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Abstract

Climate variability and change pose major challenges to agriculture worldwide amid an increasing
world population and growing food demand. This study assessed the effects of climate variability on
rice production in Liberia. Rice yields and production data (1990-2023) were attained from the Food
and Agriculture Organization Statistics (FAOSTAT), while temperature and precipitation were
sourced from ERA5 Agrometeorological Indicators and the Climate Hazards Group InfraRed
Precipitation with Station (CHIRPS). Trends and relationships were analyzed using Mann-Kendall,
Sen’s slope, and Spearman’s rank correlation. Multiple Linear Regression assessed climate variables’
impact on rice productivity. Mean, minimum, and maximum temperatures increased by 0.57 °C, 0.55
°C, and 0.55 °C, respectively, with precipitation variability at 180.31 mm. Climate variables showed
diverse correlations with rice production; a significant negative impact of minimum temperature (p-
value =0.015) on production and a positive effect of precipitation on yields (p- value = 0.036). Farmers
acknowledged climate impacts and adopted adaptation strategies, but resilience is hindered by
limited credit access, low technology adoption, reliance on traditional practices, and inadequate
extension services. Overall, the findings highlight the sensitivity of rice production in Liberia to
climate variability and underscore the need for guided adaptation and institutional support to
augment farmer resilience.

Keywords: rainfall variability; food insecurity; agriculture; adaptation strategies; rice productivity;
climate change; Mann-Kendall test; trends; temperature

1. Introduction

Climate variability and change, including alterations in climate variables, such as rainfall and
temperature, have significant implications, particularly on climate-sensitive sectors such as
agriculture [1-4]. This paper looks at the agriculture sector with focus on the impacts of climate
variability on rice production and productivity in Liberia. Among crops, rice is of primary
importance. It is a staple food in many regions across the globe; is impacted by climate change, as it
is heavily dependent on climatic factors such as temperature and precipitation for growth and
development [5,6]. Past studies [7-9] have revealed that temperature increases during the
reproductive stage of rice, especially during panicle initiation, flowering, and fertilization, may
severely reduce yield and grain quality. Ref. [9] found that an increase of 1 °C of temperature above
the optimum threshold reduced the yield by 8%. On the other hand, studies found that for every 100
mm increase in precipitation above the optimal thresholds, resulted in rice yield decreased by 6.4 kg
in India [10]. Similarly, Ref. [11] employed the Decision Support System for Agrotechnology Transfer
(DSSAT) Model to examine rainfall impacts on rice yield, and they found that an increase in daily
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mean rainfall of +Imm to +2mm above threshold, had a decreased yield by -4.0% to -51.5% in
Malaysia.

Research on rice should be considered a must. Rice is the primary cereal food for over 60% of
the global population; it is produced in many countries, with Asia accounting for more than 90% of
its production and consumption worldwide [12]. In Africa, rice is one of the major sources of calories
[6,13] and is gradually becoming a staple food and income source in many Sub-Saharan African (SSA)
countries [6]. In SSA, the annual rice consumption between 2009 and 2019 was 27.4 million metric
tons while average production was estimated at 15.4 million metric tons [14]. The demand for rice is
continuously rising in the region, due to population increase and urbanization, but production
remains low to meet the demands of the consumers [15,16].

In Liberia, rice is produced by approximately 69% of all farmers and accounts for about 50% of
adult caloric intake; the annual per capita consumption is estimated at around 133 kg [13]. This makes
rice one of the most important crops for food security and economic livelihood in the country;
however, domestic rice production is inadequate to satisfy its national demands [17]. For instance,
referring from past years, production reduced by 20.55% (from 257,995 metric tons in 2018 to 170,000
metric tons in 2021), which led to substantial imports (560,000 metric tons in 2021). These imports
cost over USD 100 million and accounted for approximately 65% of the total consumption [17], an
enormous amount for least developed countries such as Liberia. These reductions may be attributed
to several factors [18,19].

Over the past three decades, Liberia has experienced shifts in climate patterns, including rising
temperatures, irregular rainfall, and increased frequency of extreme weather events such as floods
and droughts [20,21]. Given that Liberia depends solely on rainfed agriculture, these changes, as
mentioned previously, have direct and indirect impacts on crop productivity, particularly rice, which
has specific climatic requirements for optimal growth. This situation is compounded by the fact that
about 70% of the Liberian population depends on agriculture and forestry for their livelihoods and
the overall significant contribution of agriculture to the country’s economy [19,22]. It is within this
context that the present study looks at the interplay of climate variability and rice production and
productivity in Liberia. Hence, it is essential to assess how climate variability affects rice production
to understand the issue and suggest strategies to improve resilience and food security in the country.
For instance, Ref. [23] conducted a study on assessment of the impacts of climate variability and
change on rice production in Bong County and [24] worked on accessing the Perception of climate
change and barriers to strategic adaptation for smallholder farming in Todee District in Liberia.
Similarly, recent studies carried out by Ref. [25] who worked on assessment of climate risks in central
and northern Liberia. The studies mentioned above examined smaller geographic areas within the
country, but there has been no comprehensive study on the relationship between climate variability
and rice yield in the entire country. Another authors, [19] conducted a systematic review but their
focus was on assessing the impact of climate change on Liberia’s agricultural sector and strategic
adaptation approaches. Given the limited research on this topic, the connections between climate
variability and rice production across the entire country have not been extensively explored. Most
studies have concentrated on specific regions. Therefore, this study aims to evaluate the effects of
climate variability on rice production in Liberia from 1990 to 2023.

Specifically, this study aims to determine trends in rice production and yield in Liberia from
1990 to 2023, examine patterns and changes in key climate variables (precipitation and temperature)
and assess the association and statistical relationship between climate variables and rice productivity.
The goal of this study is to provide valuable insights to formulating appropriate agricultural policies
and practices that enhance adaptive capacity, inform agricultural extension services, support climate-
resilient agricultural development, and guiding policy frameworks addressing climate hazards.

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

2.1. Description of the Study Area

The study uses data referring to Liberia. Liberia is bordered by Sierra Leone on the west, Guinea
to the north, Cote d’Ivoire (Ivory Coast) to the east, and the Atlantic Ocean to the South. It covers a
total area of 111,350 km? and has a total population of 5.3 million inhabitants [26]. Liberia lies at
latitudes 4° 20" to 8° 30" North and longitudes 7° 18" to 11° 30" West [27]. The study area has a tropical
climate, characterized by a rainy season that runs from May to November and a dry season from
December to April. The average annual precipitation ranges from 2,500 mm to 5,000 mm per year
[27], while temperatures fall between 23 °C and 33 °C [28]. Relative humidity reaches 90%-100%
during the rainy season and 60%-90% during the dry season [29]. Agriculture is the major source
livelihood to the country’s population and remains a major contributor to Liberia’s economic
development. However, rice is one of the most cultivated crops and its production in the study area
is predominantly practiced by subsistence farmers under rainfed conditions.
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Figure 1. Location of the study area.

The average rice yields of the country scaled at approximately 1.2 t/ha with notable production
in Nimba, Bong, and Lofa counties, respectively, which account for 56% of the country’s rice
production [30,31].

2.2. Study Design and Data Collection

The study uses a secondary data approach. It is based on datasets sourced from three major
websites, namely the Food and Agriculture Organization Statistics (FAOSTAT) database, the ERA5
Agrometeorological Indicators covering a period from 1990 to 2023, and the Climate Hazards Group
InfraRed Precipitation with Station data (CHIRPS) database referring to the same period. Details on
data follow below.

2.2.1. Rice Production Data

Data for rice productivity (paddy) (kilogram/hectare —kg/ha), and production (in Metric ton —
MT) from 1990- 2023 (34 years) was collected from FAOSTAT open data
(https://www fao.org/faostat/en/#data/QCL). This data was sorted and prepared on an Excel sheet,
and then analyzed against climate datasets.
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2.2.2. Climate Variables (Temperature and Precipitation)

Temperature data (°C) from 1990 to 2023 was obtained from ERA5 Agrometeorological
Indicators, (available online at https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-
levels). Its horizontal resolution is 0.1° X 0.1°. Precipitation data (mm) covering the period of 1990-
2023 was sourced from the CHIRPS store (https://data.chc.ucsb.edu/products/CHIRPS-2.0/). CHIRPS
integrates the Climate Hazards Precipitation climatology (CHPclim) and in-situ station data to create
gridded rainfall time series with 0.05° resolution, for trend analysis and seasonal drought monitoring
[32,33]. Projection data on temperature and precipitation were sourced from the CORDEX
(Coordinated Regional Climate Downscaling Experiment), available at: https://esg-
dnl.nsc.liu.se/search/cordex/. The dataset contains a spatial resolution of 0.22° X 0.22° (~25 km). Both
projection datasets (temperature and precipitation) were based on two different time periods
(RCP8.5, 2031-2060, and RCP8.5, 2071 to 2100), were accessed in NetCDF format and then processed
in ArcGIS 10.8 environment. All climate data sets, including temperature and precipitation were
considered based on six (6) months seasonal timescale (April to September), the key considerable
period for rice production stage in the study area.

2.3. Data Analysis

Data analysis followed a stepwise approach. Firstly, we pre-processed the raster dataset of the
climate factors (temperature and precipitation) from ERA5 and CHIPS in ArcGIS 10.8 environment
to generate spatial outputs (numerical values), which were then inputted in Excel spreadsheet. These
data were used to plot the trends in variables (production and yield, and precipitation and
temperatures), compute various analysis such as trends, correlation, and regression analysis. Climate
projection data was processed to produce a spatial map to depict the change in each variable under
the considerable time periods.

2.3.1. Detection of Trends

The non-parametric Mann-Kendall (Mk) and Sen’s Slope tests were applied to identify the trend
in various parameters including production, yield, and precipitation and temperature [34]. The
Mann-Kendall test is more favored for identifying monotonic trends in variables as it remains
unaffected by outliers [34,35]. Apart from being robust to outlier, the MK test, its non-parametric
nature also means that it does not depend on regularly distributed data [36]. It compares all pairs of
observations in the dataset, assesses the direction of the trend (increase or decrease), and then tests
its statistical significance.

In order to test whether or not to reject to reject the null hypothesis, the MK test was used, where
we apply Equation (1) and (2):

Ho. This considers no monotonic trend present in the series.
Ha. This suggests the present of monotonic trend in the series.

At a 5% significance level, a p -value of less than 0.05 results to the acceptance of the alternative
hypothesis, indicating a trend exists in the data. Conversely, if the p -value is greater than 0.05, the
null hypothesis (Ho) is accepted, suggesting non-existing of trend in the data [37]. The test statistic, S,
was subsequently computed as sum of the integers:

n—-1 n
S = Z Z sign(Xj — Xi) 1)
=1 joit1

where n indicates the number of years, xjand xi are the annual values in the years j and k, respectively.
The function sgn(xj— xi) provides an indicator function that takes the value 1, 0, or -1 according to the
sign of the difference (xj — xi); where j > i:
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—1for (Xj—Xi) <0
sign(Xj —Xi) ={ Ofor Xj—Xi)=0 )
+1 for (Xj — Xi) > 0

A positive value of shows an upward (increasing) trend in the time series, while a negative value
indicates a downward (decreasing) trend.

However, Sen’s slope was computed, a non-parametric technique for estimating the overall
slope or trend of a dataset over time. It is mostly suitable when analyzing time series data [38]. Itis a
method that is more robust in trend estimation and it is especially advantageous for data that do not
assume normality or contain outliers [35,38]. The slope estimator or N pairs is computed as follows:
Xj — Xy

j—k

Q; = ifj>k (3)
where Xj and xx denote the annual values throughout the years j and k, respectively. The Sen’s slope
estimator of slope is calculated as the median pairwise slope values (Q). The median of the N slope
estimates was obtained in by simple averaging. N values of Qi were ranked from smallest to largest
and the Sen’s estimator was computed as follows:

N+1
Q T] if Nwasodd

4)
%(Q§+ QI(N + 2)/2)/2]) if N was even

In this study, we considered the trend is statistically significant when the p-value is less than
0.05. Time series analysis was employed to evaluate the trend in rice production, yield, mean seasonal
rainfall and temperatures (mean, minimum, and maximum temperatures), for the period 1990 to
2023. Several time-series plots were generated using Microsoft Excel based on the following variables:
rice production, yield, precipitation, mean temperature, minimum temperature, and maximum
temperatures, respectively.

2.3.2. Correlation Test

The Spearman’s rank correlation test was applied for estimating the monotonic relationship
between production statistics (production and yield) and climate parameters, which in this case are
mean temperature, minimum temperature, maximum temperature, and precipitation, respectively.
During the correlation analysis process, at first, we computed a general correlation test to find the
relationship of rice production and yield with climatic variables from 1990 to 2023, followed by a
particular time interval correlation test to identify the association of production and yield statistics to
climatic variables during the period where rice production and yield trends displayed significant
reduction in the time series. The formula used in determining the Spearman’s correlation is shown
below:

627

T 1(n2-1) ®)

p:

where i represents the differences in paired ranks, that is, i = R«i— Ryi and n was the total number of
observations, which is 34 observations for the study area. The value of ¢ lies between -1 and 1 and
direct associations were indicated by positive values, whereas inverse associations were indicated by
negative values.

2.3.3. Regression Analysis

Following the correlation analysis, multiple linear regression (MLR) was utilized to evaluate the
combined relationship or impact of climate parameters and rice productivity [39]. The MLR model is
defined by equation 6. Main temperature was excluded from the regression analysis based on its
correlation with minimum temperature and maximum temperature.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Yo = Bo + BiFrec + BaTmin + BaTmax + & (6)

where:

Y. Dependent variable (rice production in t/ha, or yield in kg/ha)

Prec: Average precipitation (mm)

Twmin: Average mini temperature (°C)

Tmax Maximum temperature (°C)

Bo: Intercept baseline (rice yield when all predictors are 0)

B1, B2, Ps: Regression coefficients (effect of each predictor on rice production and yield)

e: Error term (unexplained variability).

The R Software (Version 4.3.1) was used to perform the statistical and regression analysis, and
the results were considered significant at a 0.05 probability level.

3. Results

3.1. Rice Production Trend

Rice production in Liberia has shown significant increase over the past 34 years (1990-2023). The
Mann Kendall test shows that this upward trend is statistically significant (p-value < 0.001) (Table 1).
Total production increased from 180,000 tons in 1990 to 256,200 tons in 2023 representing a gain of
76,200 tons over the period. The Mann-Kendal Coefficient (t = 0.510) showed a moderate to strong
positive trend of rice production over time (Table 1, Figure 2). This is further supported by the MK-
statistics (Z = 4.212), indicating the existing of a monotonic increasing trend. Sen’s slope estimates of
6515 also confirms a substantial annual rate of increase in rice production across the study period.
Despite the general positive trend, rice production exhibited notable inter-annual fluctuations during
some periods (Figure 2). For instance, between 1990 and 1995, production declined noticeably,
followed by an increase from 1995 to 1998. A decreasing phase occurred between 1998 and 2003, after
which production recovered sharply from 2006 to 2008. From 2008 to 2012 production remained
relatively stable, showing only minor fluctuations. A consistent growth phase was observed from
2014 to 2016, followed by a short-term decrease between 2016 and 2017; while 2017 to 2023 remained
relatively stable (Figure 2).

Table 1. Mann-Kendall and Sens’s slope test results for rice production and yield.

Factors Kendall Tau MK-Stat (S) P-Value Trend Sen’s Slope
Production 0.510 4.212 P-value < 0.001 Yes 6515
Yield -0.0036 -0.0148 0.9882 No 0
Annual Rice Production Liberia 1990-2023
400000
350000
g 300000 A
= 250000 A
L8
£ 200000 -
2
S 150000 1
& 100000
50000 -
1985 1990 1995 2000 2005 2010 2015 2020 2025
Year =0~ Production (MT)
—— Linear (Production (MT))

Figure 2. Annual variability of total rice production in Liberia from 1990-2023.
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3.2. Rice Yield Trend

Overall, between 1990 and 2023, rice yields have remained relatively stable, showing no
statistically significant increased over time. The Mann-Kendall Tau coefficient (t = - 0.0036) depicts
extremely negative weak decrease (Table 1). However, the corresponding p-value (p-value =0.9882)
confirms that this correlation is not statistically significant. Similarly, the MK-statistics (Z = - 0.0148)
supports the absence of a monotonic trend in rice yields. Sen’s slope estimates of 0 further supports
the lack of any significant change in yield during the study period (Table 1).

Despite the overall stability, rice yields exhibited fluctuations across different sub-periods
(Figure 3). Between 1990 and 1991, yield slightly decreased from approximately 1030 kg/ha to 900
kg/ha. From 1992 to 2000, yields moderately increased from 900 kg/ha to 1,250 kg/ha. This was
followed by a sharp decline between 2000 and 2003, when yields dropped to approximately 800
kg/ha. A strong recovery occurred from 2003 to 2008 with yields rising to 1550 kg/ha. However, a
sudden drop to 1200 kg/ha was observed in 2009. From 2012 to 2017, yields experienced a gradual
decline, decreasing from 1280 kg/ha to 1050 kg/ha while from 2017 to 2023, rice yield remain relatively
stable (Figure 3).

Annual Rice Yield Liberia 1990-2023

1800

1600
_
«

S, 1400
-
N’

= 1200
=
-

.8 1000
&

800

600

1985 1990 1995 2000 2005 2010 2015 2020 2025
—0—Yiecld (kg/ha)
Year Linear (Yield (kg/ha))

Figure 3. Annual variability of total rice production in Liberia from 1990-2023.
3.3. Patterns of Climatic Variables

3.3.1. Precipitation Trend

Between 1990 and 2023, annual precipitation exhibited a slight but statistically non-significant
increasing trend (p-value = 0.464). Over the study period, total annual rainfall increased from 3160.66
to 3340.97 (with a slight increase of 180.31 mm, p-value = 0.464). Despite this modest upward
tendency, the data reveal substantial inter-annual variability. In particular, during the following
years, the periods between 1994 to 1996, 2005 to 2006, and 2009 to 2010, were characterized by
pronounced fluctuations, including years with both exceptionally high and low rainfall anomalies
(Table 2, Figure 4). During the period of 2003 to 2005, 2011 to 2012, and 2019 to 2022, there exhibited
a slight decrease in precipitation and with a prominent decreased from 2008 and 2009 (Figure 4).
Overall, the Mann-Kendall Tau coefficient (t = 0.102) indicates a very weak positive association
between annual precipitation and time, values fluctuate randomly. This observation is supported by
MK statistic (Z = 0.830) and the Sen’s slope estimate of 5.144, which suggest a slight upward trend.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The non-significant p-value (p-value = 0.464) confirms that no major long — term trend in precipitation
occurred between 1990 and 2023.

Table 2. Mann-Kendall and Sen’s slope test for precipitation and temperature.

Factors Kendall Tau (t) MK-Stat (Z)  P-Value Sig. Sen’s Slope
Precipitation 0.102 0.8301 0.464 No 5.144
Mean Temperature 0.511 4.1759 <0.001 Yes 0.119
Minimum Temperature 0.509 4.1985 <0.001 Yes 0.0125
Maximum Temperature 0.277 2.2704 0.023 Yes 0.0075
Seasonal Mean Precipitation Liberia 1990-2023
4500.00
_ 4000.00
E/ 3500.00
=
e
‘S 3000.00
£
£ 250000
o
o
A~ 2000.00
1500.00
1985 1990 1995 2000 2005 2010 2015 2020 2025
—eo— Precipitation (mm)
Year Li L
inear (Precipitation (mm))

Figure 4. Seasonal mean precipitation in Liberia from 1990-2023.

The supplementary materials labeled Figure S1, depicts projected precipitation for mid-century
(2031-2060) with that of the end-century (2071-2100). These projection results of precipitation for
instance, RCP8.5 2031-2060 revealed a variability with lower value of 937.51 mm and highest of
4072.29 mm (see Figure Sla, supplementary materials), while RCP8.5 2071-2100 demonstrated a
variation from 843.98 mm and highest of 3801.95 mm, respectively as shown in the supplementary
materials (Figure S1b). The long-term average variability in seasonal precipitation from mid-century
to the end of the century is expected range from -93.56mm to -240.34 mm as depicted in
supplementary materials (Figure Sla, b).

3.3.2. Temperature Trends

From 1990 to 2023, mean, minimum, and maximum seasonal temperatures all showed an overall
increasing trend. The mean temperature rose from 25.73 °C to 26.30 °C, representing an increase of
0.57 °C (p-value <0.001) (Figure 5a). Similarly, the minimum temperature increased from 24.76 °C to
25.31 °C (an increase of 0.55 °C, p-value is < 0.001) (Figure 5b) while the maximum temperature rose
from 29.19 °C to 29.76 °C (an increase of 0.55 °C, p-value = 0.023) (Figure 5c). The Mann-Kendall Tau
coefficients for mean, minimum, and maximum temperatures were 0.511, 0.509, and 0.277,
respectively, indicating weak to strong increasing trends over the study period. These findings
suggest that the upwards trend was more pronounced in the mean and minimum temperatures,
followed by maximum temperatures. Although the increases were relatively small in absolute terms,
the Sen’s slope estimates of these variables are as follow: mean temperature (0.119), minimum

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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temperature (0.0125), and maximum temperature of 0.0075, further confirm the presence of gradual

warming across all temperatures indicators during the study period (Figure 5a-c).

Seasonal Mean TMEAN Liberia 1990-2023
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Figure 5. Seasonal Mean temperature: (a) mean TMEAN, (b) mean TMIN, and (c) mean TMAX in Liberia from
1990-2023.

Figure S12 within the supplementary materials shows projection result of temperature for mid-
century (2031-2060) and end-century (2071-2100). Results of the RCP8.5 for temperature of 2031-2060
revealed a significant increasing changes ranging from 24.20 °C to 27.25 °C at the middle-century,
with an estimated increase of 3.03 °C (Figure S2a of the supplementary materials), and Figure S2b of
the supplementary materials demonstrates the 2071-2100 RCP8.5 interpolation demonstrated a
change from 25.95 °C to 28.74 °C in temperature, indicating an absolute increase of 2.7 °C during the
time period. This means that the combined projected change in temperature from 2031 to 2100 is
expected to reach at 4.54 °C (S2a, b).

3.4. Temperature and Precipitation Impact on Rice Productivity

3.4.1. Correlation

Correlation analysis suggest that the current state of climate variables in Liberia (precipitation,
and mean, minimum, and maximum temperatures), do not significantly affect rice production over
the study period, as p-values were 0.956, 0.082, 0.531, and 0.908, respectively. Precipitation shows a
non-statistically significant negative relationship with production and positive association with
yields (Table 3).

Similarly, rice yield (tons/hectare) also shows no statistically significant associations with
climatic factors (p-value > 0.05). Although there is an observed weak positive correlation with
precipitation (r = 0.259), this may signify that higher rainfall tends to slightly favor rice yield, even
though not strongly enough to be statistically significant. Rice yield also shows a negative correlation
with mean and minimum temperatures (Table 3), suggesting that higher temperature may negatively
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effects yield in the study region even though the association is not statically significant, as p-value
greater than 0.05.

Table 3. Correlation (r) between rice production (MT), yield (ton/ha) and climate variables precipitation (mm),
mean, minimum, maximum temperatures (°C) (p < 0.05, n=34) during the period of 1990-2023.

. Temperature
Precipitation — -
. mean minimum maximum
Rice P
Correlation P-Value Correlation P-Value Correlation Correlation

Value Value

Production -0.010 0.956 -0.303 0.082 -0.111 0.531 0.021 0.908

Yield 0.259 0.139 -0.284 0.104 -0.205 0.246 0.112 0.527

Considering the correlation results across different timescales for both rice production and yield
revealed that most climate parameters exhibited statistically non-significant relationship with rice
productivity over the various periods analyzed. An exception was observed for the minimum and
maximum temperatures during the 1998-2003 period, which showed a highly significant correlation
with production (p-value < 0.001) (Table 4). For rice yield, significant associations were identified for
mean and minimum temperatures during 2000-2003, and for precipitation during 2003-2005 with p-
value less than 5%. Additionally, during the period 2012 to 2023, mean temperature (p-value = 0.004),
minimum temperature (p-value = 0.036), and maximum temperature (p-value = 0.002) exhibited
significant correlations with rice yield (Table 4).

Table 4. Correlation (r) between rice production (MT), yield (ton/ha) and climate variables precipitation (mm),

mean, minimum, maximum temperatures (°C) (p < 0.001) under different time interval.

e Temperature
Precipitation e . .
mean Minimum maximum
Factors Per
. Correla . . .
Time ton P-Value Correlation P-Value Correlation P-Value Correlation P-Value
Interval ©
TI-1. Production
1990-1995 -0.314 0.544 -0.429 0.397 -0.371 0.469 -0.543 0.266
1995-1998 -0.8 0.2 -0.105 0.895 0.2 0.8 -0.8 0.2
1998-2003  -0.314 0.544 0.2 0.704 1 <0.007%** 1 <0.001***
2003-2008  0.383 0.309 -0.100 0.797 -0.233 0.546 0.533 0.139
TI-II. Yield
2000-2003 -0.80 0.20 -10 < 0.001%** -10 <0.001*** 0.20 0.80
2003-2005 -10 < 0.001*** 0.50 0.667 0.50 0.667 -0.5 0.633
2012-2023  0.154 0.633 -0.760 0.004** -0.608 0.036* -0.796 0.002**

TI-I, production, and TI-II, yield, under different time interval; significant levels— p-value < 0.001 (***),
p-value < 0.01 (**), p-value < 0.05 (*).

3.4.2. Regression

The regression model relating rice production and climate variables indicated that climate
variables influence rice production in Liberia, explaining 26.16% of the total variation (R? =0.2616, p-
value = 0.026). Among the climatic variables analyzed, minimum temperature was the only factor
that showed a statistically significant negative effect on rice production ( = 2.676; p-value = 0.015),
indicating that higher minimum temperatures are associated with reduction rice production in
Liberia (Table 5).
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Table 5. Regression results of climate variables precipitation (mm), minimum, maximum temperatures (°C) and
rice production (MT), (p-value < 0.05, n=34).

Predictor Coefficient Std. Error t-stat P-Value
Intercept -5.077 2.462 -2.062 0.048*
Precipitation 9.335 33.31 0.280 0.781
TMini -2.676 1.031 2.593 0.015*
TMax -4.767 1.164 -0.410 0.685

* P-value < 0.05, R2=0.2616.

On the other hand, the regression results of rice yield against climate parameters revealed a
positive relationship between the observed and predicted values (R? = 0.231) (Table 6).
Approximately 15.4% of the variation in rice yield was explained by the independent variables, as
indicated by the adjusted R?of 0.154 and a model p-value of 0.046, which is less than 0.05, thus
confirming the statistically significance of the model. Considering the various climatic variables
evaluated, the analysis revealed that only precipitation displayed a statistically significant positive
effect on rice yield (p-value = 0.036) as shown in Table 6, suggesting that higher rainfall contributes
to increased rice productivity in Liberia.

Table 6. Regression results of climate variables precipitation (mm), mean, minimum, maximum temperatures
(°C) and rice yield (ton/ha) (p < 0.05, n=34).

Predictor Coefficient Std. Error t-stat P-Value
Intercept -37.482 4485.479 -0.084 0.934
Precipitation 0.134 0.061 2.201 0.036*
TMini -327.594 189.915 -1.743 0.092
TMax 275.450 211.997 1.299 0.204

* P-value < 0.05, R2 = 0.231.
4. Discussion

4.1. Rice Production Trend

The Mann-Kendall and Sen’s slope test results demonstrate that rice production has had a
significant increasing trend over the study period (1990-2023) despite the variation in production
across different time intervals. This noticeable increase in production in the study area aligns with
regional agricultural reports and studies that have documented a gradual increased in rice output in
West Africa due to expansion of cultivation and government programs promoting rice self-
sufficiency [40,41]. Refs. [14,42] also indicated that increase in production in the SSA region is
typically due to the expansion of rice harvested area and, not referring to as yield. For instance,
between 2000 and 2020, the harvested area rose from 6.9 million ha to 16.6 million ha, while the
increase in rice yield was relatively low, increasing from 1.7 to 2.1 t ha—1 [16], supporting the fact that
the increase in rice productivity is dissimilarity to the increased actual yield.

4.2. Rice Yield Trend

Despite increases in total rice production in Liberia, rice yields have remained stagnant,
indicating no significant trend. This implies that the observed rise in total rice production is
predominantly driven by land expansion rather than improvements in productivity per unit area
[16]. Recent studies noted that Liberia’s average national rice yield has remained low in recent
decades, at around 1.2 metric tons per hectare, which is considerably lower than in other West African
countries, 3.0 t/ha in Cote d’Ivoire, 2.7 t/ha in Ghana, 3.4 t/ha in Mali, and 4 t/ha in Benin, respectively
[31,43]. Several underlying factors account for this stagnation in yield. These include traditional
farming systems (with a reliance on rainfed production), the use of low-yield varieties, limited use of
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modern inputs such as improved seed, fertilizers, mechanization, limited access to farm credit, and
climate change [13,19,31]. Reports from Ref. [44] and the World Food Programme, [45] indicate that
yield improvements in Liberia and other West African countries have been constrained by limited
access to improved rice varieties, irrigation technologies, inadequate used of fertilizers, and limited
extension services. Farmers often rely on traditional practices and local seed varieties, which are less
responsive to modern yield-enhancing technologies, thus limiting productivity growth per hectare
[16,46].

4.3. Trends in Climatic Variables

4.3.1. Precipitation Trend

The results of the Mann-Kendall test showed a non-significant upward trend in precipitation
during the study period, reflecting high variability in rainfall patterns. Although rainfall during the
growing season showed a slight increase, this change was not statistically significant. However, the
absence of a statistically significant trend in seasonal rainfall totals does not necessarily imply
stability or reliability in rainfall distribution. For example, intra-seasonal variability including
delayed onset of rains, mid-season dry spells, and early cessation, remains a critical constraint on
planting dates decisions and ensuring stable crop development [47]. Such irregularities are often
masked by long-term trend analysis but exert significant influence on productivity outcomes [48].
This finding aligns with rural agricultural communities’ increasing understanding of changes in local
climate conditions, particularly regarding rainfall onset, duration, and distribution, as well as
changes in temperatures patterns, which directly affect rice planting and harvesting dates [23,28].
Studies across West Africa [47] have shown that intra-seasonal rainfall variability has greater
implications for yield stability than annual rainfall totals. Moreover, interpolated projection of
precipitation under different scenarios of RCP8.5 2031-2060 and RCP8.5 2060-2100 revealed a strong
variability in precipitation, indicating an average projected decrease in precipitation by -93.56mm to
-240.34 mm as shown in the supplementary materials (Figure S1 a, b). These variabilities would
hinder farmers production practices, including change in planting calendar, crop type, and
management practices, which may result to low productivity [49]. Thus, while current rainfall levels
in Liberia remain relatively stable; their temporal distribution may be posing significant risks for food
production. This study therefore underscores the temporal variability of key climatic variables,
including precipitation and temperature.

4.3.2. Temperature Trends

Results from the Mann-Kendall test revealed an overall statistically significant increase trend in
temperature, which may hold critical implications for rice production. Kendall’s tau coefficient
suggests a general tendency for temperature to increase over time and is highly steady. This findings
concord with the Liberia National Adaptation Plan document [50], which highlighted that Liberia’s
mean air temperature will increase by 0.4 °C to 1.3 °C from 2010-2050, based on Regional Climate
Models (RCMs). Similarly, the Sixth Assessment Report (AR6) of the United Nations
Intergovernmental Panel on Climate Change (IPCC) documented that the global surface temperature
have increased by 1.1 °C during the past decades (2011-2020) compared to 1850-1900, with further
increases of 1.5 °C expected by 2021-2040 [51]. Additionally, projected result for temperature under
two different scenarios have also demonstrated an increasing change in both period (RCP8.5 2031-
2060 and RCP8.5 2071-2100). These projected changes in temperature varied based on the time series
including the period 2031 to 2060 and 2071 to 2100. The projected changes from 2031 to 2060 expected
to reach at 3.03 °C as highlighted in the supplementary materials (Figure S2 a), and 2.7 °C during the
period 2071 to 2100 (see Figure S2b in the supplementary materials), whereas the overall increase
from 2031 to 2100 are expected to reach at 4.54 °C, respectively (Figure S2 a, b). These findings support
the broader evidence that temperatures are rising globally and regionally, which holds critical
implications on Libera’s rice production system in the future. However, this increase trend has been
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perceived by farmers across the study area and further employed various adaptive strategies
including the use of short-duration varieties, adjusting planting schedules, diversifying crops, and
basic soil-water management [25]. Furthermore, this finding aligns with similar studies underlining
the conspicuous increasing trends in temperatures across various regions worldwide. For instance,
[47,52] found that temperature exhibited noticeable increasing trend over the study period,
negatively affecting crop production. Similarly, studies have indicated that rising mean temperatures
would likely affect rice productivity by accelerating rice phenology, shorten the grain-filling period,
and increase evapotranspiration, thereby heightening the vulnerability of Liberia’s largely rainfed
rice systems [7,53]. Moreover, the increase in minimum and maximum temperatures beyond the
normal threshold may pose a risk to crop performance. For example, high temperatures are
particularly harmful, as they increase plant respiration, limit carbohydrate availability for grain
filling, and reduce spikelet fertility, ultimately lowering yield potential [54]. Ref. [55] demonstrated
that temperatures above 35 °C at flowering stage have been shown to cause spikelet sterility and
severe yield reduction in rice. However, countries are already facing considerable economic impacts,
which are likely to worsen as global warming increases the frequency of extreme events. [49]. Given
Liberia’s dependence on rainfed production systems, such exposure may increase the likelihood of
crop failure. Overall, the findings indicate that rising temperatures, particularly night-time warming,
may pose substantial threats to rice production in Liberia. Therefore, it is essential to implement
various adaptation measures such as adjusting planting date, use of short-duration local rice
varieties, crop diversification, soil and water conservation, and adopting heat-tolerant varieties in
order to boost productivity [53,56-58]. Such strategies align with adaptation behaviors observed in
other West African countries, notably Nigeria, Ghana, and Sierra Leone, where smallholder farmers
modify agricultural practices to cope with rainfall variability and temperature extremes [52,59,60].

4.4. Temperature and Precipitation Impact on Rice Productivity

4.4.1. Correlation

The study findings indicate that, over the 34-year period, no statistically significant relationships
were identified between rice production and the accessed climate variables. Nonetheless, production
exhibited moderate negative correlations with precipitation, as well as with the mean and minimum
temperatures. By contrast, rice yield displayed moderate and more consistent associations with
temperatures-related variables. These patterns suggest that overall production and productivity are
likely influenced more strongly by non-climatic factors such as land expansion, soil quality, access to
quality seed, agronomic practices, and policy interventions, than by climate conditions alone.
Supporting this interpretation, Ref. [14,42] reported that low yields in rainfed environments
constitute a major constraint such as sub-optimal natural resource and crop management practices
commonly adopted by smallholder farmers. These include inadequate water management and
limited use of fertilizers, herbicides, and machineries to rice production, noting that rainfed
production systems account for approximately 70% of the global harvested rice area. Ref. [61]
demonstrated that non-climatic factors such as area under rice cultivation, fertilizer use, labor force,
and water resources affect rice production and have substantial impact on yield. Furthermore, a study
conducted by Ref. [62] identified key barriers such as low adoption of improved varieties and
irrigation technologies, limited access to climate information, low access to extension services,
inadequate access to finance and inputs, and overreliance on traditional knowledge that hinder
farmer’s adaptation and can result to low productivity levels.

Analysis across multiple time scales revealed fluctuating relationships between climate variables
(temperatures and precipitation) and rice yields. Rice yield displayed strong and negative correlation
with precipitation during specific periods, for instance, from 1998-2003 for production, and from 2003
to 2005 for yield, suggesting that excessive rainfall and flooding likely constrained rice growth and
productivity during these intervals. This patterns aligns with findings reported for other regions of
West Africa [16]. The statistically significant negative relationship between precipitation with yield
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during 2003-2005 further indicates that excessive and insufficient rainfall can contribute to yield
reduction [10,63]. However, significant negative correlations were observed for minimum and
maximum temperatures during 1998 to 2003 for production, and for mean, minimum, and maximum
temperatures during 2000-2003 and 2012-2023 for yield. These results underscore the adverse effects
of temperature extremes during these periods, which is consistent with evidence presented in AR6
Synthesis Report [1]. The report highlights that climate variables, particularly temperature and
precipitation have varying and significant associations with agricultural production and productivity
globally and across regions. Previous studies have similarly demonstrated that climate variables,
particularly temperature and precipitation, exert major influences on crop productivity, including
rice [6,39,55]. In this study, we found that temperature and precipitation had a significantly different
association with rice production and yield over the modest time scales compared to the entire study
period (1990-2023), during which no significant relationship was observed. To mitigate this
constraints, it is crucial to effectively deploy a diverse set of technologies such as water preservation
technologies in rainfed and irrigated lowland rice, site-specific nutrient management practices, tools
to support decision (crop growth simulation models), and labor-saving technologies developed in
recent decades [16,64].

4.4.2. Regression

Based on the regression results for production, minimum temperature emerged as the only
climate variable that significantly influenced rice production in Liberia during the study period.
Minimum temperature exhibited a significant negative effect, indicating that a 1 °C increase in
minimum temperature is associated with a 2.676 MT decrease in rice production. This suggest that
elevated minimum temperature (night-time temperatures) may impair crop performance, possibly
due to increased respiration rates that lead to energy loss, disruption of physiological recovery
processes and heightened stress during sensitive growth stages such as flowering and grain filling
[65,66]. This finding is particularly critical in the context of climate change, as minimum temperatures
are increasing at a faster rate than maximum temperatures [58,67]. This result is consistent with Ref.
[65] who demonstrated that elevated temperatures pose serious risks to crop production and
productivity. Similarly, Ref. [66] and [68] noted that increased temperatures adversely impact the
growth and development of rice plants, particularly during processes such as germination, tillering,
flowering, and grain filling stages. Overall, the findings suggest that temperature- related stresses,
especially those associated with minimum temperature, play a more critical role in determining rice
production outcomes than precipitation [63,69]. This highlights the crop’s sensitivity during
flowering and grain-filling stages [70]. Similar patterns have been reported across west and southern
Africa regions, where temporal fluctuations in temperature account for a substantial proportion of
yield variability [71,72]. The regression analysis further revealed that, although climate variables
collectively exert a moderately significant influence on rice yield in Liberia, the R? value of 15.4%
indicates that majority of yield variation is likely driven by non-climatic factors. These may include
soil fertility, production systems and management practices, pest pressure, technological adoption,
and broader socio-economic conditions. The analysis also identified precipitation as the dominant
climatic factor influencing rice yield during the study period. This finding aligns with [23] and [25],
who in their studies, emphasized the direct and indirect implication of rainfall on Liberia’s rice
production system. The positive association underscores the central role of rainfall in Liberia’s
predominantly rainfed rice production systems [25,73]. Similarly, research across West Africa and
other tropical regions are closely linked to the variability and distribution of seasonal rainfall [74].

These findings provide valuable insights for formulating appropriate agricultural policies and
practices that enhance adaptive capacity, inform extension services, support climate-resilient
agricultural development, and guide policy frameworks addressing climate hazards to enhance food
security.

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


https://doi.org/10.20944/preprints202602.0808.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2026 d0i:10.20944/preprints202602.0808.v1

15 of 21

4.4.3. Limitations of the Study and Future Directions

The limitation of this study suggests potentials for the conduct of future research in the field.
This study was constrained by various limitations. Firstly, the absence of field-based or ground truce
dataset, that it is limited to correlation. Thus, in the absence of causation, conclusions are based on
assumptions. This justifies the need for future research on the physiological and morphological
reactions of rice crop to precipitation and temperature. Secondly, although the study analyzes
production and climate at a national level, it does not take into consideration the socio-demographics
and geographical differences between the country’s regions. Hence, future research should consider
the inclusion of field-based date to investigate the physical impact of temperature and precipitation
on productivity, as well as incorporating socio-demographics factors and the geographical extend or
sub-divisions.

5. Conclusions and Policy Recommendations

In this study, we examined the effect of climate variability on rice production and farmer’s
resilience in Liberia over the period 1990 to 2023. The analysis reveals a clear increasing trend in all
temperature variables including mean, minimum and maximum temperatures, respectively, and
pronounced rainfall variability that are perceived by farmers as delayed onset and irregular
distribution of rains. These climatic variations have contributed to fluctuations in rice output, yet
statistical modelling shows that climate variables explain only a modest portion of the observed
variation (26.16% for total rice production and 15.4% for yield). Minimum temperature exerts a
negative significant influence on production, while precipitation is the only climate factor that
significantly enhances yield. Spatial maps from Liberia climate projections for mean seasonal
temperature of RCP8.5 2031-2060 and RCP8.5 2071-2100 also confirm the continued increase in
temperature and a strong variability in precipitation observed from the mean sessional precipitation
of the mid-century (2031-2060) and the projection for the end-century (2071-2100) spatial maps,
respectively. These changes are likely to have potential implication on future rice production and
yields in the country.

Although there was an overall increase in total rice production over the study period, yields
remained essentially stagnant, demonstrating that factors beyond climate, such as inadequate access
to improved seeds, irrigation systems, and fertilizers; limited access to credit; and inadequate
extension services-may be constraining productivity in the study area. Hence, climate change alone
does not fully explain Liberia’s low rice yields; a combination of climatic, agronomic, and
socioeconomic drivers underpins the persistent productivity gap and the country’s reliance on
imports. In response to the consistent variation in climate factors, farmers in Liberia adapt practices
such as adjusting planting dates, using short-duration varieties, diversifying crops, and
implementing basic soil-water conservation are mostly employed to mitigate some climate risks but
are hampered by institutional and financial constraints. These different strategies used by farmers in
the study area are said to be implemented based on their local knowledge, personal experience, and
based on the advice of other farmers in the area.

In this study, it was found that farmers in Liberia remain particularly vulnerable to climate
variability as the strategies employed by farmers in Liberia are still rudimentary. It is therefore
essential that the strategies already adopted by farmers to cope with climate variability to be well
strengthened by specialized agronomically through State or National Governmental Organization
(NGO) support to improve them and then decentralize them in various parts of the country. There is
also a need for the establishment of localized climate information systems capable of delivering
timely forecasts on rainfall and temperature and enhancing the capacity of the Liberia Meteorological
Service to disseminate user-friendly climate data to farming communities. Support research and
provision of short-duration, drought- and flood-tolerant rice varieties to adapt to Liberia’s diverse
agroecological zones. Most importantly, to develop or upgrade microfinance initiatives and
cooperative schemes that facilitate farmers’ access to agricultural inputs such as improved seed
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varieties, fertilizers, and basic farm tools. Additionally, the introduction of targeted subsidies or
support programs to improve the availability of climate-resilient agricultural inputs should be
prioritized. The study further suggests that future research should investigate the socioeconomic
dimensions of farmer resilience, including gender, education, and market access, to guide inclusive
and sustainable adaptation strategies. By considering and employing these approaches will help
Liberia move beyond reactive coping strategies toward a practical, climate-resilient rice sector
capable of sustaining domestic food security and reducing dependence on imports.

6. Patents

Not applicable. This study is sorely based on secondary data sets that are publicly available as
referenced in the data availability section and did not involve direct experimentation with animals
or humans.
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CHIRPS Climate Hazards Group InfraRed Precipitation with Station
CORDEX Coordinated Regional climate Downscaling Experiment

DSSAT Decision Support System for Agrotechnology Transfer
EPA Environmental Protection Agencies

FAO Food and Agriculture organization
FAOSTAT  Food and Agriculture Organization Statistics
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IPCC Intergovernmental Panel on Climate Change
Mk Mann-Kendall

NAP National Adaptation Plan

MLR Multiple Linear Regression

RCMs Regional Climate Models

SSA Sub-Saharan Africa
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