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ARTICLE INFO ABSTRACT

Keywords: The intensification of the hydrological cycle has increased heavy rainfall and drought events in a changing
Climate change climate. However, compared to drought, the impacts of heavy rainfall on crop production are under-studied.
Cowpea Using field experimental data and a calibrated crop model CYGMA, we showed that excessive soil water asso-
Crop model . . . . . . . . .

Heavy rainfall ciated with heavy rainfall events is having a detrimental effect on cowpea yields, even in the dry environments of
Nutr‘?(,ion West Africa where cowpea is an important, protein-rich cash crop. Cowpea yields are susceptible to heavy

Soil rainfall in areas with poorly drained soils, and to drought in soils that have a low water-retention capacity. The
crop model captured of the main characteristics of the observed development, growth, and yield, as well as the
characteristics of root-zone soil water contents and how they vary by soil type. The analysis of d4PDF factual and
counterfactual climate model simulations revealed that heavy rainfall events associated with anthropogenic
climate change have increased in recent decades, and that they are projected to increase in future. Further,
changes in seasonal rainfall and the number of dry days would be largely absent from CMIP6 climate projections
by mid-century. Reductions in cowpea yields due to excessive soil water is projected to become more frequent,
and the potential damage in a 1-in-100 extremely wet year would be comparable to the damage currently
experienced in droughts, irrespective of soil types. Simulations of the projected damage due to drought show that
the situation will be similar to current levels, with drought remaining a major climate hazard. However,
excessive soil water is projected to be a serious threat to food security in the region. Our findings indicate that,
even in dry environments, cropping systems need to be implemented in order to reduce the susceptibility of soils
to both drought and excessive soil water.

1. Introduction

The intensification of the hydrological cycle in recent decades has
increased the risks of both droughts and heavy rainfall events to agri-
culture (Donat et al. 2016; Vogel et al. 2019). However, compared to
droughts, which are a well-documented climatic-impact drivers of pro-
duction shocks, food price spikes, food insecurity, and social unrest
(Brown et al., 2006; Kim et al., 2019; Food and Agriculture Organiza-
tion, 2021; Anderson et al. 2021), the effects of heavy rainfall on crop
production have been under-studied. Heavy rainfall events can decrease
crop production through the adverse effects that excessive soil water can
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exert on plant physiology (Mitchell et al. 2013; Irmak 2014), even in the
absence of physical damage from flooding, such as being dislodged by
runoff (Kim et al., 2023).

The few studies have shown that heavy rainfall can have either
negative or positive effects on yields. For example, heavy rainfall has
been shown to reduce maize yields in cooler regions with poorly drained
soils by 17 %, compared to normal yields based on long-term trends (Li
et al., 2019); such a decrease is considerable compared to yield reduc-
tion due to drought (32 %). A pioneering study by Rosenzweig et al.
(2002) showed that, by the 2030s, the frequency of heavy rainfall events
in the US might be twice that of 1951-1998 levels, and that crop
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production losses due to excess soil water may amount to $3 billion per
year. Attributing the effect of heavy rainfall on decreasing crop yields to
climate change has been challenging (Urban et al. 2015), and re-
searchers have only recently begun to consider this effect in climate
change impact assessments. In a recent assessment using a multi-crop
model ensemble, some of the models showed that the negative im-
pacts of excessive soil water on yields in humid regions of the world
could offset increases in yields due to the fertilization effect of elevated
atmospheric carbon dioxide concentrations [CO;] (Jagermeyr et al.
2021).

The negative impacts of excessive soil water have also been reported
for legume crops cultivated in dry regions of West Africa where water-
logging due to heavy rainfall in conjunction with high soil temperature
restrict root nodulation and decrease yields (Iseki et al., 2021). Given the
already fragile status of agricultural production and food insecurity in
the region, the potential impacts of excessive soil water in a changing
climate need to be better understood within the context of
climate-resilient development.

Cowpea (Vigna unguiculata) is a legume crop that is widely grown in
West African Sudan Savanna (Callo-Concha et al. 2013). The average
rainfall from mid-July to mid-October ranges from 300 to 1000 mm
[Fig. S1, Fig. S2]. Over 7.6 million metric tons of dried cowpeas (i.e., 86
% of global production in 2020) is produced in the region (Food and
Agriculture Organization FAO, 2022). Cowpeas are produced by farmers
with an average field size of <2 ha to 5-15 ha (Samberg et al., 2016).
Farmers in the region cultivate cowpea using either a mixed-cropping
system with sorghum, a major staple crop, or as the sole crop for
self-consumption, to produce hay for livestock, or to generate cash
(Shiratori et al., 2020; Smale and Thériault 2021). Considering that the
population of West African countries was 403 million in 2020 (United
Nations, 2022), the average amount of per capita annual cowpea con-
sumption is 19 kg. Since cowpea contains 25 % protein (Vasconcelos
et al. 2010), the daily protein intake is 13 g, which is approximately a
quarter of the recommended daily allowance for a sedentary adult (i.e.,
46-56 g depending on body weight) (National Academies of Sciences,
Engineering, and Medicine 2005).

Despite the importance of cowpea for nutrition and for generating
income, yields vary markedly in different locations due to differences in
rainfall patterns, varieties, and soil types. Soil nutrient deficiencies (in
particular, phosphorous) are also known to be a limiting factor for
legume yields (Sanginga et al., 2000; van Heerwaarden et al. 2023). In
West Africa, soils vary, with the main types being lixisols (LX) and
plinthosols (PT) (Fig. S2). Moreover, at a local scale, these soil distri-
bution patterns depend on the distance from river channels (LX tend to
be distributed on the lower to toe slopes, while PT soils tend to be
distributed on the middle to upper slopes). These soils also differ
markedly in terms of rooting depth (LX, 75 cm and PT, 25-50 cm),
nutrient contents, and water-holding capacity; these factors lead to
differences in average crop yields between these soil types (Ikazaki et al.,
2018; Iseki et al., 2021). Interactions between genotypes and the envi-
ronment also affect yield responses to soil water deficits and excessive
soil water (Padi and Ehlers 2008; Iseki et al., 2021), and make it difficult
to simultaneously increase yields under favorable growing conditions
and maintain yields under stressed conditions (Padi 2004). For example,
the coefficient of variation for cowpea yield in Burkina Faso is 29 %
(Fig. S3), which implies that stable cowpea production has not yet been
achieved in the region and will be even more challenging in the face of
climate change.

Although drying of the surface soil has been observed in West Africa
from the 1950s to the present, the confidence associated with pro-
jections of future rainfall are low, with drying projected in the western
parts of the region and wetting in the eastern parts of the region (Arias
et al. 2021). West Africa, especially in the east, is economically, socially,
and infrastructurally vulnerable to droughts (Carrao et al., 2016), and
probably to heavy rainfalls as well. Here, we provide evidence showing
the adverse effect of heavy rainfall on cowpea yields, even in the dry

Agricultural and Forest Meteorology 344 (2024) 109783

areas of the West African Sudan Savanna. Using a process-based crop
model that considers cowpea varieties that are tolerant to excessive soil
water and deficits in soil water, we also present a comparison of yield
impacts due to excessive soil water from heavy rainfall and the impacts
on yield due to drought in the middle of this century.

2. Materials and methods

Field experiment data were obtained for 20 varieties and three soil
types in four growing seasons (2016-2019). These data were used to
estimate the average cross-variety yield responses to rainfall patterns
and soil dependence. A process-based crop model was calibrated for
each soil type using the calibration subset of the field experiment data
(2016 and 2019). The performance of the model was evaluated against
all data. Then, the model was used to simulate the rainfed cowpea yields
for each variety and soil type over the current (1990-2019) and near-
future (2020-2049) periods using CMIP6 climate projections. In addi-
tion, an analysis of two different sources of climate information (d4PDF
and CMIP6) was performed to assess the consistency of climate-model-
simulated changes in cowpea-season rainfall characteristics between
factual and non-warming counterfactual climate conditions (d4PDF),
and among the preindustrial, recent, and near-future periods (CMIP6).
See Texts S1 and S2 in Supplementary material for CMIP6 and d4PDF
climate data, respectively.

2.1. Field experiment data

Data were obtained from field experiments conducted at the Institute
of Environment and Agricultural Research (INERA)’s Saria experimental
station in Burkina Faso (12.27°N, 2.15°W, 300 m above sea level). The
varieties considered here comprised 14 landraces [seven each, from the
southern (ID 02, 05-10) and northern regions (ID 03, 04, 11-15) of
Burkina Faso] and six breeding lines (ID 01, 16, 18, and 20 from Burkina
Faso, ID17 from Nigeria, and ID 19 from Senegal) (Table S1). Sixteen of
these varieties were described in Iseki et al. (2021). The data were
collected for four seasons from 2016 to 2019, three soil types [Ferric
Lixisols (LXfr), Petric Plinthosols (PTpt), and Pisoplinthic Petric Plin-
thosols (PTpt.px)], two nitrogen (N) fertilizer treatments (0 and 14 kg N
ha! yr'1), two planting densities (3.13 and 6.25 plants m™2), and five
replicates. The data recorded include 1440 samples (n). The items
recorded include dates of sowing, flowering, and harvesting, extent of
canopy cover, leaf area index (LAI), above- and below-ground biomass,
and grain yield. The canopy cover is the proportion of the land area that
is covered by the crop canopy. The canopy cover, LAI, and biomass were
measured multiple times during each season.

2.2. Local weather observations

We used daily weather observations for the period 2016-2019 ob-
tained from the experimental station. The data included the daily mean,
maximum, and minimum air temperatures, precipitation, solar radia-
tion, relative humidity, and wind speed. Missing values only accounted
for a small fraction of the data (2 % in 2016). We also measured daily
soil water content for each soil type from July 24, 2016 to December 27,
2019 in the cowpea fields. Cultivation was performed using ID 01, no N
fertilizer input, and sowing performed on day of year (DOY) 199 to 208.
Measurements were taken in multiple soil layers (LXfr, four layers at
0-75 cm deep; PTpt, three layers at 0-50 cm deep; and PTpt.px, two
layers at 0-25 cm deep) and aggregated to derive the root-zone soil
water content for each soil type with different rooting depths (LXfr, 75
cm; PTpt, 50 cm; and PTpt.px, 25 cm). Additional information on the
data collected is described in Iseki et al. (2021).

2.3. Yield responses to rainfall patterns

To derive cross-variety average responses to rainfall patterns, we first
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calculated the average yield for each N fertilizer level and soil type using
all data. We then computed the relative yields against the average. The
yield response in the LXfr soil type (referred to as LX for simplicity; n =
64) was compared to the yield response in PTpt and PTpt.px soil types
after these two were combined as one group (referred to as PT; n = 124).
These types are similar in terms of hydrological characteristics than
either is to LXfr. To visualize cross-variety responses of average relative
yield to rainfall patterns, locally weighted scatterplot smoothing
(LOWESS; Cleveland 1979) curves were plotted using the statistical
package R, version 4.1.1 (R Core Team 2021). High- and low-yielding
varieties were identified for LX and PT soils based on average relative
yield over the years.

2.4. Crop model

2.4.1. Overview

The global gridded crop model CYGMA (the Crop Yield Growth
Model with Assumptions on climate and socioeconomics) was used.
Although the model was originally designed for climate risk assessment
at a global scale (lizumi et al. 2017; lizumi et al. 2018; Jagermeyr et al.
2021), it has been applied to national- and regional-scale analyses
(Sultan et al., 2019; Iizumi et al. 2021a; Iizumi et al. 2021b; Ishikawa
et al., 2021).

The model has a 0.5° resolution and employs daily time steps. We
only considered rainfed conditions in this study. Crop development is
calculated as a fraction of the accumulated growing degree days relative
to the crop total thermal requirements. Leaf area expansion and senes-
cence are calculated based on the fraction of the growing season under
the prescribed shape of the LAI curve. Yields are calculated using the
photosynthetically active radiation intercepted by the crop canopy, the
radiation-use efficiency (RUE), the fertilization effect on RUE from
elevated [CO,], and the fraction of biomass increase allocated to the
harvestable component. The effect of stomatal closure on actual
evapotranspiration under elevated [COs] is also considered. The root-
zone soil water content is used to calculate the actual evapotranspira-
tion. Descriptions on soil water balance modeling are available in Sec-
tion 2.4.2.

Five different stress types, i.e., N deficit, heat, coldness, water deficit,
and water excess, are considered. The most dominant stress type on a
given day decreases the daily potential increase in the LAI if the crop is
in the vegetative growth stage, or the yield if the crop is in the repro-
ductive growth stage. Except for N deficit, all of the stress types are
functions of daily weather. The N deficit stress is calculated based on the
annual N application rate, crop N uptake, and N leaching (Text S3).
Although cowpea is a legume that can fix nitrogen, cowpea yields at the
experimental station are sensitive to the total amount of soil nitrogen
(Iseki et al., 2021). For this reason, we considered N deficit stress,
although we have set the sensitivity of cowpea yield to N deficit stress as
being considerably less than that of cereals, as was done for soybean in
lizumi et al. (2017). The model’s sensitivity to N application rates was
determined based on the observed differences in the LAI, above-ground
biomass, and grain yield between the two levels of N application rate.
The soil water excess stress occurs on days when the root-zone soil water
(W) is close to saturation. The water deficit stress is calculated using the
ratio of the actual and potential evapotranspiration rates. Although heat
and cold stresses were considered in the model, they were not focused on
in this study. Additional information on modeling the stresses is
described in lizumi et al. (2017).

2.4.2. Water excess stress

The water balance in the root zone at day t over an area is expressed
as:
aw
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where, W is the soil water content; P is precipitation; E is the actual crop
evapotranspiration; R is the net streamflow divergence; and G is the net
groundwater loss through deep percolation. The unit of these terms is
mm H0. The streamflow divergence (R) consists of surface runoff (S)
and subsurface runoff (or base flow, B):

R=S+B 2)

According to Huang et al. (1996), the surface and subsurface runoff
are parameterized as follows:

 w
1+u

S:P{ W}mandB: 3

max

where, Wy is the plant-extractable root-zone soil water capacity (mm
H20); m is a parameter with values greater than 1 and indicates the
increase in surface runoff with soil water saturation; « is the inverse of
the response time of the baseflow, with a larger a value indicating good
drainage capacity of the soil (or poor water retention) (Table S2); and u
is a dimensionless parameter that determines the proportion of the
subsurface flow that becomes baseflow. The remaining portion is lost as
groundwater and is given as follows:

_ _Ha
T l4yu

4

In reality, although runoff and soil water move laterally and increase
the soil water content of neighboring areas or enter river channels or
local reservoirs (Neitsch et al., 2005), in the model, surface runoff,
subsurface runoff, and groundwater are lost from the root-zone soils to
areas outside of the model’s system boundary. Consequently, W/Wp,ay is
never greater than 1.

In the model, the calculation of excess water stress is performed after
one day with near-saturation condition (W/Wp,ax>0.9), as did concep-
tually similar in Rosenzweig et al. (2002). The use of W/Wpx>0.9 is
based on the observation that cowpea growth retardation due to
excessive soil water occurs even when soil water is below field capacity
(Iseki et al., 2023). Further, according to modeling of Wang et al. (2016),
stress factor values become increasingly severe from partial to full
saturation. While the excess soil water stress reduces the daily potential
increase in the LAI and yield, it does not affect simulated phenological
development. Although inundation, pests, and diseases under wet con-
ditions damage crops, the model only considers low aeration conditions
and associated stress for root growth and root N fixation. Since N
leaching increases depending on subsurface runoff and baseflow, the N
deficit stress increases when heavy rainfall events occur (see Text S3).

2.5. Calibration and validation

Cowpea genetic coefficient values were determined based on the
field experiment data obtained for two seasons (2016 and 2019) and
from the literature. The total crop thermal requirement (GDD,) and the
fraction of the growing season when flowering occurs (frgpp,ant) Were
calculated using the observed crop and daily mean temperature data
(Fig. S4). The largest LAI value identified for each variety in the cali-
bration subset was taken as the maximum LAI under optimal conditions
(LAIax)- The base and maximum temperatures for development, as well
as the RUE value, were based on the literature and are commonly used
between the different varieties [T,=9.5 °C and Ty;=42 °C from Craufurd
etal. (1997); RUE=1.64 g MJ ! from Sousa et al. (2018)]. The RUE value
at the elevated [CO3] of 660 ppm was 1.1-times higher than that in the
ambient [CO3] according to Neitsch et al. (2005). Finally, we also
determined the curvature factor values of the stress functions on soil
water excess and deficit (awexs and awger in lizumi et al. 2017) for each
soil type that gave a good match between the modeled and observed LAI,
above-ground biomass, and yield. Although the tolerance to these
stresses (i.e., the form of the stress functions) may vary among varieties
(Bastos et al. 2011), we only considered the difference in drainage
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capacity between the soil types due to the limited data.

We also set the model’s hydrological properties for each soil type to
match the observed soil water content in 2016 and 2019. The soil
properties determined for each soil type included the plant-extractable
root-zone soil water capacity (Wnax) and the inverse of the response
time of the baseflow (@) (Table S2). The a value represents the drainage
capacity of soil, as mentioned earlier. We identified the 95th percentile
values of the observed maximum root-zone soil water content from the
calibration subset and used it as the Wp,a value. Through trial and error,
we searched for an a value for each soil type that showed a good
agreement between the modeled and observed soil water contents.

The model performance was evaluated through a comparison of all
data (i.e., both the calibration subset and the remaining subset). To
ensure that comparisons were consistent, data processing was per-
formed as follows. As there were fewer LAI values than canopy cover
values, the observed canopy cover values were converted into LAI values
using an empirical relationship established from the field experiment
data [LAI=0.073+40.016*canopy cover; n = 815; R2:0.643]. This was
done to compare the field observations with the model that outputs LAI,
but not canopy cover. Little sample was also available for below-ground
biomass. We therefore calculated the average fraction of the above-
ground biomass to the total biomass from the data and then multi-
plied this value by the modeled total biomass to obtain modeled above-
ground biomass. Then, season maximum values for LAI and above-
ground biomass were used for the comparisons. Since the model
considered only average planting density, data obtained from paired
observations, in which all other treatments except planting density were
the same, were averaged.

2.6. Yield projections

We performed yield projections using the calibrated crop model and
climate projections using two radiative forcing scenarios, five GCMs
(Table S4), and two bias-correction methods (Text S1). As rainfall pro-
jections for the near future were not obviously different each other,
these radiative forcing scenarios were treated as equivalent futures. To
consider the fertilization effect and increased water-use efficiency in the
crop model, elevated [CO,] corresponding to two scenarios (469 ppm
and 563 ppm for 2050 under SSP126 and SSP585, respectively) were
used. Sowing dates (DOY 200) were kept the same. A total of 20 cowpea
varieties were simulated. No N fertilizer input was assumed. In total, we
obtained 72,000 rainfed cowpea yields for the two radiative forcing
scenarios, five GCMs, bias-correction methods, three soil types, 20 va-
rieties, and 60 years (1990-2049) over Burkina Faso. The modeled
yields in the 0.5° grid cell in which the experimental station is located
were extracted and used to derive the empirical cumulative distribution
function (CDF) of the modeled yield for dryer- and wetter-than-optimal
years. The optimal rainfall was set to 550 mm (Fig. S5 a) since the
climate projections were bias-corrected using JCS meteorological forc-
ing data as a reference. The yield value in a 1-in-100 extremely wet year
was identified from each of the CDFs for the variety that was most
tolerant to excessive soil water (ID 19), as well as the remaining rela-
tively less-tolerant varieties under both the present-day (1990-2019)
and near-future (2020-2049) climates. As in the extremely wet year, the
yield value in an extremely dry year was identified for the most drought-
tolerant variety (ID 12), as well as for other remaining varieties in the
present-day and near-future climates. These varieties were selected
because the model was able to reproduce the relative tolerance of them
qualitatively well (Fig. S6).

3. Results
3.1. Yield response to soil water excess and deficit

The field experiment data revealed that the optimal seasonal rainfall
for cowpea is around 400 mm, above which yield decreased (Fig. 1a).
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Fig. 1. Observed cowpea yield response to rainfall patterns. Average relative
yield of varieties and agronomic treatments following seasonal rainfall (a,
PRCPTOT), number of heavy rainfall days (b, R30mm), and number of dry days
(c, NDD). Black and magenta lines indicate the average responses for two soil
types, LX (ferric lixisols) and PT (petric plinthosols and pisoplinthic petric
plinthosols), derived using locally weighted scatterplot smoothing.

The yield response to rainfall patterns varied by soil type. In LX soils
with higher water retention (lower drainage potential), yields decrease
rapidly as the number of heavy rainfall days [daily precipitation (P)>30
mm] increases (Fig. 1b). In PT soils with lower water retention (higher
drainage potential), yields decrease markedly for up to two heavy
rainfall days, but many more heavy rainfall days have less influence on
yields. When the number of dry days (P<1 mm) increases, yields
decrease rapidly in PT soils, while yields decrease only mildly in LX soils
(Fig. 1c). The difference in water retention and drainage between the
soil types contributes to the contrasting yield responses to dry and wet
soils, on a varietal average basis.

Different cowpea varieties respond differently to wet and dry soils.
Varieties that perform relatively well in wet soils do not typically
perform well in dry soils. Among the 20 cowpea varieties tested in this
study, some of the northern landraces from Burkina Faso (ID 12 and ID
14), which mature later and have an intermediate LAI, are more tolerant
of dry soils. On the other hand, breeding lines from Senegal (ID 19) and
Burkina Faso (ID 20), which mature earlier and have a larger LAI, are
more tolerant to wet soils (Fig. 2; Table S1, Fig. S4). The low-yielding
varieties were ID 07 in dry soils and ID 08 in wet soils, irrespective of
the soil types. Both varieties are from the southern landrace in Burkina
Faso and are characterized by having a shorter to intermediate maturity
and intermediate to larger LAL
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Fig. 2. Different observed varietal responses to soil water excess and deficit.
Relative yields of high- and low-yielding varieties (three each) for two soil
types, LX (ferric lixisols) and PT (petric plinthosols and pisoplinthic petric
plinthosols).
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3.2. Model representation

3.2.1. Soil water content

The calibrated CYGMA model was able to capture some major
characteristics of the observed root-zone soil water content in cowpea
fields at the experimental station, irrespective of the soil type. When
weather observations are used to drive the model, the Pearson’s corre-
lation coefficients (r) calculated between the observed daily data and
model outputs for four seasons from 2016 to 2019 were all significant at
the 1 % level, although the correlations were moderate in absolute
terms, i.e., r = 0.219 (PTpt) to 0.569 (PTpt.px) (Fig. 3; Table S3). The
root-mean-squared error (RMSE) ranges from 15 % (LXfr) to 27 %
(PTpt), relative to the average of the observations.

3.2.2. Development, growth, and yield
Comparisons of the modeled development, growth, and yield with
the field experimental data are summarized in Fig. 4. The results show
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that the model accurately reproduced the observed dates of flowering
(flw) and harvesting (hvt), with r and RMSE values being >0.788 and
<1 %, respectively (Table S3). The modeled growth of the season
maximum above-ground biomass (bio) and LAI (lai) had moderate to
high r values of >0.305, with errors >29 % being larger than those
obtained for the modeled flowering and harvesting dates. Season
maximum above-ground biomass tended to be overestimated, while no
such bias was observed for season maximum LAI. The agreement be-
tween the modeled yields and data (yld) was diverse, ranging from a low
r value of 0.291 (p = 0.011) to a moderate r value of 0.556 (p<0.001)
with an RMSE value of <54 %.

3.2.3. Yield response

The yield response to soil water conditions reproduced by the model
using JCS meteorological forcing data was qualitatively in good agree-
ment with the observed results, despite being wet-biased in absolute
terms. Although the model was able to reproduce the different response
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T. lizumi et al.

Model bio (t ha-") Model lai (m2 m-2) Model hvt (DOY) Model flw (DOY)

Model yId (t ha™1)

Fig. 4. Observed and modeled cowpea development, growth, and yields at Saria experimental station. Dates of flowering (flw) and harvesting (hvt), as well as season
maximum LAI (lai), season maximum above-ground biomass (bio; grain, stem and leaves together), and grain yield (yld) for the calibration subset only and for all
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patterns of the soil types and identify the optimal season rainfall for
cowpea, the rainfall was approximately 550 mm (Fig. S5 a) and wetter
than the observed results (around 450 mm; Fig. 1a). For the yield
response to heavy rainfall events and the number of dry days, the model
captured the different response patterns between LX and PT soils qual-
itatively well. The JCS forcing data showed that annual precipitation
was 1.5-times larger than that observed at the experimental station
(Table S5). This discrepancy explains why the wet bias observed in the
model-reproduced optimal rainfall.

3.3. Changes in rainfall patterns

Over West Africa, the frequency of heavy rainfall events during the
cowpea growing season has increased in the recent past and is likely to
continue to increase in the near future. The average difference in the
100-member ensemble between the d4PDF factual and non-warming
counterfactual climate simulations shows a significant increase in the
number of heavy rainfall days over the region under factual climate
conditions in recent decades (1990-2019), compared to the preindus-
trial climate represented by the counterfactual simulations (Fig. 5d). On
the other hand, the d4PDF simulations show a regionally contrasting
change in the seasonal rainfall and the number of dry days, with dry
conditions increasing in the northern parts and wet conditions
increasing in the southern parts of the region (Fig. 5a, g).

The CMIP6 ensemble projections show that in the historical simu-
lations, the spatial patterns of the changes in seasonal rainfall and the
number of dry days from the preindustrial period (1850-1900) to the
present (1990-2019) contrast with those of the d4PDF estimate, i.e.,
moisture is increasing in the northeast and decreasing in the southwest
(Fig. 5g, h). The historical increase in heavy rainfall events is not sig-
nificant in the CMIP6 estimate, but the d4PDF and CMIP6 estimates
show an increasing trend (Fig. 5d, €). Under the CMIP6 estimates, the
changes in historical rainfall patterns described above are projected to
intensify in the near future (2020-2049) (Fig. 5c, f, i). While historical
changes in seasonal rainfall and in the number of dry days vary depend
on the sources of climate information (d4PDF and CMIP6), an increase in

d4PDF factual vs counterfactual

CMIPS6 present vs preinductrial
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heavy rainfall leading to excessive soil water is a common projected
trend between these sources of climate information.

3.4. Projected impacts of soil water excess and deficit

Yield reductions associated with a 1-in-100 year extremely wet
seasonal rainfall event would likely become more severe than they are at
present, irrespective of soil type and whether the varieties used are
tolerant to excessive soil water. On the other hand, reduced yields due to
extreme drought events will be comparable to current droughts.

In LX soils, the effects of adopting excessive-soil-water-tolerant
cowpeas in the current climate are clearly observed for the experi-
mental station when the empirical cumulative distribution function
(CDF) of the modeled yields of a tolerant variety (ID 19) is compared
with the CDF of all the varieties considered in this study, except ID 19
(vertical dashed line and solid cyan line in Fig. 6f). Even with the
tolerant variety, the yield in a 1-in-100 extremely wet year (0.091 t ha™)
is projected to be as low as one-fourth of that in an extremely wet year in
the present (0.402 t ha'l) (vertical cyan line and magenta line in Fig. 6f).
In tests using 1000 bootstrap replicates, the difference in the yields of
the tolerant variety in future and present-day climates is significant
[p<0.001; mean difference of -0.251 t ha! at a 90 %-confidence in-
terval (CI) of -0.356 to—0.112 t ha™']. As in LX soils, similar yield results
were obtained for PT soils despite their good drainage, which were
0.417 tha! and 0.352 t ha™! in the present-day and projected extremely
wet years, respectively (Fig. 6g), although the yield difference is not
significant (—0.037 t ha™; CI, —0.145 to 0.041 t ha™!).

The significant increase in the average number of heavy rainfall days
(p<0.001; +0.5 days; +0.3 to +0.7 days) is a driver of the projected
yield reductions in extremely wet years. In addition, the projected in-
crease in seasonal rainfall (p<0.001; +25.6 mm; CI, +13.0 to +37.7
mm) would lead to an increase in the occurrence of seasonal rainfall that
exceeds the optimal level for cowpea yields (Fig. 6a). A theoretical
reduction in evapotranspiration under elevated [CO5] is also thought to
occur. These changes in combination would likely cause increases in soil
water content to levels approaching saturation more frequently than in

CMIP6 future vs preinductrial

o
PRCPTOT (mm)

o = N

R30mm (days)

> <
S

o
NDD (days)

v d4PDF: Samples not showing a significant change

A CMIP6: <60% of the scenarios agree on the sign of change

Fig. 5. Historical and projected changes in rainfall patterns. Displayed are cowpea-season total rainfall (a, b, c; PRCPTOT), number of heavy rainfall days (d, e, f;
R30mm), and number of dry days (g, h, i; NDD) for the difference between the d4PDF factual and counterfactual simulations (1990-2019), as well as the change in
the CMIP6 simulations for the present (1990-2019) and near future (2020-2049), relative to the preindustrial period (1850-1900) of historical simulations. The
cowpea growing season spans approximately three months from day-of-year 200 (July 19) to 290 (October 17). The red circle in a indicates the location of Saria

experimental station.
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Fig. 6. CMIP6-projected change in rainfall patterns and yields under soil water excess and deficit. (Top row) Seasonal rainfall (a, PRCPTOT), number of heavy
rainfall days (b, R30mm), and number of dry days (c, NDD) at Saria experimental station, with average rainfall for the period 1990-2019 (cyan lines) and 2020-2049
(magenta lines). (Bottom row) Empirical cumulative distribution functions (CDFs) of modeled yield with respect to varieties with and without drought- or excessive-
soil-water-tolerance under present-day and near-future climates. Vertical lines indicate yield in extremely dry and wet years at a frequency of 1 in 100 years. Varieties
tolerant to soil water deficit and excess are ID 12 and ID 19, respectively. Samples used to derive the CDFs consist of the radiative forcing scenarios, global climate

models, bias-correction methods, varieties considered, and years.

the present-day climate.

In contrast, with current drought-tolerant varieties (ID 12), the yield
in a 1-in-100 extremely dry year is projected to be as severe as current
levels for both soil types (0.248 t ha™' and 0.242 t ha™ for LX soils and
0.068 t ha™ and 0.103 t ha™ for PT soils under present-day and pro-
jected climate conditions, respectively) (Fig. 6d, e). While the yield
difference is not significant for LX soils, it is significant for PT soils
(p<0.01; 0.045 t ha™l; CI, 0.006 to 0.089 t ha™). Since the projected
average number of dry days shows no significant change, it is considered
that the increase in water-use efficiency and CO, fertilizer effect would
offset the increased potential evapotranspiration under warmer condi-
tions, which could worsen drought damage.

4. Discussion

Yield reduction in response to excessive soil water has been observed
in some agricultural environments; poorly drained soils under cooler
climates (Rosenzweig et al., 2002; Li et al., 2019), over-irrigation (e.g.,
irrigation replenishment at 125 % of the actual evapotranspiration rate;
Irmak 2014), and the cultivation of non-rice crops in paddy fields
(Mitchell et al. 2013) are known examples. Although relatively few
studies have examined cases in which cowpea has been planted in rice
paddies, examples of other legume crops being planted in lowland
paddies after rice include soybean and groundnuts in Cambodia
(Mitchell et al. 2013) and soybean grown in an upland field converted
from a paddy in Japan (Sugimoto et al., 1988; Bajgain et al. 2015). In
addition to these cases, this study clarified the adverse effect of excessive
soil water on cowpea yields, even in upland fields in the dry environ-
ments of West Africa, and how soil drainage characteristics affect yields
reductions due to soil water excess.

More specifically, Iseki et al. (2021) reported that the factors
affecting yield reduction in cowpea grown under excessive soil water
conditions in the Sudan Savanna include low air volume and high soil
temperature in the surface soil layer (0-10 cm). LX has fewer macro-
pores (>75 um) than PT (Ikazaki et al., 2018), which means that LX has
reduced drainage potential and is less aerated when heavy rainfalls
occur [air volume <25 % in LX soils; Iseki et al. (2021)] (Fig. S7). Soil
temperatures at the surface layer often exceed 35 °C and sometimes
reach 40 °C (Iseki et al., 2021), which increases soil respiration and leads
to a marked decrease in the oxygen content of the soil air, which in turn

suppresses root nitrogen fixation, and consequently, limits both growth
and increases in yield (Bordeleau and Prévost 1994; Maekawa et al.,
2011).

There are a few limitations need to be solved for more accurate
simulation. The crop model used in this study considers stress due to low
aeration under soil saturation, but not soil temperature, which should be
addressed in the future research. Although N fixation of cowpea is highly
sensitive to soil water conditions (Hong et al., 1977), it is difficult to
distinguish N deficit stress due to leaching from suppressed root nitrogen
fixation, since both occur at the same time after heavy rainfall events. In
addition, since the model used does not consider the lateral movement
of soil water and inundation, or pests and diseases under wet conditions,
these factors need to be considered to derive more plausible estimates of
the impacts of soil water excess. Partly related to this, further model
calibration is needed since the different levels of overestimation be-
tween the above-ground biomass and yield (RMSE of 62-185 % and
46-54 %, respectively; Table S3, Fig. 4) indicate the possibility of
compensation, presumably due to the modeled abiotic stress levels being
more severe than actual levels. Given that the coefficient of variation of
the reported yields is 29 %, more accurate yield simulations would
provide a more reliable view on the risk of soil water excess in a
changing climate.

Our findings indicate that droughts will remain a major climate
hazard, while heavy rainfall events will emerge as an alarming, rela-
tively serious threat to food security and nutrition in West African in the
coming decades. The projected increase in heavy rainfall events will be a
consistent direction of change, even if the direction of projected changes
in seasonal rainfall is uncertain (Dosio et al., 2020). Cowpea is not only a
source of protein, but also a source of income that is used to compensate
for the lack of home-produced staple grains (Shiratori et al., 2020).

Countermeasures similar to those that have been employed for
drought risk reduction need to be developed for excessive soil water, as
doing so will safeguard small-scale farmer incomes, and ultimately, food
security and nutrition in West Africa. Possible solutions include the
development of crop recommendation guidelines based on soil type, or
more simply, based on the distance from the main river channel. Such
guidelines would support farmers to selectively grow crops that are
more tolerant to excessive soil water than cowpeas in poorly drained
fields. To this end, soil classification services that are affordable to small-
scale farmers are valuable. In parallel, cataloging crop tolerance to
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excessive soil water is encouraged, possibly using an approach that is
analogous to the crop water requirements of Brouwer and Heibloem
(1986) that guides farmers in selecting which crops could be grown
based on water availability and drought risk.
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