

 
3.10 Rice Yield with Soil and Climate 

Parameters 
 
The best variables describing the yield of rice 
with the lowest AIC (21.21%) were Maximum and 
Minimum temperature, Rainfall, Wind speed, and 
Relative humidity. However, Relative humidity, 
Rainfall, Wind speed, and Maximum temperature 
were highly correlated. When they were 
associated separately with Minimum 
temperature, which appeared as the main 
predictor, the R

2
 value dropped to 0.37 except for 

Rainfall (0.27). Eq. 8 was presented as the best 
predictor of rice grain yield.  

 
Yield = - 6.02 10

-2
 RH + 0.46 Tmin            (8) 

 
R

2
= 0.37 

 
Table 7. ANOVA table summarizing effects of seasons and sites on BS occurrence and rice 

yield 
 

Source DF Sum of Squares  Mean Square F ratio  Pr(>F) 

Brown Spot severity 

Season 1 5.82 5.82 10.452 0.00146 
Site 3 154.65 51.55 92.648 < 2e-16 
Interaction 3 13.62 4.54 8.162 4.03e-05 
Residuals 178 99.04 0.56   
Total 185 273,13    

Rice paddy yield 

Season 1 56.66 56.66 54.021 8.11e-12 
Site 3 80.95 26.98 25.728 9.26e-14 
Interaction 3 13.16 4.39 4.181 0.00693 
Residuals 169 177.26 1.05   
Total 176 328,03    

 
Table 8. Correlation between climate parameters and BS severity 

 

Climatic parameters Brown Spot Severity 

R P-value 

Tmax ** -0.58 < 2.2e-16 
Tmin 0.10 0.1608 
Tmean ** -0.49 1.1e-12 
Rainfall ** 0.38 7.2e-08 
Relative humidity ** 0.66 <2.2e-16 
Wind speed ** -0.42 1.90e-09 

** Variable affected significantly Brown spot severity 
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Fig. 2. Average rice yield in t.ha

-1
 (up) and rice brown spot severities (down) in different areas 

Different letters indicate significant differences between mean values within comparison done with Kruskal-Wallis 
with Dunn’s test 

 
Table 9. Correlation between BS severity, soil properties and rice grain yield 

 

Soil parameters Brown spot Severity 

R P-value 

pH Water ** 0.44 1.49e
-10

 

pH Kcl ** 0.52 2.58e
-14

 

ΔpH -0.05 0.44 

SiO2 ** 0.40 1.20e
-8

 

Yield -0.43 1.44e
-09

 
** Variable affected significantly Brown spot severity 

 
Table 10. Rice yield for different areas 

 

Cropping seasons Yield (t/ha) 

Agboville Bouaké Gagnoa Korhogo 

Dry Season 6.45±1.50 6.51±0.48 4.58±0.99 7.09±1.48 

Rainy Season 5.58±0.96 5.03±0.84 4.51±0.70 5.87±1.09 
Data presented are the means ± standard deviations (Sds) for different regions 
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Fig. 3. The correlationships of soil parameters with environmental factors 

Correlations are displayed in blue (positive) and red (negative); color intensity is proportional to the correlation 
coefficient. Tmean; Tmin; Tmax; WS; SiO2; pHKCl; PhW; RH; Precip and VarPh represent mean, minimum; 

maximum temperature; wind speed, silicon content; soil actual and potential acidity, relative humidity, rainfall and 
variation between soil acidity 

 

4. DISCUSSION 
 

4.1 Rice Production Across Brown Spots 
Occurrence Agro-ecology 

 

Soil conditions influence plant growth thereby the 
expression of many important traits, especially 
grain yield. Soil pH values between 6.0 and 7.0 
are considered neutral whereby most plant 
nutrients remain available [26]. In this study, the 
actual soil acidity (soil pHwater) from savanna to 
forest zone ranged from 6.3 to 6.7, neutral values 
suitable for soil micronutrient availability [27]. 
Similarly, silicon increased from the savanna 
zone to the forest zone, ranging from 1.94 to 
2.22 cmol.kg-1 respectively, reflecting the 
positive correlation between soil silicon and 
acidity (R = 0.38) [28]. The practical importance 
of that correlation is maintaining optimal soil pH 
level is crucial for achieving high rice yields, as 
silicon plays a significant role in the growth and 
defense system against fungal attacks and other 
biotic stresses[18,29]. However, at sites with the 
same soil pH, rice yields varied (5.8 t. ha-1 and 
4.5 t. ha-1 respectively at Bouaké and Gagnoa) 
despite similar BS scores (3) due to differences 
in silicon availability and utilization, indicating the 
importance of maintaining soil conditions that 
favor silicon availability. Therefore, when soil 
conditions favor silicon availability, silicon release 

for crop use remains dependent on soil 
temperature, soil pH, and redox potential, which 
is affected by weathering rates. In tropical soils, 
silicon release is generally low due to high 
weathering, mostly in rice soils [28]. High levels 
of precipitation in the forest zone may decrease 
the release of silicon for rice cultivation use, 
thereby increasing the susceptibility of rice to BS 
pathogens. Haynes & Zhou [30] and Vander 
Linden & Delvaux [31] reported in tropical rice 
soils that extractable silicon decreases with 
increasing precipitation and weathering, 
highlighting the interaction between weather 
variations and nutrient availability in the soil. 
 
High temperatures reduce BS pressure in the 
fields with the availability of nutrients that interact 
better with the released Si enhances and 
promotes better growth of rice plants for good 
yield [32]. In the savanna zone, the combination 
of rainfall and high temperatures led to Si 
availability, reduced BS pressure, and 
mobilization of nutrients such as phosphorus, 
iron associated with soil organic matter, resulting 
in a yield of around 6.5 t/ha. Higher humidity in 
the forest zone led to BS occurrence in both 
rainy and dry seasons, preventing rice plants 
from effectively absorbing nutrients and resulting 
in lower yields despite the high Si content of the 
soil, which also had lower fertility [33]. Another 
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nutrient contributing to the observed difference in 
grain yield between sites was the soil potassium 
content, which was low (0.008 - 0.02 cmol/kg) 
compared to the optimal levels of 0.10 and 0.213 
cmol/kg defined respesctively by [34,35] for rice 
nutrition. This implies that potassium (K) is a key 
soil component to support the effect of silicon in 
controlling the occurrence and yield of BS. 
 
Temperature and humidity, which are part of 
ecological variance, have been shown to impact 
rice plant growth under various diseases such as 
bacterial blight and sheath blight pressure in 
several studies [36,37]. Temperature, 
precipitation and soil conditions are the primary 
determinants of crop growth and yield, confirming 
decrease in rice yield observed from the hot 
savanna zone to the humid forest zone along the 
altitudinal gradient [33,38]. High humidity and low 
temperatures increase the prevalence of rice 
brown spot disease, which is seed-borne. 
Conversely, maximum temperature and wind 
speed negatively impact its occurrence (R= -0.58 
and R= -0.42 respectively) [13,39]. Grain yield 
was negatively affected by high levels of rainfall 
and relative humidity, which have a strong 
positive relationship with air temperature [40,41]. 
Lower temperatures increase fungal pathogens' 
prevalence and reduce it outside the optimal 
range. Managing environmental factors is 
necessary to prevent crop damage, as disease 
occurrence negatively affects rice grain yield. 
 
This study found that weather and soil conditions 
are important factors in the occurrence of BS in 
Côte d'Ivoire, with regression models predicting 
over 50% of BS occurrence. However, the 
variation of the reaction among the rice varieties 
grown by farmers in the surveyed areas needs to 
be further explored for additional insights.  

 

4.2 BS Control by Silicon  
 
The surveyed sites were found to have Si levels 
ranging from 1.94 to 2.28 cmol/kg and potential 
Si content per hectare ranging from 1717 to 2035 
kg Si/ha, exceeding the recommended rate of 
1000 kg Si/ha to increase soil pH by 0.29-0.47 
units in all soils [42] leading no significant 
variation in pH. The pH only rose by 0.4 units 
between Bouaké and Korhogo for a difference of 
0.19 cmol Si/kg and by 0.1 units between 
Agboville and Gagnoa for a difference of 0.06 
cmol Si/kg. Moreover, the Si content of surveyed 
soils (0.859 mg.dm-3 - 1.02 mg.dm-3) was much 
lower than the required critical concentration of 
10-20 mg.dm-3 for achieving maximum yield with 
low BS occurrence in rice crops [43]. This may 
have contributed to the increase in BS 
occurrence (R = 0.40) and the reduction in rice 
grain yield (R = -0.15) observed in this study. 
Available Si can substitute C in shoot tissues, 
increase photosynthesis, and strengthen C:N:P 
stoichiometry leading to enhanced biomass 
production through N and P uptake. It also 
provides bioenergetic benefits due to altered C:N 
stoichiometry, particularly in low N conditions as 
varieties with high N responsiveness were found 
to be less susceptible to BS [9], [44]. Si uptake 
indirectly promotes the absorption of other 
nutrients for plant physiological and BS 
resistance independently of classic immune 
hormones like salicylic and jasmonic acid during 
BS attack [45]. More research is needed to 
understand the relationship between silicon and 
other soil metabolites and their effects on rice 
plants to develop effective approaches for 
controlling brown spot disease.  

 
Table 11. Correlation between rice yield, temperature, rainfall, and relative humidity 

 

 Yield 

Coeff Corr P-value 

Weather parameters Tmax  0.63 < 2.2e-16 

Tmean  0.62 < 2.2e-16 

Tmin  0.33 5.81e-06 

Rainfall -0.43 2.76e-09 

Relative humidity -0.60 < 2.2e-16 

Wind speed 0.62 < 2.2e-16 

Soil parameters pHWater -0.35 1.66 e-6 

pHKCl -0.22 3.46 e-3 

ΔpH -0.24 1 e-3 

SiO2 -0.15 0.04 
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Considering multiple regression, contribution of 
Si was positive but lowest (R=0.40), which was 
unexpected based on previous studies [7] that 
suggested a negative coefficient. We 
hypothesized a polynomial relationship between 
soil Si content and BS occurrence, taking into 
account soil pH, rainfall, minimum temperature, 
and relative humidity, where higher Si levels 
would reduce BS occurrence. However, we 
found that Si had limited effectiveness in 
controlling BS, as the optimal rate for limiting iron 
toxicity in rice was only 371 kg Si/ha [17]. Max 
temperature significantly contributed to BS 
occurrence during the crop season, indicating 
rice susceptibility to injury under projected 
temperature increases (by 99.5% of current 
value) and reduced rainfall amount [46]. 
Furthermore, Regression analysis showed that 
soil pH, Si concentration, and maximum 
temperature were significant predictors of BS 
occurrence. 
 

5. CONCLUSION 
 

Interaction of weather and soil can have 
significant impact on BS occurrence and rice 
yield depending of the agro-climatical zone in 
Côte d’Ivoire as revealed this study. Zones with 
high temperature and wind speed decreased BS 
pressure, promoting the final rice yield. In 
addition, soil pH and high levels of Si when they 
are associated to more humidity conditions 
increased BS across studied areas. Therefore, 
further research should take a comprehensive 
approach based on this complex interaction 
including cultural practices, and varietal selection 
in order to reduce the impact BS for better rice 
production in future.  
 

ACKNOWLEDGEMENTS 
 

The authors acknowledge PASET-Regional 
Scholarship and Innovation Fund for capacity 
building support during this study. We 
acknowledge gratefully students, farmers, and 
seniors for their implications in development of 
this research and helpful comments on this 
manuscript. 
 

COMPETING INTERESTS 
 

Authors have declared that no competing 
interests exist. 
 

REFERENCES  
 
1. Soullier G, Demont M, Arouna A, Lançon 

F, Mendez P. The state of rice value chain 
upgrading in West Africa. Glob Food Sec. 
2020;25(April) 2019:100365.  

DOI: 10.1016/j.gfs.2020.100365, PMID 
32566470. 

2. Boka A, Bouet A, Tiendrebeogo A, 
Kassankogno AI, Ouedraogo I, Nda GNE, 
et al. Pathogenic variability of Bipolaris 
oryzae causing leaf spot disease of rice in 
West Africa. Int J Phytopathol. 2018; 
7(3):103-10.  
DOI: 10.33687/phytopath.007.03.2643 

3. Nganga EM, Kyallo M, Orwa P, Rotich F, 
Gichuhi E, Kimani JM, et al. Foliar 
diseases and the associated fungi in rice 
cultivated in Kenya. Plants (Basel). 2022; 
11(9).  
DOI: 10.3390/plants11091264, PMID 
35567265. 

4. Kabore KH. Helminthosporiose du riz en 
Afrique de l ”Ouest: identification des 
espèces responsables et diversité 
génétique de Bipolaris oryzae et 
Exserohilum rostratum,” no; 2022. 

5. Bouet A, Gueu RK, Boka A, Noumouha 
GNE, Denezon OD. Efficacité au champ 
de l’ANTRACOL 70 WP, un fongicide à 
base du propineb 70%, sous pression 
naturelle de l’helminthosporiose du riz due 
à Bipolaris oryzae. Int J Bio Chem Sci. 
2020;14(6):2230-9.  
DOI: 10.4314/ijbcs.v14i6.24 

6. Ejigu MB. Morphological characterization 
of Bipolaris oryzae and screening of Brown 
spot disease resistant lowland rice (Oryza 
sativa L.) genotypes under rainfed 
condition at Fogera plain, South Gondar 
administration zone in Amhara region, 
Ethiopia, no; 2021. 

7. Mahmad-Toher AS, Govender N, Dorairaj 
D, Wong MY. Effects of silica soil 
amendment against Exserohilum 
rostratum, the fungal pathogen of rice 
brown spot disease in Peninsular 
Malaysia. Sci Rep. 2022;12(1):15690.  
DOI: 10.1038/s41598-022-19308-z, PMID 
36127366. 

8. da Silva WR, Moreira-Nuñez V, Gaviria-
Hernández V, Gonçalves VP, de Barros 
DR, de Farias CRJ. Morphogenetic 
variability, cultural characteristics, 
aggressiveness, and transmission of 
Bipolaris oryzae isolates in Rio Grande do 
Sul. Braz J Dev. 2022;8(9):60886-906.  
DOI: 10.34117/bjdv8n9-032 

9. Wickramasinghe WMDM, Priyadarshani 
TDC, Herath US, Egodawatta WCP, 
Beneragama DIDS, Sirisena UGAI. Effect 
of nitrogen fertilizer, weed control and seed 
rate on incidence and severity of narrow 
brown leaf spot in rice cultivation under the 



 
 
 
 

 

 
13 

 

dry zone of Sri Lanka. Ruhuna J Sci. 
2021;12(2):155.  
DOI: 10.4038/rjs.v12i2.109 

10. Dariush S, Darvishnia M, Ebadi AA, 
Padasht-Dehkaei F, Bazgir E. Population 
structure, genetic diversity, and trait 
association analysis in rice (Oryza sativa 
L.) genotypes for brown spot disease 
resistance. Trop Plant Pathol. 
2021;46(3):265-81.  
DOI: 10.1007/s40858-020-00405-1 

11. ABROL S, Singh SK, Singh VB, Basu U, 
Singh R, Singh AK et al. Effect of agro-met 
conditions on the progression of brown leaf 
spot disease in Basmati-370 rice. 
AJMBES. 2022335-40.  
DOI: 10.53550/AJMBES.2022.v24i02.020 

12. Dhaliwal LK, Kaur Sandhu S, Kaur S, 
Singh S. Effect of meteorological 
parameters on incidence of brown leaf spot 
in rice crop under different planting 
methods. J Agrometeorol. 2018;20(1):53-6.  
DOI: 10.54386/jam.v20i1.505 

13. Viswanath HS, Singh R, Singh G, Mishra 
P, Shahi UP, Singh DV, et al. Impact of 
agro-met conditions and crop growth 
stages on the progression of brown spot 
disease in basmati rice. Int J Environ Clim 
Chang. 2021;September:59-67.  
DOI: 10.9734/ijecc/2021/v11i730440 

14. Ueno Y, Yoshida R, Kishi-Kaboshi M, 
Matsushita A, Jiang CJ, Goto S, et al. 
Abiotic stresses antagonize the rice 
defence pathway through the tyrosine-
dephosphorylation of OsMPK6. PLOS 
Pathog. October 2015;11(10):e1005231.  
DOI: 10.1371/journal.ppat.1005231, PMID 
26485146. 

15. Zakharov V, Sidorov A, Tyryshkin L. 
’Nitrogen and Phosphorus Salts Treatment 
Effect to Spot Blotch Development on 
Barley,’ KnE. Life Sci. 2019;2019:507-15.  
DOI: 10.18502/kls.v4i14.5638 

16. Priyadashani C, Wickramasinghe DM, 
Egodawatta CP, Beneragama D, 
Weerasinghe PA, Devasinghe U. Effect of 
rates and sources of N fertilizer application 
on dynamics of rice brown leaf spot 
disease (Bipolaris oryzae) incidences in 
the dry zone of Sri Lanka. J Trop Crop Sci. 
2022;9(3):165-73.  
DOI: 10.29244/jtcs.9.03.165-173 

17. Sylvain SZ, Firmin KK, Bongoua-devisme 
AJ, Cherif M. ’Effect of Kaolin on rice 
production in ferrous toxicity condition,’ 
Sch. J. Agric. Vet Sci. 2020;6(11):                       
1-10.  
DOI: 10.36347/SJAVS.2019.v06i11.00X 

18. Zargar SM, Mahajan R, Bhat JA, Nazir M, 
Deshmukh R. Role of silicon in plant stress 
tolerance: Opportunities to achieve a 
sustainable cropping system. 3 Biotech. 
2019;9(3):73.  
DOI: 10.1007/s13205-019-1613-z, PMID 
30800584. 

19. Shen G, Zhang S, Liu X, Jiang Q, Ding W. 
Soil acidification amendments change the 
rhizosphere bacterial community of 
tobacco in a bacterial wilt affected field. 
Appl Microbiol Biotechnol. 
2018;102(22):9781-91.  
DOI: 10.1007/s00253-018-9347-0, PMID 
30302520. 

20. Mau YS, Ndiwa ASS, Oematan SS. Brown 
spot disease severity, yield and yield loss 
relationships in pigmented upland rice 
cultivars from East Nusa Tenggara, 
indonesia. Biodiversitas. 2020;21(4):1625-
34.  
DOI: 10.13057/biodiv/d210443 

21. Dagnelie P. Théorie et méthodes 
statistiques. 1986;2. 

22. Weindorf DC, Chakraborty S. Portable X-
ray fluorescence spectrometry analysis of 
soils. Soil Sci Soc Am J. 2020;84(5):1384-
92.  
DOI: 10.1002/saj2.20151 

23. Ouattara MS, Laurent A, Barbu C, Berthou 
M, Borujerdi E, Butier A, et al. Effects of 
several establishment modes of 
Miscanthus × giganteus and Miscanthus 
sinensis on yields and yield trends. GCB 
Bioenergy. 2020;12(7):524-38.  
DOI: 10.1111/gcbb.12692 

24. Rahal F, Rezak S, Hamed FZB. Impact of 
meteorological parameters on the COVID-
19 incidence: The case of the City of Oran, 
Algeria. J Clin Exp Investig. January 
2021;12(1):em00762.  
DOI: 10.29333/JCEI/9562 

25. Bzovsky S, Phillips MR, Guymer RH, 
Wykoff CC, Thabane L, Bhandari M, et al. 
The clinician’s guide to interpreting a 
regression analysis. Eye (Lond). 
2022;36(9):1715-7.  
DOI: 10.1038/s41433-022-01949-z, PMID 
35102247. 

26. Neina D. The role of soil pH in plant 
nutrition and soil remediation. Appl Environ 
Soil Sci. 2019;2019:1-9.  
DOI: 10.1155/2019/5794869 

27. Odutola Oshunsanya S. ’Introductory 
Chapter: Relevance of Soil pH to 
Agriculture,’ soil pH Nutr. Availab Crop 
Perform; 2019.  
DOI: 10.5772/intechopen.82551 



 
 
 
 

 

 
14 

 

28. Haynes RJ, Si B. Geoderma What e ff ect 
does liming have on silicon availability in 
agricultural soils? Geoderma. 
2019;337;2018:375-83.  
DOI: 10.1016/j.geoderma.2018.09.026 

29. Souri Z, Khanna K, Karimi N, Ahmad P. 
Silicon and plants: Current knowledge and 
future prospects. J Plant Growth Regul. 
2021;40(3):906-25.  
DOI: 10.1007/s00344-020-10172-7 

30. Haynes RJ, Zhou YF. Effect of pH and 
added slag on the extractability of Si in two 
Si-deficient sugarcane soils. 
Chemosphere. 2018;193:431-7.  
DOI: 10.1016/j.chemosphere.2017.10.175, 
PMID 29154118. 

31. Vander Linden C, Delvaux B. The 
weathering stage of tropical soils affects 
the soil-plant cycle of silicon, but 
depending on land use. Geoderma. 
2019;351(May):209-20.  
DOI: 10.1016/j.geoderma.2019.05.033 

32. Li Z, Guo F, Cornelis J, Song Z, Wang X. 
Combined silicon-phosphorus fertilization 
affects the biomass and phytolith stock of 
rice plants. 2020;11:1-11.  
DOI: 10.3389/fpls.2020.00067 

33. Cissé MH, Brou Y, Haidara YO, Kouamé 
CY. Yield and soil fertility variations of 
lowland rice under different rainfall regimes 
and altitudes in Côte d’Ivoire. Int J Agron. 
2018;1-8. 

34. Koné B, Amadji GL, Aliou S, Diatta S, 
Akakpo C. Nutrient constraint and yield 
potential of rice on upland soil in the                  
south of the Dahoumey gap of West               
Africa. Arch Agron Soil Sci. 2011;57(7): 
763-74.  
DOI: 10.1080/03650340.2010.489554 

35. Yin Y, Ying H, Zheng H, Zhang Q, Xue Y, 
Cui Z. Estimation of NPK requirements for 
rice production in diverse Chinese 
environments under optimal fertilization 
rates. Agric For Meteorol. 
2019;279(February):107756.  
DOI: 10.1016/j.agrformet.2019.107756 

36. Shew AM, Durand-Morat A, Nalley LL, 
Zhou XG, Rojas C, Thoma G. Warming 
increases Bacterial Panicle Blight 
(Burkholderia glumae) occurrences and 
impacts on USA rice production. PLOS 
ONE. 2019;14(7):e0219199.  
DOI: 10.1371/journal.pone.0219199, PMID 
31295286. 

37. Abbas A, Mubeen M, Iftikhar Y, Shakeel Q, 
Arshad HMI, Romano Md CZ, et al. Rice 
sheath Blight: A comprehensive review on 
the disease and recent management 
strategies. Sarhad J Agric; 2023.  

DOI:10.17582/journal.sja/2023/39.1.111.12
5 

38. Chuma BA, Cotter M, Kalisa A, Rajaona A, 
Senthilkumar K, Stuerz S, et al. Altitude, 
temperature, and N Management effects 
on yield and yield components of 
contrasting lowland rice cultivars. J Agron 
Crop Sci. 2020;206(4):456-65.  
DOI: 10.1111/jac.12420 

39. Kamei D, Singh AU. Development of a 
disease prediction model for brown spot 
disease severity of rice based on weather 
variable parameters. Int J Environ Agric 
Res. 2021;7(10):1-6. 

40. Fahad S et al. Rice responses and 
tolerance to high temperature. Elsevier Inc; 
2018.  
DOI: 10.1016/B978-0-12-814332-2.00010-
1 

41. Liu W, Yin T, Zhao Y, Wang X, Wang K, 
Shen Y, et al. Effects of high temperature 
on rice grain development and quality 
formation based on proteomics 
comparative analysis under field warming. 
Front Plant Sci. 2021;12:746180.  
DOI: 10.3389/fpls.2021.746180, PMID 
34745178. 

42. Greger M, Landberg T, Vaculík M. Silicon 
influences soil availability and 
accumulation of mineral nutrients in 
various plant species. Plants (Basel). 
2018;7(2):1-16.  
DOI: 10.3390/plants7020041, PMID 
29783754. 

43. Mohanty S, Nayak AK, Swain CK, Dhal B, 
Kumar A, Tripathi R, et al. Silicon 
enhances yield and nitrogen use efficiency 
of tropical low land rice. Agron J. 
2020;112(2):758-71.  
DOI: 10.1002/agj2.20087 

44. Neu S, Schaller J, Dudel EG. Silicon 
availability modifies nutrient use efficiency 
and content, C:N:P stoichiometry, and 
productivity of winter wheat (Triticum 
aestivum L.). Sci Rep. 
2017;7(January):40829.  
DOI: 10.1038/srep40829, PMID 28094308. 

45. Van Bockhaven J, Spíchal L, Novák O, 
Strnad M, Asano T, Kikuchi S, et al. Silicon 
induces resistance to the brown spot 
fungus Cochliobolus miyabeanus by 
preventing the pathogen from hijacking the 
rice ethylene pathway. New Phytol. 
2015;206(2):761-73.  
DOI: 10.1111/nph.13270, PMID 25625327. 

46. Fitzpatrick RGJ, Parker DJ, Marsham JH, 
Rowell DP, Jackson LS, Finney D et al. 
How a typical West African day in the 
future-climate compares with current-



 
 
 
 

 

 
15 

 

climate conditions in a convection-
permitting and parameterised convection 

climate model. Clim Change. 
2020;163(1):267-96.  
DOI: 10.1007/s10584-020-02881-5 

_________________________________________________________________________________ 


