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Abstract: Variations in the climate constitute a significant threat to the productivity of food crops
in the Gambia. A good understanding of the influence of climate variability on crop production is
vital for climate resilience and improved food security. This study examined the trends, relationships,
and the extent to which growing season temperatures and the SPEI (Standardized Precipitation and
Evapotranspiration Index) impacted sorghum, millet, maize, and rice yields in three agro-ecological
regions of the Gambia during 1990-2019. Mean temperatures and the SPEI exhibited increasing
trends while observed yields showed a decline across all regions. The SPEI had a significant positive
relationship with yields, and temperatures were negatively associated with yields. Though yield
response to climate variability differs among regions, 20% to 62% of variations in the four crop yields
were due to climate trends. The combined effect of the SPEI and temperatures decreased yields from
3.6 kgha~! year—! to 29.4 kg ha~! year—!, with the most severe decline observed in rice and maize
yields in the Sahelian zone. Although uncertainties might arise from not considering related extreme
climate events, this study highlights how past climate trends affect cereal yields in the Gambia; thus,
any unfavorable change in the local climate could have severe repercussions on the country’s food
security. There is a need for concerted efforts to increase investments in adaptation strategies to
lessen the effects of the climate for improved crop productivity.

Keywords: climate variability; temperatures; SPEL impacts; yields

1. Introduction

The productivity of global food crops has experienced changes driven by techno-
logical, infrastructural, and management practices [1]. However, this increase in crop
production is a non-linear process due to crop yields’ variability characterized by episodes
of yield declines and crop failures [2]. Numerous factors such as management, pest and
diseases, soil type, and socio-economic crises lead to variations and or decline in crop
yields [3]. Nonetheless, anthropogenic greenhouse gas emissions from food production
and energy consumption [4,5] are expected to cause an increase in temperatures, changes
in precipitation patterns, and increased frequencies of extreme weather events such as
droughts and floods [6]. Evidence from a series of empirical and statistical studies [7]
indicates that agriculture is one of the most directly sensitive sectors affected by changes in
climatic parameters because the weather is an essential input in crop production. Thus,
the agricultural sector is projected to continue under severe threat, as droughts and rising
temperatures induced by global warming will exert pressure on agricultural resources,
consequently affecting the spatial and temporal distribution of crops and crop yields and
global food security [8,9]. Considerable evidence regarding the potential impacts of his-
torical and future climate change on yields has been reported [2,4,10]. These impacts are
projected to be severe in developing countries where chronic hunger and malnutrition
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already persist and resources to cope with the effects of climate-induced yield losses and
natural disasters are limited [11].

Sub-Saharan Africa, for instance, is considered one of the most susceptible, with
34 of the 50 most climate-vulnerable countries located within the region [12]. Studies
by [12,13] indicate that the risk posed by climate change in this region is due to many factors,
including the region’s dependency on rain-fed agriculture, rapid population growth, weak
institutions, and less economic capacity to adapt to the impacts of the climate. Many
agricultural populations in this region are exposed to climate change-induced droughts
and rising temperatures [14], exacerbating the already recurrent water scarcity, which
will cause further pressure on the future of the African economies and livelihoods and
increase food insecurity in the region [15]. The yields of sorghum, millet, and maize are
projected to decline by —14.5%, —9.6%, and —5%, respectively, in this region by the end of
the 21st century if no adaptation measures are taken [16]. Drought severity and frequency
are expected to worsen with the advent of increased climate variability and change with
significant impacts in arid and semi-arid regions [17,18].

Like many Sub-Saharan African countries, the Gambian agriculture depends heavily
on rain-fed weather conditions, with only three percent of arable land under irrigation,
mainly rice cultivation. Crop yields depend highly on the amount and distribution of
seasonal rains, which makes the country most vulnerable to increased climate variability
incidents [19]. The country is facing pronounced risks of higher temperatures, more erratic
but lower rainfall of about a 400-mm decline compared to the 1961-1990 period, more
frequent droughts and lengthened dry spells coupled with above-average rains resulting in
a decrease in annual crop yield trends [20-22]. This situation adversely affects the country’s
food security and the livelihood of small-scale subsistence and semi-intensive farmers who
form 70 percent of the country’s population.

Before developing any climate-crop prediction model, there is a need to establish a
proven relationship and the impacts of historical and current climate variability on crop
yields to help design adaptation strategies for improving climate resilience [5,23]. Several
studies using empirical models in recent and past decades have shown the significance
of climate variability and change (especially precipitation and temperature) in explain-
ing historical and future variations in crop yields at temporal and spatial scales [24-26].
Employing a statistical climate—crop yield relationship, the authors in [27] showed the sig-
nificant impact of growing season temperature and precipitation on cereal crop production
in Nepal. The authors of a study conducted in the United States and China [28] use an
econometric model that incorporated climate, economic, and technology variables and
concluded that climate change would not universally cause negative impacts on maize
yields in the United States and China. Despite rapid progress in establishing the rela-
tionship and impacts of variations of these climatic variables on crop yields in different
agro-ecological zones, a substantial gap exists due to climate dynamics and uncertainties
under changing environments [18]. Most of these studies [29-32] at local and global scales
only focused on basic climatic variables such as precipitation and temperatures. In ad-
dition to variations in mean climate variables, different studies have identified drought
indices linked with prolonged effects and anomalous moisture deficit as recurrent climate
hazards affecting crop production with severe societal and economic constraints [33-35].
The authors of [36,37] proposed that extreme climate events such as droughts and higher
temperatures will significantly have adverse impacts on crop yields more than variations
in mean precipitation and temperatures alone.

Studies by [38] revealed that cereal yields mostly have a positive response with
increasing precipitation in rain-fed tropical regions like the Gambia, while the rise in
temperatures and a decrease in the SPEI has a more adverse effect on yields [39]. A
growing number of studies have used drought indices such as the Palmer Drought Severity
Index (PDSI) [40], Standardized Precipitation Index (SPI) [41], and most recently, the
Standardized Precipitation and Evapotranspiration Index (SPEI) [42] at different time
scales to characterize drought events associated with crop yield anomalies and to develop
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statistical models to predict crop yields [43,44].The SPEI is considered more relevant to
crop production because it combines the characteristics of PDSI (which uses temperature)
and SPI (which uses precipitation) to assess droughts at multiple time scales [45].

Economic growth in the Gambia is highly correlated with its agricultural growth,
owing to its contribution to national food security, about 75% of employment, 70% of its
foreign exchange earnings, and 24% of GDP [46]. As reported by the authors of [21,47],
variations in temperatures and recurring drought events cause a significant impact on
yields and increase the poverty level of the country’s larger population who depends
on agriculture as a source of income. Similarly, studies by [48,49] evaluated farmers’
perceptions and adaptations to climate change and variability in some specific regions
within the country and indicated that farmers perceived a high increase of temperature and
a decrease in rainfall, contributing to a decline in yields. However, studies investigating
the impact of historical and/or current climatic trends alongside extreme climate events
such as drought are limited, and no such study has been conducted on agro-regional scales
in the Gambia so far. Hence, this study aims to establish the trends, relationships, and
impacts of temperatures (minimum and maximum) and the SPEI on yields of major cereal
crops in the three agro-ecological regions of the Gambia. A better understanding of these
impacts is crucial for better decision-making at all levels to minimize climate-related yield
losses and geared towards improving crop production and food security.

2. Materials and Methods
2.1. Study Area

The Gambia, located on latitude 13.28 N and 16.34 W, is the smallest country on the
Atlantic coast of mainland Africa with a land area of 10,120 km?. The country is divided into
6 administrative regions from east to west. Based on biophysical characteristics and rainfall
patterns, these 6 administrative regions are further divided into three main agro-ecological
zones (Figure 1), namely, the Sahelian (considered the smallest region located in the central
river region north of the country, characterized by 70 days of active crop production
during the raining season), the Sudan-Sahelian (considered the largest agro-ecological
region comprising of four administrative regions with an active growing season length of
79-119 days), and the Sudano-Guinean zone (comprising of two administrative regions
with a growing season length of 120-150 days) [50]. A semi-arid monomodal rainfall
characterizes the three regions from June to October. This rainfall season is controlled by
the movement of the tropical rain belt (also known as the Intertropical Conversion Zone,
ITCZ), which oscillates between the northern and southern tropics over a year, affecting
the Gambia when it is in its north position [51]. The total annual rainfall in the three study
regions varies enormously, with average amounts ranging from about 700 mm to 920 mm
(1975 to 2018 data). The wettest areas have been over the Sudano-Guinean and the driest
regions have been the Sahelian zone [52]. Average temperatures in these regions range
from 18 °C to 30 °C during the dry season and 23 °C to 33 °C during the wet season,
with maximum temperatures in April and May exceeding 40 °C towards the eastern and
inland areas of the country [46]. The Gambian primary sector has been (early millet, late
millet, maize, sorghum, and rice), semi-intensive cash crop production (groundnuts, cotton,
sesame, and horticulture), and traditional livestock rearing. The farming system in these
regions is characterized by subsistence mix cropping comprising cereals such as sorghum
(Sorghum bicolour (L.) Moench), pearl millet (Pennisetum glaucum (L.) R.Br.), maize (Zea mays
L.), and rice (Oryza sativa) and semi-commercial production of legumes such as groundnut
(Arachis hypogaea L.) and cowpea (Vigna unguiculata (L.) Walp.). This is alongside traditional
livestock rearing, though crops account for a more significant portion of the production [53].
Soils in these regions (most especially the Sudano-Sahelian and Sahelian regions) have low
inherent fertility characterized by low cation exchange capacity (CEC), which have over
the years been subjected to various types of degradation attributed to soil erosion (wind
and water), clearing by burning, and limited incorporation of green manure. Crop yields
in these regions have declined drastically during the past decades due to many factors,
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including erratic and insufficient rainfall, and the low use of mineral and organic fertilizers
in a context of decreasing soil fertility combined with soil salinization due to seawater
intrusion [19].
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Figure 1. Agro-ecological regions and the spatial distribution of the weather stations used in the study.

2.2. Data Acquisition

The climate data (precipitation, maximum and minimum temperatures) from the
10 weather stations across the country were obtained from the Department of Water Re-
sources from 1990 to 2019 (30 yrs. period). A quality control check was performed, and
stations with more than 5% of missing data and outliers were removed. A homogeneity
test was also carried out to test the fluctuations in the dataset using the RHtest software
package [54]. After that, six synoptic stations with continuous data series representative
of the 3 study regions were used for the analysis (Figure 1). Climate variables were used
according to the crop growth season because non-growing season climate factors have no
direct impacts on yields and may contribute to uncertainties in our study [55]. Annual
records of the four cereal crop yields (sorghum, millet, maize, and rice) aggregated ac-
cording to the agro-ecological regions were acquired from the Planning Service Unit (PSU)
under the Ministry of Agriculture for the same period as of the climate record. Outliers
were removed and replaced with the mean of the dataset during the study period for
the analysis.

2.3. Trend Analysis

The Mann-Kendall test (a non-parametric test), adapted from [56], was used to exam-
ine crop yields’ trends and significance level and changes in growing season temperatures
and SPEI at one- and three-month timescales. The Mann-Kendall test was calculated using
the modified Mk package in R software at a 95% (p < 0.05) significance level. Results
indicate positive and negative values as increasing or decreasing monotonic trends, respec-
tively. Sen’s slope was used to quantify the magnitude of trends (temporal change per unit
in climate and yield variables) using a simple non-parametric procedure developed by Sen.
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2.4. Determination of Drought Severity Index

The widely used standardized precipitation evapotranspiration index (SPEI) was used
to express the duration and magnitude of drought. SPEI is a multi-scalar index that uses
the differences between precipitation (P) and potential evapotranspiration (PET), thus in-
cluding the impact of temperature on soil moisture responsible for crop growth. There exist
several methods of computing PET, from the simple Thornthwaite or Hargreaves [57,58] to
the sophisticated FAO and WMO's standard accepted Penman-Monteith (PM) [59] method.
Due to data limitations, this study used Hargreaves using minimum, maximum air temper-
ature, and geographic coordinates of the stations [57]. This method has been used widely
in similar studies performed in Africa and beyond and provides results similar to the
complex methods [38,60]; hence this method is recommended in data-scarce regions [61].
The precipitation (P;) and potential evapotranspiration (PET;) were used to calculate the
climatic water balance (D;) at different timescales and for each region as:

D; = P, — PET; 1)

The D; was standardized by the log-logistic distribution series to derive the SPEI
values at 1- and 3-month timescales for meteorological (SPEI-1) and agricultural (SPEI-3)
drought due to their significance to crop production [62]. Though the 30 years, monthly
SPEIs were determined, but only the five month-growing seasons (June-October) was
used in further analysis. The SPEI R package (http:/ /cran.r-project.org/web/ (accessed
on 20 October packages/SPEI) developed by [63] was used to calculate both the PET, D,
and SPEI following previous studies such as [64,65]. The classification of the SPEI values
ranging from >+2 (extreme wet) to <—2 (extreme drought) are presented in Table 1, and
the greater the negative value, the more severe the drought condition and vice versa [66].

Table 1. SPEI classifications corresponding to wet and dry conditions used in this study [66].

SPEI Value SPEI Classification
>2.00 Extreme wet (EW)
1.50 to 1.99 Severe wet (SW)
1.49 to 1.00 Moderate wet (MW)
0.99 to —0.99 Normal (N)
—1.00 to —1.49 Moderate drought (MD)
—1.50 to —1.99 Severe drought (SD)
<-2.00 Extreme drought (ED)

From the above classification, we determined the probability of wet or drought inci-
dence of a given threshold as the frequency ratio of occurrence of the SPEI category to the
total record of SPEIs for the study period.

2.5. Climate—Crop Yield Relationship and Impact Analysis

To determine the relationship and how much variation in crop yields was explained by
climate variables, it was necessary to remove or minimize the trend effects of non-climatic
factors such as cultivar, management, and technology to eliminate bias due to these trends.
Anomalies were obtained by detrending time series in crop yields and climate (Tmin, Tmax,
and SPEI), using the first differencing approach applied in many studies [11,67].

Associations between detrended yield and climate were explored through correlation
analyses using the corrplot package in R. The correlation results provide initial information
on the positive or negative associations, which help to understand the regression results.
The SPEI was used instead of precipitation in this study since it produces similar qualitative
results with precipitation, and it is more accurate in describing wetness and dryness
than precipitation because it accounts for the varying rates of evapotranspiration [60].
Including the SPEI and precipitation in our model would induce collinearity since both
were significantly correlated; thus, only the SPEI was used.
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Finally, a multi-regression analysis of the detrended yield and climate was performed
to quantify the percentage response (r?) of yield variations achieved jointly by precipitation
and temperatures. Though less complex than crop simulation models, this method gives
the best linear and unbiased estimates among other estimators. It has been used in several
studies in Africa [68,69] to study the impact of the climate on crop yields. The regression
model adapted from [70] was applied for a single crop in each region as:

AY;j = constant 4 (« x ASPEI;j) 4 (B x ATmax;;) + (¢ x ATmin;j) )

where Y represents the change in the dependent variable (yield) in region i in year j; &,
and c, are the coefficients of SPEL, maximum and minimum temperatures during the study
period. ASPEI, ATmax, and ATmin are the observed changes in independent variables
(SPEI, maximum and minimum temperatures).

3. Results
3.1. Observed Trends of Tmin, Tmax, and SPEI

The long-term trends in growing season Tmin, Tmax, and SPEI at 1- and 3-month time
scales were assessed for all the three study regions through the Kendall-Tau statistical tests
at a 95% significance level and quantified by the Sen’s slope, and are presented in (Table 2).
A substantial positive (warming) trend has been observed across the three study regions
for mean minimum and maximum air temperatures between 1990-2019. However, this
warming trend was significant ((p < 0.05) only for October Tmin in the Sudano-Guinean
region and for August, September, and October Tmin in the Sudano-Sahelian region with
the minimum average seasonal warming trend of 0.010 °C year ! observed in the Sahelian
region and a maximum trend of 0.019 °C year ~! observed in the Sudano-Sahelian region,
respectively. Growing season monthly Tmin exhibited a more significant increasing trend
than Tmax. However, a non-significant decreasing (cooling) trend was observed in the
maximum air temperatures (Tmax) in August (0.023 °C) and September (0.018 °C) in
the Sahelian region and in August Tmin in the Sudano-Sahelian region. The maximum
and minimum temperatures patterns show well-defined coherent spatial and temporal
characteristics characterized with year-to-year variability. The long-term trends show both
below and above-average temperatures during the growing season (Figure 2).

Table 2. Annual trend slopes of Tmin, Tmax, and SPEIs in the growing season for the three agro-ecological regions from

1990 to 2019.
Tmin Tmax
Jun Jul Aug. Sep. Oct. Mean Jun Jul Aug. Sep. Oct. Mean
S.Guinean ~ 0.025  0.018 0.018 0.029 * 0.017 0.003  0.027 0.006 0.005 0.010 0.014
S. Sahelian 0.00  0.00 0.018 ** 0.015* 0.038 ** 0.019 * 0.033 0.00 0.011 0.01 0.011
Sahelian 0.008  0.006 0.000 0.016 0.017 0.010 0.041  0.025 0.013 0.010
SPEI-1 SPEI-3
Jun Jul Aug. Sep. Oct. Mean Jun Jul Aug. Sep. Oct. Mean
S.Guinean ~ 0.011  0.004 0.036 0.013 0.008 0.013 0.003  0.009 0.025 0.029 0.036 0.021
S. Sahelian 0.029 0.049 ** 0.061 ** 0.006 0.029 * 0.017 = 0.066**  0.055*  0.047 0.034 *
Sahelian 0.021 0.032 0.038* [=000080 0.010 0.016 0.037 0.042 0.034 0.021

** p-value < 0.01, * p-value < 0.05. The green and red colors represent positive and negative values, respectively. The different shades of
green colors represent the significant and non-significant trends at the 95% confidence interval.

The mean seasonal SPEI-1 and SPEI-3 show an increasing trend over the years for all
the regions. The magnitude of changes differed between regions with monthly upward
trends varying from 0.04 in July to 0.061 in September for SPEI-1 and from 0.003 in June to
0.055 in September for SPEI-3, with a significant trend mainly found in the Sudano-Sahelian
zone (Table 2). August and September, which correspond to the wettest months of the
Gambia’s growing season, had the highest monthly SPEI trends across the three regions,
with increases in 1- and 3-month lags varying from 0.013 in the S. Guinean to 0.066 in the
S. Sahelian.
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Figure 3 shows the temporal evolutions of the regional averaged SPEI with 1- and
3-month time scales. The overall trends in the SPEI show variations towards positive and
negative lags clustered together, indicating that both wet and dry conditions were observed
over the past 30 years. All the regions were exposed to a range of drought conditions
during the first 10 years of our study for both SPEI-1 and SPEI-3. The years 1990-1998
presented a period of drought, registering an index of —2.62 in 1991 in the Sudano-Sahelian
zone (Figure 3b) and —2.98 in 1996 in the Sudano-Guinean area (Figure 3a). The 1999-2012
period experienced a remarkable shift towards an anomalous increase in wet conditions
across all the three regions with a maximum SPEI index of up to 2.44 in 1999 and 2.45 in
2009 in the regions mentioned above, respectively. This situation indicates a favorable shift
towards the increase of soil moisture during the period of the study.
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To further understand the historical SPEI, drought and wetness severity levels (mod-
erate, severe, and extreme) have been assessed (Figure 4). Our results show monthly
droughts ranging from moderate to extreme droughts from 1990 to 1996 across the three
regions and alternate drought and floods conditions captured from 1997 onwards with
tendencies of monthly dry scenarios becoming frequent, particularly after 2012. The SPEI-1
exhibits a periodic change in the dry/wet conditions more than the SPEI-3; thus, values
of the SPEI-1 (Figure 4 (left)) characterize individual monthly conditions and hence the
effect of dry /wet conditions does not affect the following month. However, the absolute
value of the wet or dry condition of the SPEI increased gradually when the SPEI series was
calculated at 3month lags, indicating that previous moisture from the preceding 2 months
could be integrated to latter months, thus, highlighting the persistence of alternate dry and
wet months (Figure 4 (right)). The above result suggests that the length of extreme events as
showed by the SPEI-3 might not be effectively detected with SPEI at a one-month lag; thus,
the combination of SPEI-1 and SPEI-3 provide a better explanation of dry/wet conditions.
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Figure 4. Temporal and spatial variation of wet and dry conditions from 1990-2019 based on SPEI-1(left) and SPEI-3 (right)
values. The months June-October corresponds to the 5-month growing season. The climatic events are classified into

two main groups: dryness (orange) and wetness (green). The color level displays the degrees of condition ranging from

moderate to extreme. Adapted from the authors of [71].

Similarly, the frequency of probability of drought and wetness occurrence and intensity
has been analyzed for each region (Table 3). Abnormal wet and dry conditions were seen
in all three regions with a frequency probability from 35 to 39%. The evolution of SPEIs
over the three regions was similar, though the Sudano-Sahelian region experienced a more
frequent number of drought episodes for both SPEI-1 and 3 than the rest of the regions.
The SPEI-1 revealed more dry months across the three regions while the number of wet
months increased slightly in the SPEI-3, suggesting an increase of moisture with time
scale. The probability of extreme, severe, and moderate drought combined for the two-time
scales 18.3%, 20%, and 17.3%, while anomalous wet conditions combined ranges from
15.3%, 17.7, and 21% for the three regions, respectively. Extreme wet and dry conditions
were rare compared to moderate drought and wetness, while near-normal conditions were
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more common with 66.3%, 62.0%, and 61.6% across the three regions for the SPEI-1 and
SPEI-3 combined.

Table 3. Probabilities of experiencing anomalous dry and wet conditions in the 3 regions from 1990 to 2019.

SPEI-1 SPEI-3

Category S. Guinean S. Sahelian Sahelian S. Guinean S. Sahelian Sahelian

F P F P F P F P F P F P
Extreme drought 1 0.006 5 0.033 2 0.013 5 0.033 0 0.00 2 0.013
Severe drought 11 0.073 4 0.026 3 0.02 7 0.047 5 0.033 5 0.033
Moderate drought 18 0.12 21 0.14 20 0.133 13 0.086 25 0.167 20 0.133
Extreme wet 4 0.026 2 0.013 1 0.006 3 0.02 2 0.013 2 0.013
Severe wet 3 0.020 4 0.026 8 0.053 8 0.053 5 0.033 7 0.047
Moderate wet 15 0.10 18 0.12 24 0.16 13 0.086 22 0.147 21 0.14
Normal 98 0.653 96 0.64 92 0.613 101 0.67 91 0.606 93 0.62

3.2. Crop Yield Trends

The country’s average yields declined at an average rate of 13.4 kg ha~lyr~! for millet,
19.6 kg ha~!yr~! for maize, and 20 kg ha~!yr~! for rice, while sorghum yields exhibited a
slight increase of 2.5 kg ha~!yr~! (Figure 5). Except for sorghum, the Mann-Kendall test
revealed a significant decreasing trend on the regional average yields of all crops across
the three regions. The most considerable yield decrease was observed in the Sahelian
and Sudano-Sahelian region for maize (28.1 kg ha~!yr~! and 19.1 ha~!yr~!) and rice
(29 kg ha~lyr~! and 19 halyr~!), respectively. Average yields and yield trends differed
across regions showing high inter-annual variability, with a standard deviation between
131 kg ha~! for sorghum yields in the Sudano-Guinean region to 428 kg ha~! for rice in
the Sahelian region.

3.3. Climate—Crop Yield Correlation

The correlation analysis showed that maximum and minimum temperatures in the
growing season had a generally negative association with detrended crop yield across all
the regions, except for Tmin and millet in the S. Guinean zone (Figure 6). For the S. Guinean
and Sahelian regions, the strongest (significant) negative correlation values were observed
between Tmin and rice yields (0.45 & 0.50), while Tmax revealed a stronger negative
relationship with sorghum and rice yields in the S. Sahelian region. The most significant
(p-value < 0.05) correlation value (r) between yields and temperatures for the three regions
was observed between Tmax and sorghum yields (r = —0.53) in the S. Sahelian region, and
the lowest correlation coefficient was observed for Tmin and millet yields (r = —0.03) in the
Sahelian region. Conversely, a generally positive and significant correlation (p < 0.05) was
observed between yields and SPEIs with detrended crop yields in all of the three regions
(Figure 6). The mean SPEI-1 indicated a higher positive association with yields than the
SPEI-3, with the maximum correlation recorded for maize yields (r = 0.73) in the Sahelian
zone. However, the SPEI-3 exhibited more months with a significant correlation pattern
than the SPEI-1.
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Figure 5. Time series of sorghum, millet, maize, and rice yields from 1990 to 2019.

3.4. Impact of Historical Climate Trends on Yields

The multi-linear regression model represented by the r?> between detrended yields
and the climate was used to indicate the degree of yield variation explained by changes in
climate trends. Results from the analysis reveal that variations in mean predictors (SPEI-1,
Tmin, Tmax) explained from R? = 0.20 to R? =0.62 of the year-to-year change in yields
for all crops (Table 4). This means that 20% and 62% of the yearly variations in sorghum
(kg ha—1) and maize (kg ha1) yield in the Sudano-Guinean and Sahelian region for the
past 30 years can be explained jointly by the variations in SPEI, Tmax, and Tmin. The
remaining 80% and 38% can be attributed to other non-climate factors such as seed varieties,
financial status, soil characteristics, planting dates, weeds, pests, diseases, etc., omitted
in our analysis. As shown in Table 4, the magnitude of climate variability responsible for
yield fluctuations was region and crop-specific and thus varied between crops and across
regions. For example, climate variables accounted for only 32% of the changes in maize
yields in the Sudano-Guinean zone, whereas 62% of the changes in the same crop were
accounted for by climate in the Sahelian zone and vice versa.
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Figure 6. Pearson’s correlation between crop yields, SPEIs, Tmin, and Tmax for 1990-2019. * p-value < 0.05, ** p-value < 0.01.
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Table 4. Multiple linear regressions relating crop yields, SPEI-1, Tmin, and Tmax.

Sorghum Millet Maize Rice
Estimate Sig. Estimate Sig. Estimate Sig. Estimate Sig.
Intercept 1.57 —4.86 —2.843 -13.1
S. Guinean SPEI-1 168.25 0.04 * 72.88 0.38 108.52 0.08 93.8 0.18
Tmin 6.35 0.95 162.26 0.11 —72.98 0.32 —168.98 0.06
Tmax 16.37 0.89 —233.3 0.07 —74.148 0.42 28.6 0.78
R? 0.2 0.26 0.32 0.27
Sig. 0.13 0.05 * 0.021 * 0.046 *
Intercept 6.763 —7.53 —-17.6 —11.357
S. Sahelian SPEI-1 449 0.21 72.32 0.05 * 155.5 0.002 ** 96.67 0.015 *
Tmin —235.68 0.027 * —48.05 0.63 —57.7 0.67 —8.85 0.93
Tmax —167.07 0.03 * —89.54 0.23 —34.21 0.72 —142.97 0.07
R? 0.44 0.29 0.38 0.41
Sig. 0.001 ** 0.032 * 0.007 ** 0.004 **
Intercept -1.798 —6.68 —23.96 -29.3
Sahelian SPEI-1 297.98 0.004 ** 190.7 0.016 * 424.76 0.00 ** 377.49 0.03 *
Tmin —37.338 0.73 80.517 0.34 —208.32 0.03 * —456.92 0.02 *
Tmax —43.95 0.51 —65.1 0.22 58.91 0.31 59.06 0.61
R? 0.39 0.32 0.62 0.38
Sig. 0.006 ** 0.02* 0.000 ** 0.006 **

*p<0.05*p<0.01.
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The regression coefficients indicate that the SPEI-1 index was a significant factor
favoring crop yield increase across the three study regions. In contrast, inferred Tmin
and Tmax sensitivities mostly impacted yields negatively, though positive effects due to
temperatures were observed on some region-specific crops (Table 4).

The yield changes due to the combined impacts of the three climatic trends on crop
yields presented in Table 4 were calculated using the equation below for a single crop (e.g.,
maize in the Sahelian zone) as:

AM —23.96 +424.8 x ASPEI.1 — 208.32 * ATmin + 58.9 * ATmax (©)]

1] =
where AM;; is the estimated yield change of maize in the Sahelian zone, ASPEIL.1, ATmin,
and ATmax are the changes in SPEI-1, minimum and maximum temperatures (°C), and the
numbers correspond to the values of the estimated coefficients.

Substituting the trends of the three climate variables between 1990-2019 in Equation (3)
implies that a unit change in growing season SPEI at 1-month will lead to an increase
of 424.8 kg ha~! year™! of maize yield, a unit change in Tmin will lead to a yield
decrease of 208.32 kg ha~! year~! and a unit change in Tmax will increase yields by
58.9 kg ha~! year~!, respectively.

Applying the above equation for all crops revealed that the increase in the SPEI-1 trend
significantly increased yields across all the study regions (Table 4). These impacts likely
depend on the rainfall distribution during the growing season; thus, regular distribution of
precipitation, especially during the early part of the rainy season, translated into higher
yields than years with inconsistent distribution patterns. Conversely, increasing tempera-
tures, especially Tmin, mostly suppressed yields, particularly in the Sahelian region with
the most pronounced impact on rice yields. Nevertheless, warming trends in Tmin and
Tmax also favored a yield increase on some region-specific crops, particularly sorghum
and millet in the S. Guinean zone and maize and rice in the Sahelian region, respectively. In
most instances, the yield impacts were determined by SPEI trends rather than temperatures
except for sorghum and millet yields in the S. Sahelian and maize and rice in the Sahelian,
where impacts were determined by both SPEI-1 and Tmin, respectively (Table 4).

The estimated impacts of yields due to growing season SPEI-1, Tmin, and Tmax
trends across the three study regions are shown in Figure 7. Although varying from
one region to the other, yields decreased consistently due to climate trends for all crops
(3.6 kg ha~! year~! to 29.4 ha~! year~!) except for sorghum which showed yield gains
across the three regions. Rice yields experienced the most significant decrease due to the
combined effects of SPEI-1, Tmin, and Tmax in the Sahelian and Sudano-Sahelian regions.
These regions are characterized as the most intensive agricultural areas with a higher risk
of drought and warming in the Gambia.
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Figure 7. Estimated impacts of climate trends from the multiple linear regression for 1990-2019 on
crop yields (kg ha=!y~1).
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4. Discussion

Agriculture contributes 24% of the GDP and 75% of the household income in the
Gambia [46]. As in in many parts of the globe [72-74], the agricultural sector in the Gambia
is expected to be severely affected by climate change characterized by increasing tempera-
tures and the spatio-temporal variation of precipitation patterns, favoring the formation of
seasonal and annual droughts [75]. A likely increase in climate events is projected across
the world, which will cause serious repercussions on crop yields, affecting the overall
GDP of most developing countries and the livelihoods of people, especially those who
depend on rainfed agricultural production systems. Hence, this study attempts to analyze
the trends and impacts of mean temperatures (Tmin and Tmax) and the Standardized
Precipitation Evapotranspiration Index (SPEI) on the four main cereal crops over the three
agro-ecological regions in the Gambia 1990-2019, which could support effective agricultural
adaptation practices under a changing climate.

Though several studies have been conducted globally and on regional scales relat-
ing historical climate impacts and yields, to the best of our knowledge, no such studies,
particularly during cropping seasons, have been conducted in the Gambia. Some studies
revealed an upward trend in temperature (representing climate warming), considered a
major driver in drought frequency and severity across different regions [9,21,76], which
aligns with the findings of this work. Tmin is rising faster than Tmax, consistent with
studies such as [77,78] with more apparent warming observed in the S. Sahelian region.
These warming trends also agree with the study in [79], which indicates an increase in
global mean temperatures, likely to affect precipitation patterns, especially in tropical and
subtropical regions like the Gambia. In the current context of global warming, this increas-
ing trend in temperatures found in our study could likely exacerbate evapotranspiration,
accelerate crop development, and reduce grain filling duration, thereby causing a reduction
in grain yields and or seed number [80].

We consider that in the arid regions like the Gambia, where evaporation is large, the
SPEI is more appropriate than total precipitation alone to characterize drought evolution
because the SPEI captures the combined effects of temperatures and precipitation to assess
the role global warming plays in drought evolution. Overall, the time series of the SPEIs
at cropping season exhibited an increasing trend across the three regions (significant only
in the S. Sahelian region), with alternate dry and wet conditions, at 1- and 3-month lags,
representing drought characterization: severity, extent, and duration [81]. This observed
increase in the SPEI trend over the three regions can be partially attributed to the partial
recovery of recent precipitation patterns in most Sahelian countries [82]. Our assessment
agreed with the finding reported by recent studies in Africa and beyond [83-85], indicating
the variation of wet and drought episodes and more frequent extreme events based on
observed long-term data. The frequency of severe and moderately dry conditions compared
with wetness was more evident in the SPEI at a 1-month lag in the S. Guinean and S.
Sahelian regions than in the Sahelian zone, whereas the percentage of wetness increased
with the increase of the SPEI at a 3-months lag. This implies that the magnitude and
level of dry and wet conditions increase with the 3-month SPEI time scale, as the SPEI-3
accumulates the impacts of soil moisture conditions from the previous two consecutive
months. The alternate increase in dry and wet episodes, along with rising temperatures
found in our study and consistent with [71], could likely cause increased soil evaporation
and reduced soil moisture during the rainy season. Since trends in wetness/dryness are
considered to be mainly determined by the water balance in a region [66], wherein the
climate components of warming temperatures found in our study often play a big role, this
could likely result in the consistent increase of potential evapotranspiration (PET), which is
detrimental to crop growth. Previous studies [86,87] reported a considerable uncertainty
related to the SPEI patterns in west African countries like the Gambia with linear trends
towards decreases and increases associated with extreme rain events and intra-seasonal
variations caused by the El Nifio Southern Oscillation (ENSO) events. However, whether
statistically significant or not, these climate trends can still have severe consequences
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for crop production through yield declines, reduced soil moisture, etc., and hence need
appropriate attention while assessing the climate impacts on crop yields [88]. Using shorter
time scale SPEIs of 1- and 3-months was useful to detect more dry and wet events in our
study as both time scales consider only the current month (1-month scale) and the previous
2 months (3-month scale); hence, their responses to the change of climatic variables are
more instant. However, a longer time scale is more appropriate to investigate the long-term
changing pattern of drought conditions as they reveal a more intuitive presentation of the
trend [60].

According to the World Food Program (WFP), cereals account for more than two-thirds
of the Gambia’s food energy intake, albeit with varying importance across regions [89];
thus, impacts of climate variability on these crops could have a severe effect on the larger
majority of the country’s population who depends on agriculture for livelihood. Consistent
with the findings in [90], the yields of all crops in our study (except sorghum) exhibit a
downward trend. This finding aligns with the authors of [7,91], who indicate a decline in
cereal yields in France and most African sub-regions due to increasing climate variability
and change. However, the difference and magnitude of yield reduction across the regions
in this study could likely be driven by certain complex environmental, biological, and
socio-economic factors that need further investigation.

A clear negative relationship was found between detrended yields, Tmin and Tmax,
respectively. This suggests a decrease in crop yields due to heat stress and reductions in net
photosynthetic rates [30]. The negative relationship between temperatures and yields can be
associated with an increase in evapotranspiration, which reduces the soil moisture needed
for optimum crop growth in arid and semi-arid regions like the Gambia, where irrigation
is a limiting factor. Studies such as [26,67,92,93] also reported a negative correlation
between temperatures and cereal crops. Correlations between yield and growing season
mean SPEIs [94] were highly positively significant [38,65], suggesting that SPEI constantly
influences crop yields. Significant correlations are more pronounced in the SPEI at 3-month
lags than 1-month, with the former indicating the progress of crops” growth stages; hence,
yields depend on all growth stages in a crop cycle, and the later growth stage reflects a
long period of water deficit.

The regression model confirms the susceptibility of crop yields to increasing tempera-
tures and mirrors the effect of positive gains from SPEI trends to help compensate for the
adverse impact of temperatures. Hence, possible yield declines due to warming trends
could, to some extent, be lessened by improved water deficiency through water manage-
ment and irrigation measures. These findings align with studies such as [95-97]. Yield
variability due to SPEIs reveals more explanatory power than temperatures, exhibiting
the vulnerability of crop yields in these regions to drought events. Cereal yield variability
has been linked to variation in precipitation-related droughts or wetness in rain-fed areas,
while increased temperatures were associated with yield declines [98,99], similar to the
findings of this study. Stress due to high temperatures and low humidity reduces pollen
viability and silk receptivity due to desiccation, resulting in poor seed formation and low
yield [62]. The regression coefficients revealed both the positive and negative impacts
of individual climate trends on yields, though the combined effect of the three observed
climate trends decreased yields for all crops except sorghum. Unless addressed through
adaptation strategies, observed climate trends will suppress yields for millet, maize, and
rice at varying rates across all regions, particularly in the Sahelian and Sudano-Sahelian re-
gions which are considered the areas with the largest population of vulnerable subsistence
farmers in the Gambia. Reduction rates per year across all regions were mainly attributed
to Tmin and Tmax rather than the SPEI trends. Similar findings were also found in studies
by [100,101].

5. Conclusions

Assessing the historical impacts of declining cereal yields in the Gambia, mostly at-
tributed to variations in climatic parameters, is vital to address the various risks of projected
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climate change. This study gives an insight into the effects of the past 30 years (1990-2019)
of mean temperatures (Tmin and Tmax) and the SPEI on major cereals (sorghum, millet,
maize, and rice) over the three agro-ecological regions in the Gambia, where no such study
has been carried out before. The quantification of the climate change impact on yields using
a correlation and regression analysis will help address the core challenges of climate-related
yields losses, based on which the influences of expected changes in future climate can be
more realistically assessed at regional scales.

The trend analysis results show that during the last 30 years, all of the three agro-
ecological zones underwent a region-wide increasing trend and variability in temperatures
and the SPEI across all the study regions. SPEIs revealed that all the study regions ex-
perienced an alternate episode of droughts and wetness during the main crop growth
stages, though near-normal conditions were more frequent than extreme, severe, and
moderate drought or flood conditions. The correlation analysis shows that SPEI had a
positive (p < 0.05) relationship with all four crops, while temperatures were negatively
associated with yields. A unit increase in mean growing season temperatures intrinsically
contributed to an estimated decline in yields for almost all crops ranging from an estimate
or coefficient of —37.34 kg h™! year ~! for Tmin on sorghum yields in the Sahelian and
—456.92 kg h~! year ~! for rice yields in the same region. Though the magnitude of these
impacts varies among crops and across regions, our study revealed that the combined effect
of Tmin, Tmax, and SPEI trends during the last three decades played a determining role in
the percentage of yield variations from r? = 0.20 (20%) for sorghum in the Sudano-Guinean
region to r? = 0.62 (62%) for maize in the Sahelian region, thus suggesting that climatic
trends will continue to have a discernible negative impact on the country’s cereal crop
production if no adaptation measures are implemented.

Our analysis shows that of the four cereal crops studied, maize and rice yields were
the most vulnerable to climate, with the Sahelian region experiencing the highest yield
decline in rice (29. 4 kg ha~! year~!) and maize (21 kg ha~! year™!) yields. Thus, this
heterogeneity of the impact of the climate between crops and across regions suggests that
current policies promoting cereal cultivation in the Gambia need to consider each region
and crops’ relative vulnerability to the climate. This indicates that every region requires
its adaptation strategy or tailor-made intervention action, which should be analyzed in a
participative decision-making process. Policies and adaptation measures should include
integrated approaches depending on each region’s specific climate parameters, soil type,
topography, technology availability, suitability, etc. However, in this study, we showed
only the inferred impacts of the mean growing season temperatures (Tmin and Tmax) and
the SPEI as influencing factors to yield variability and decline from 1990-2019. Hence,
more insights related to the significant decline in yield trends within the study regions may
be obtained by including the influence of other climate parameters and or non-climatic
factors, such as agronomic practices, agricultural policies, market prices, cultivars, and
fertilizers, which were not captured/included in our model.

Although the impact of climate trends on crop yields had mixed effects and involved
greater uncertainties, most likely during certain growth stages of the crops studied, the
results of this study provide an understanding of the significance of climate trends and
set the bibliographic basis for projecting current and future climate impacts on yields in
the Gambia. Policymakers can use this information for informed decision-making geared
towards improving crop productivity.
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