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Grain legumes are essential for the protein supply to an ever-growing population in Africa. However, little is known about the adaptational potential and thus resilience to abiotic stress of major grain legumes under future climatic change for the evaluation of climate change impact and adaptation. This study assessed the adaptation potential of some cowpea genotypes to future climate change in the moist (Kumasi—Ghana) and dry savanna (Ouagadougou—Burkina Faso) biomes of West Africa based on a validated process-based SIMPLACE model using the output of four global circulation models (GCMs) for two shared socioeconomic pathways (SSPs, i.e., ssp126 and 585). In addition, it assesses the sensitivity of the cowpea model to bias corrections of the GCM outputs. In comparison of future socioeconomic pathways with historic time series, the use of bias-corrected climate model output slightly increased the rate of the phenological development of the genotypes in the future period except in Ouagadougou, in the ssp585 scenario. Without bias correction, this increase of the rate of phenological development in the future scenarios was less pronounced. With bias correction, the total aboveground biomass and yield of all genotypes were reduced in both SSPs. The change in the average water stress and phosphorous stress were genotype specific. Despite a general yield decline in both SSPs, the genotypes Asontem and GH6060 exhibited the adaptational potential to future climate change in the moist and dry savanna biomes. This is by a higher accumulation of total aboveground biomass, higher yield, and tolerance to high temperature as well as high water use and photosynthetic efficiency due to higher atmospheric carbon dioxide concentrations, despite faster phenological development.
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1 Introduction

Cowpea has been reported to be an important food legume, particularly in West and Central Africa (Ewansiha and Singh, 2006). The legume is well adapted and thrives well under various abiotic stress conditions such as water deficit, high temperature, and poor soil fertility (Agbicodo et al., 2009; Adusei et al., 2021). This has been attributed to the physiological alteration of the plant in response to such field conditions (Hartmann et al., 2018; Adusei et al., 2021). However, exposing cowpea to future climate change is likely to exceed the crop’s adaptive capacity to drought, high temperatures, and other environmental stresses (Niang et al., 2014). For instance, there have been several reports that indicated that, under expected future climatic conditions, the frequency of extreme temperatures may lead to an increase in heat stress, evapotranspiration, and water demand, particularly in the Sahel and some parts of the Savannah biomes of Africa (Frimpong and Kerr, 2015). Global climate change is known to impact all sectors of the global economy in the coming decades, and most effects of these impacts will be felt in the agricultural and water sectors, which will result in food insecurity in the developing world (Ringler, 2008; Nelson et al., 2009). Therefore, to mitigate this problem, there is a need to select highly adaptive crops and cultivars with high water use and photosynthetic efficiency, high root growth, and reduced maturity for climate change conditions.

Process-based crop models are mostly employed to estimate the effects of climate change and the robustness of crops. The models use essential physiological plant growth parameters for both operational and seasonal predictions of the growth, development, and yield of crops and their adaptational mechanisms. However, climate model outputs are, in many instances, affected by both systematic and random errors or biases, which prevent them from correctly simulating the occurrence and intensity of extremes such as droughts, high temperature, and high-intensity precipitation events on the growth, development, and yield of crops. Climate model bias can be defined as the systematic difference between a simulated climate statistic and the corresponding real-world climate statistic. A model bias estimated from the climate model and observational data through statistics and calculations are mostly affected by internal variability of the model generated by the GCM (Maraun et al., 2010; Teutschbein and Seibert, 2013). In most cases, it is necessary to employ some form of bias correction, sometimes referred to as bias adjustment, because many crop-related processes are non-linear or are limited by absolute threshold values. If climate conditions exceed such threshold values, the rates of the processes may be strongly reduced or zero, and, in the worst case, this is lethal to the crop. Part of the origins of bias correction is model output statistics in numerical weather prediction, which complements the widely used perfect diagnostic statistical downscaling methods (Maraun, 2016). Bias correction can be relatively simple or complex and may require low or very expensive computational demand and thus depend strongly on the bias correction method employed (Laux et al., 2021). Moreover, growing databases of global and regional climate model simulations have become more and more accessible and popular in climate impact research. In recent years, different methods have been developed (Maraun et al., 2010; Teutschbein and Seibert, 2012) and widely used in postprocessing climate projections (Hempel et al., 2013; Harding et al., 2014; Maurer et al., 2014).

Delta change, direct methods, quantile mapping (QM), and the simple parametric methods (MA—adjust only the mean and MVA—adjust the mean and variance) are some of the methods that have been developed and used for model bias correction (Maraun, 2016). QM and two other methods, MA and MVA, were employed by Iturbide et al. (2020) to assess the effect of bias adjustment on the projected changes in temperature extremes, and they concluded that bias adjustment amplifies the magnitude of the climate change trend in achieving a more plausible representation of future heat threshold–based indices. Casanueva et al. (2020) showed how to better preserve raw signals of climate models for the different indices and variables considered (not all preserved by construction) using eight standard and state-of-the-art bias adjustment methods for a case study in the Iberian Peninsula. However, any of these methods overlooked the sensitivity to observational reference and the effect of resolution mismatch between model and observations and this has made the modeling of climate change difficult since there is no clear understanding of how these methods may affect key magnitudes such as climate change signals and different sources of ambiguity. The objective of this study, therefore, is to (1) assess the adaptation potential of some cowpea genotypes to future climate change in the moist and dry savanna biomes of West Africa based on a validated process-based cowpea crop model using the output of four GCMs for two shared socioeconomic pathways (SSPs) and (2) to identify the sensitivity of the cowpea model and the adaptation potential of the cowpea genotypes to the bias correction of the climate model output. This study complements the measures in stabilizing the internal variability of crop models and handles some problems associated with absolute threshold values in modeling cowpea and other leguminous plants for adaptation. The study also addresses the sensitivity to the observation reference and mismatch between the model and observations.




2 Materials and methods



2.1 Experimental design and planting materials

In 2017/18 and 2018/19, two field experiments with 10 different cowpea genotypes and contrasting water and P-supply were carried out in Kumasi. The two field trials were conducted in a split-plot design with three factors (P fertilizer application levels, water regimes, and cowpea genotypes) with three replicates. Physical and chemical soil analyses were performed on soil sampled from four different soil depths before the beginning of the field experiments. The cowpea genotypes used for the first and second experiments were planted on 23rd December 2017 and 29th December 2018, respectively. The seeds of the cowpea genotype were surface-sterilized before planting. Cowpea genotypes constituted the main plot, while P fertilizer and water constituted the subplot. The experimental units comprised a total of four combinations of P fertilizer and water treatments (60P + non water stress (NSW), 60P + water stress (WS), 0P + NWS, and 0P + WS). Harvesting was done manually in both experiments 60 days after planting onward depending on the physiological maturity of the genotypes. The details of the treatments and their agronomic management have been fully described by Adusei et al. (2021). In this study, four cowpea genotypes were selected from 10 genotypes reported by Adusei et al. (2021) based on their performance (best: Asontem and GH6060, worst: Hans adua and Nketewade). The selection criterion was phenology (days to anthesis and maturity), aboveground biomass, and the yield of 10 cowpea genotypes. The data were bias-corrected to eliminate the potential of bias that is mainly associated to climate model output through the differences in the mode formation, internal model variability generated by the RCM or GCM.




2.2 Method of bias correction

Global climate models have systematic errors (biases) in their output. For example, an overestimation of rainy days in climate models mostly tends to underrate the rainfall extremes (Maraun et al., 2010). There can be errors in the timing of the monsoon or the amount of seasonal rainfall, or temperatures can be consistently too high or too low. To overcome the large biases in climate models, a range of bias correction methods have been developed. However, in the current study, we used QM since this method extends the correction from means (local intensity scaling, LOCI) to the entire distribution of the data. QM corrects for errors in the shape of the distribution and is therefore capable to correct the errors in variability as well. This quantile-based approach originates from the empirical transformation of Panofsky and Brier (1968) and was successfully implemented in hydrological applications (Dettinger et al., 2004; Wood et al., 2004; Boe et al., 2007) but recently also for the error correction of RCMs (Dobler and Ahrens, 2008; Piani et al., 2010). As this purely empirical QM only maps modeled values to observed values, no new extremes (outside the observed range) can be obtained. This is a suitable approach for our study since we apply the correction to a historical hindcast simulation. For applications to future climate simulations, however, some kind of extrapolation beyond the range of observations has to be added to allow for ‘new extremes’ (e.g., Boe et al., 2007).




2.3 Crop model configuration and boundary conditions for the simulations



2.3.1 Model description

The Scientific Impact Assessment and Modeling Platform for Advanced Crop and Ecosystem Management (SIMPLACE) crop model was developed by a consortium of European research organizations and institutions led by the University of Bonn, Germany. The consortium includes the Institute of Crop Science and Resource Conservation–Germany, the Research Centre Jülich–Germany, the Thünen Institute of Climate-Smart Agriculture, the Leibniz Centre for Agricultural Landscape Research–Germany, and Wageningen University & Research in the Netherlands, among others. The SIMPLACE crop model is capable of simulating a wide range of crops, including cereals (e.g., wheat and barley), oilseed crops (e.g., rapeseed and sunflower), legumes (e.g., soybean, pea, and cowpea), root crops (e.g., sugar beet and potato). The model is designed to simulate the growth and development of crops under different environmental and management conditions, including climate, soil, irrigation, and fertilizer inputs.

Some of the main features of the SIMPLACE model include the ability to simulate plant growth and development, water uptake and transport, nutrient uptake and cycling, and carbon allocation. The model also includes modules for simulating crop responses to environmental stresses such as drought, heat, and nutrient deficiency, as well as crop management practices such as fertilization, irrigation, and tillage. SIMPLACE is designed to be flexible and modular, allowing users to incorporate their data and models into the simulation framework. It automates sensitivity and calibration with XML-based configuration. SIMPLACE has flexible data input and output interfaces including a database, CSV, Excel, and XML. The SIMPLACE model has the ability to simulate the effects of different environmental stressors on crop growth and development, including water and nutrient stress.

The experimental data were bias-corrected, and the model solution SIMPLACE<Penman-Monteith, SlimWater, NPKdemandSlimNP, SoilCN> within the general modeling framework SIMPLACE (Gaiser et al., 2013, www.simplace.net) was used to simulate a continuous cowpea cropping system over the respective periods. The model solution includes (1) Lintul5 routines for simulating biomass, phenology, and plant nutrient uptake, (2) SLIM for simulating soil water and root growth dynamics, as well as the balance of mineral nitrogen and phosphorus (Williams and Izaurralde, 2006); and (3) SoilCN extended by P routines for organic P turnover was used to simulate the dynamics of organic C, N, and P in the soil (Corbeels et al., 2005). Thermal time above a defined base temperature was chosen in simulating crop phenology. Potential evapotranspiration was calculated using the Penman–Monteith method by Food and Agriculture Organisation (FAO) (Allen et al., 1998). Stress indices were estimated daily for water and nutrient limitations and ranged from 0.0 to 1.0; details are described in Adusei et al. (2022).

Two SPPs were used for this work, which are SSP 126 and SSP 585. SSP126 and SSP585 are two of the SSPs developed by the Intergovernmental Panel on Climate Change to explore different scenarios of future socioeconomic development and their potential impact on greenhouse gas emissions and climate change. SSP126 is a pathway that describes a world with low levels of greenhouse gas emissions, where there is a shift toward sustainable development, greater social equality, and reduced material consumption. In this scenario, global population growth slows, and there is a greater focus on renewable energy, energy efficiency, and low-carbon transportation. This pathway aims to limit global warming to 1.6°C above pre-industrial levels by 2100. On the other hand; SSP585 is a pathway that describes a future with high levels of greenhouse gas emissions and limited climate action. It assumes that current trends in economic growth, consumption, and technology continue, resulting in high levels of energy demand and continued reliance on fossil fuels. This scenario projects a global temperature increases of 4.3°C by 2100 above pre-industrial levels. In summary, the key difference between SSP126 and SSP585 is the level of ambition in mitigating greenhouse gas emissions and adapting to the impacts of climate change. SSP126 represents a world where significant climate action is taken to limit global warming, while SSP585 represents a future with little action taken to address climate change, resulting in more severe impacts.

We chose SSP126 and SSP585 since they encapsulate the spectrum of the extreme policy scenarios (i.e., a low level of greenhouse gas emission to a high level of greenhouse gas emission) leading to a different level of radiative forcing representing a low to stronger climate warming effect, giving the opportunity to estimate the impacts on crop yields in contrasting scenarios.




2.3.2 Model parameterizations

Most of the default parameters that are known to characterize cowpea in the Lintul5 model (Wolf, 2012) were used. To the best of our knowledge, there has not been any study or publication with Lintul5 for cowpea simulation. Thus, most of the parameters that were adjusted were based on literature and field measurements of other leguminous plants, and some values were manually adjusted to adapt them to the local conditions and the genotypes tested in this study (Tables 1, 2).


Table 1 | Crop parameters modification, description, and units in LINTUL5 for four cowpea genotypes (Adusei et al., 2022).




Table 2 | Parameters in LINTUL 5 and values used for calibration for four cowpea genotypes.







2.4 Simulation periods and carbon dioxide concentration in the global circulation models

Climate data were obtained for Kumasi and Ouagadougou for the time slices 1981–2000 and 2040–2070 representing the baseline and future climate, respectively. Projections of future climate were obtained using Coupled Model Intercomparison Project Phase 6 (CMIP6) dataset available at 100 km spatial resolution and two shared SSPs, namely, ssp126 and ssp585, for carbon emissions (IPCC, 2014). The future time-scale weather series and the corresponding projected carbon dioxide (CO2) concentration, according to SSPs used in all crop model simulations without bias correction, are 380 as the baseline and 450 and 600 for ssp126 and ssp585, respectively. In the crop model, the radiation use efficiency as a function of the atmospheric CO2 concentration of 40, 380, and 720 ppm with a correction factor of 0, 1, and 1.35, respectively, were used. The four GCMs used are GFDL-ESM4: Geophysical Fluid Science Laboratory-Earth System Modelling (https://www.gfdl.noaa.gov/earth-system-esm4/), IPSL-CM6A: Institute Pierre-Simon Laplace (https://cmc.ipsl.fr/ipsl-climate-models/ipsl-cm6/), MPI-ESM1: Max Planck Institute Earth System Model (https://cera-www.dkrz.de/WDCC/ui/cerasearch/cmip6?input=CMIP6.HighResMIP.MPI-M.MPI-ESM1-2-HR), and UKESM1: U.K. Earth System Model (https://cera-www.dkrz.de/WDCC/ui/cerasearch/cmip6?input=CMIP6.ScenarioMIP.MOHC.UKESM1-0-LL).





3 Results



3.1 Phenological development of cowpea genotypes with and without bias correction of historic and future climate scenarios

The variability of days to anthesis and maturity among the cowpea genotypes using climate model simulations for the historic period (hist, 1981–2010) and SSPs ssp585 (2040–2070) were generally higher in the simulation runs using bias-corrected climate input compared to runs without bias correction and similar in Ouagadougou and Kumasi (Figures 1, 2). In Ouagadougou, the number of days to anthesis using bias correction was reduced in all the genotypes by 2–4 days when the historic. was compared to the socioeconomic pathway ssp585. However, except genotype Asontem where the number of days to anthesis was not changed, all the other genotypes reduced their number of days to anthesis by 1 or 2 days in comparing historic to the socioeconomic pathway ssp126. Without bias correction, days to anthesis were reduced for all the genotypes under the socioeconomic pathways by 1 or 2 days relative to historic (Figures 1, 2). Days to maturity simulated with bias correction were reduced in the socioeconomic pathway ssp126 in genotype Asontem by 1 day. In ssp585, the values recorded for days to maturity reduced in all the genotypes by 4–6 days, relative to historic. Without bias correction, the differences in days to maturity recorded for the socioeconomic pathways compared to historic followed a similar trend in all the genotypes and this reduced between 2 and 5 days (Figures 1, 2).




Figure 1 | Average number of days to anthesis as affected by bias correction in the historic period [hist—(A, B), 1981–2010, average of 30 years) and future scenario period (2040–2070, average of 30 years) under two shared socioeconomic pathways (SSPs) (ssp126—(C, D); ssp585—(E, F)] under rainfed conditions without fertilizer application.






Figure 2 | Average number of days to maturity as affected by bias correction in the historic period [hist—(A, B), 1981–2010, average of 30 years) and future scenario period (2040–2070, average of 30 years) under two SSPs (ssp126—(C, D); ssp585—(E, F)] under rainfed conditions without fertilizer application.



In Kumasi, considering days to anthesis and maturity, we observed reductions in all the socioeconomic pathways compared to the historic period independent of bias correction. The differences observed when the socioeconomic pathways were compared to historic ranged from 3 to 4 days to anthesis with bias correction and 1–4 days without bias correction. When considering the days to maturity, the differences between historic and SSPs ranged from 6 to 8 days and 2–4 days with and without bias correction, respectively (Figures 1, 2).




3.2 Changes in cowpea total aboveground biomass and yield with and without bias correction of historic and future climate scenarios

In Ouagadougou and with bias correction, the simulated total aboveground biomass of the genotypes during the historic period ranged from 6.61 to 8.74 t ha-1 while, under the socioeconomic pathway, ssp126 ranged from 6.52 to 8.43 t ha-1 and, under ssp585, it ranged from 6.14 to 8.09 t ha-1. The genotypes Nketewade and Asontem always had the lowest and highest simulated aboveground biomass, respectively. Also, without bias-correction, the lowest aboveground biomass of 6.62, 6.55, and 7.48 t ha-1 in the historic, ssp126, and ssp585 respectively was recorded in genotype Nketewade and the highest values of 9.01, 8.82, and 9.81 t ha-1 in the historic, ssp126, and ssp585, respectively, were recorded with the genotype Asontem (Figure 3). In Ouagadougou historic, ssp126 and ssp585 had the lowest values of 2.83, 2.74 and 2.65 t ha-1 yield, respectively, in genotype Nketewade, but the highest values of 4.03 (historic), 3.92 (ssp126), and 3.77 t ha-1 (ssp585) yield were all recorded in genotypes GH6060 with bias correction. Without bias correction, the genotype Nketewade had the lowest yield for historic (2.68 t ha-1), ssp126 (2.77 t ha-1), and ssp585 (2.96 t ha-1) and GH6060 had the highest yield for historic (3.90 t ha-1), ssp126 (3.87 t ha-1), and ssp585 (4.26 t ha-1; Figure 4), however, only slightly different from Asontem. It is important to point out that with bias correction, the simulated total aboveground biomass and yields in Ouagadougou under ssp585 are decreasing in all genotypes; however, without bias correction, the total aboveground biomass and yields are increasing in ssp585 compared to the historic period.




Figure 3 | Average simulated total aboveground biomass production of four cowpea genotypes as affected by the bias correction of climate model outputs for historic [hist (A, B), 1981–2010, average of 30 years) and future climate scenario periods (2040–2070, average of 30 years) under two SSPs (ssp126—(C, D); ssp585—(E, F)] in Ouagadougou and Kumasi under rainfed conditions without fertilizer application.






Figure 4 | Average simulated total yield of four cowpea genotypes as affected by the bias correction of climate model outputs for historic [hist—(A, B), 1981–2010, average of 30 years) and future climate scenario periods (2040–2070, average of 30 years) under two SSPs (ssp126—(C, D); ssp585—(E, F)] in Ouagadougou and Kumasi under rainfed conditions without fertilizer application.



In Kumasi and with bias correction, the total aboveground biomass was higher in the historic compared to socioeconomic pathways ranging between 4.08 (Nketewade) and 6.32 t ha-1 (Asontem). The rate decrease in aboveground biomass was higher under ssp585 than under ssp126 compared to the historic period. When climate model data were not bias-corrected, the simulated values of aboveground biomass were decreased in ssp126 but increased in ssp585 compared to the historic period. With bias correction, the genotypes Nketewade and Asontem had the lowest and highest simulated aboveground biomass under ssp126, although the difference between GH6060 and Asontem was very low. However, under ssp585, Asontem continued to show the highest aboveground biomass followed by GH6060. Without bias correction, the highest and lowest total aboveground biomass was always observed in genotypes Asontem and Nketewade, respectively (Figure 3). With bias correction, the yields simulated were higher in the historic period ranging from 1.84 to 2.92 t ha-1 in the genotypes Nketewade and GH6060, respectively, compared to the socioeconomic pathways ssp126 and ssp585, which, together, ranged between 1.34 (Nketewade) and 2.78 t ha-1 (GH6060). Without the bias correction of climate input data, the simulated historic yield was very close to the simulated yields in ssp126 except for Nketewade. However, comparing the simulated yield of the historic period to ssp585, yield under ssp585 was higher in all genotypes except for Nketewade. Without bias correction, the genotypes with the lowest and highest yields were Nketewade and GH6060, respectively, regardless of the climate scenario (Figure 4).




3.3 Changes in environmental factors during the growing cycle of four cowpea genotypes with and without bias correction of historic and future climate scenarios

The average temperatures during the growing cycle of the cowpea genotypes increased, while the sum of precipitation and radiation decreased in all future SSPs relative to the historic period in both Ouagadougou and Kumasi. This was observed in climate scenarios with bias correction and without bias correction (Tables 3, 4). With bias correction, historic temperatures in Ouagadougou ranged from 27.15°C to 27.20°C during the growing cycle of GH6060 and Nketewade, respectively. When considering the socioeconomic pathways, the average air temperature during the growing cycles in ssp126 had a range from 28.75°C (GH6060) to 28.81°C (Nketewade), while in ssp585, the range was from 27.19°C (GH6060) to 27.36°C in (Asontem and Nketewade). Without bias correction, the average temperature in Ouagadougou increased in the socioeconomic pathways ranging from 28.39°C to 28.56°C in ssp126 and from 28.45°C to 28.65°C in ssp585 in the genotypes Asontem, Nketewade, Hans adua, and GH6060 relative to historic (Table 3A).


Table 3 | Simulated average annual precipitation (mm) (A) and average air temperature (°C) (B) over the growing cycle of four cowpea genotypes as affected by the bias correction of climate model outputs for historic (hist, 1981–2010, average of 30 years) and future climate scenario periods (2040–2070, average of 30 years) under two SSPs (ssp126 and ssp585).




Table 4 | Simulated average solar radiation over the growing cycle of four cowpea genotypes as affected by the bias correction of climate model outputs for the historic (hist, 1981–2010, average of 30 years) and future climate scenario periods (2040–2070, average of 30 years) under two SSPs (ssp126 and ssp585) at two different locations in West Africa (Kumasi and Ouagadougou).



The average sum of precipitation during the growing cycles, on the other hand, decreased in Ouagadougou in both socioeconomic pathways compared to historic under both with bias correction and without bias correction. In the socioeconomic pathway ssp126, precipitation ranged from 337.82 to 365.77 mm in genotypes Nketewade and Asontem, while in ssp585, it ranged from 321.35 (Hans adua) to 352.62 mm (Nketewade) with bias correction. Without bias correction, historic precipitations ranged from 402.06 to 421.56 mm, the socioeconomic pathway ssp126 from 389.64 to 408.93 mm, and ssp585 from 394.57 to 416.67 mm all in genotypes Nketewade and GH6060 (Table 3B). The levels of radiation recorded in Ouagadougou were lower in future scenarios compared to historic ones. In the socioeconomic pathway, ssp126 cumulated radiation over the growing cycle ranged between 877.67 and 941.72 MJm-2 and ssp585 ranged from 869.26 to 932.15 MJ m-2 all in genotypes Nketewade and GH6060 in Kumasi with bias correction (Table 4).

The temperatures simulated for the growth and development of the cowpea genotypes for Kumasi were lower in the historic compared to both socioeconomic pathways with bias correction and without bias correction (Table 3A). With bias correction, average temperatures over the growing cycles for the historic period ranged from 26.02°C (GH6060) to 26.16°C (Nketewade), for the socioeconomic pathway ssp126, from 27.99°C (GH6060) to 28.11°C (Hans adua), and for the ssp585, from 28.83°C (GH6060) to 28.93°C (Asontem). Without bias correction, historic temperatures had a range of 27.36°C (Asontem) to 27.42°C (Nketewade), for the socioeconomic pathway ssp126, from 28.45°C (GH6060) to 28.50°C (Hans adua), and for ssp585, from 28.45°C to 29.02°C in genotypes Asontem and Nketewade, respectively (Table 3A). With bias correction, the precipitation sum over the growing cycle in Kumasi was higher in the historic period compared to all the socioeconomic pathways under both bias correction and without bias correction. Genotype Nketewade had a lower precipitation of 407.73 mm, and genotype GH6060 had a higher precipitation of 437.53 mm all under historic with bias correction. Socioeconomic pathway ssp126 precipitation ranged from 387.68 mm in genotype Nketewade to 419.53 mm in genotype GH6060, while ssp585 had a lower precipitation of 344.16 mm for genotype Hans adua and a higher precipitation of 367.24 mm in genotype GH6060, all under corrected bias. Under without bias correction, historic precipitation ranged from 374.28 (Nketewade) to 389.49 mm (GH6060), socioeconomic pathway ssp126 precipitation ranged from 331.11 mm in genotype Nketewade to 355.28 mm in genotype Asontem. The socioeconomic pathway ssp585 had a lower precipitation of 330.22 mm also in genotype Nketewade and a higher precipitation of 348.10 mm in genotype Asontem (Table 3B). The trend of the levels of radiation in Kumasi was similar to the distribution of precipitation under with bias correction. Under both bias correction and without bias correction, the radiation recorded was higher in the historic compared to both socioeconomic pathways. Historic under with bias correction and without bias correction had the least radiation in genotype Nketewade and higher in genotype GH6060. Similar radiation observations were made in the socioeconomic pathways with bias correction and without bias correction except for the socioeconomic pathway ssp126, which had higher radiation in genotype Asontem under without bias correction (Table 4).




3.4 Changes in water and phosphorus stress of four cowpea genotypes with and without bias correction of historic and future climate scenarios

Generally, at both sites (in Ouagadougou and Kumasi), the simulated average water stress factor (TRANRF) and phosphorous nutrition index (PNI) were higher in the historic period compared to the socioeconomic pathways, both with bias-correction and without bias-correction (Table 5). This means that, on average, the crop suffered less from water stress in the historic period on both sites (in Ouagadougou and Kumasi).


Table 5 | Simulated average TRANRF (A) and PNI (B) of four cowpea genotypes during the growing period as affected by bias correction for the historic period (hist, 1981–2010, average of 30 years) and future scenario period (2040–2070, average of 30 years) under two SSPs (ssp126 and ssp585) at two different locations in West Africa (Kumasi and Ouagadougou) under rainfed conditions without fertilizer application.



In Ouagadougou and with bias correction, the differences between the TRANRF in the historic period and the ssp126 scenario were 0.01 in all the genotypes. The differences further increased to 0.12 in genotypes Asontem and Hans adua under ssp585. Without bias correction, the differences in TRANRF between the historic and the socioeconomic pathway ssp126 were similar to the differences with bias correction. However, without bias correction, the differences in TRANRF between historic and ssp585 scenarios were much lower (0 to 0.01) than with bias correction. Apart from genotypes Hans adua and GH6060 that decreased TRANRF by 0.01 each, in comparing ssp585 to historic, the genotypes Asontem and Nketewade remained unchanged (Table 5A).

With bias correction, the average PNI of the genotypes hardly changed when comparing the historic to the socioeconomic scenario in Ouagadougou. With bias correction, the PNI of genotype Asontem was reduced by 0.01 and the average PNI of Hans adua increased by 0.02 in both ssp126 and ssp585 compared to the historic period, but the average PNI of GH6060 and Nketewade remained unchanged. Without bias correction, the PNI of the genotypes behaves differently. The PNI values of the historic period were highest, ranging from 0.86 to 0.93, followed by the PNI value in the socioeconomic pathway ssp126, ranging from 0.86 to 0.92 and then the PNI values in the ssp585 scenario, which ranged from 0.84 to 0.90 all in GH6060 and Nketewade, respectively (Table 5B).

In Kumasi and with bias correction, TRANRF values were 0.01 higher in the historic compared to both socioeconomic pathways (ssp126 and ssp585), but, without bias correction, the trend changed. Three genotypes (Asontem, Hans adua, and Nketewade) had similar values under the historic and the socioeconomic pathways. GH6060 is the only genotype that had a higher TRANRF of 0.92 under historic and ssp585 scenarios and a lower value of 0.61 in ssp126 (Table 5A). The values of PNI under bias correction recorded the lower range in Asontem and the higher range in Nketewade of the historic from 0.77 to 0.85, ssp126 from 0.78 to 0.85, and ssp585 from 0.77 to 0.85. This trend was also observed in without bias correction where the lower and the higher PNI of the historic and the socioeconomic pathways were recorded in Asontem and Nketewade, respectively (Table 5B).





4 Discussion

Bias correction is very crucial for a reliable assessment of the impact of climate change on agricultural productivity and potential adaptation measures through crop models (Glotter et al., 2014; Challinor et al., 2017). The effect of the bias correction of the output of four GCMs on the response of four cowpea genotypes popularly grown in Ouagadougou and Kumasi under two future (2040 and 2070) socioeconomic pathways (ssp126 and ssp585) were assessed.

The bias correction of the climate model outputs revealed a reduced duration of phenological periods on the simulation of the genotypes as a response to differences in average temperatures during the growing cycle between bias-corrected and non-bias-corrected climate inputs. The bias correction of the climate input data may have proven necessary to obtain reliable future changes in the phenological development of the cowpea genotypes (Macadam et al., 2016). The number of days to anthesis using bias correction was reduced by 1 or 2 days in all genotypes except Asontem, which did not change in comparing climate inputs for the historic period and the socioeconomic pathway ssp126. GH6060 was the only genotype that was reduced by 1 day only under the socioeconomic pathway ssp585 at Ouagadougou. A reduction of 2–5 days in the period from emergence to maturity was observed under the socioeconomic pathway ssp585 and all the genotypes in Ouagadougou. A similar pattern was also recorded in Kumasi where days to anthesis were reduced by 6 days in Asontem, Hans adua, and Nketewade and by 5 days in Asontem and 7 in GH6060 under ssp126. Under ssp585, the genotypes Asontem, GH6060, and Nketewade were reduced the days to anthesis by 4 and 5 days by Hans adua. Days to maturity were reduced by 6 days under ssp126 and by 8 days under ssp585 in all genotypes when the data were bias-corrected (Figures 1, 2). These reductions were due to an increase in temperatures (Tables 3A, B) in both locations, which might have accelerated the phenological development of the genotypes. The importance of the simulation of phenological development from anthesis to maturity stages is vital in dynamic crop models (Ceglar and Kajfež-Bogataj, 2012) because this is known to affect the allocation of assimilates that have a significant impact on the tolerance to biomass production and the yield of crops to high temperatures (Aidoo et al., 2016).

The total aboveground biomass and yield were higher in the historic period, especially under bias correction compared to the socioeconomic pathways. In considering the genotype performance under the socioeconomic pathways in both locations, high total aboveground biomass and yield were recorded for genotypes Asontem and GH6060 with bias correction. In Kumasi, the total aboveground biomass and yield of genotypes Nketewade and Hans adua were low when the data were subjected to corrections to eliminate the biases (Figures 3, 4). These alterations of the total aboveground biomass and yield of the genotypes may have resulted from the variability overestimation. Highly improved total aboveground biomass and yield estimated for genotypes Asontem and GH6060 between the historic and socioeconomic pathways might be due to the use of bias-corrected data for the simulation (Ceglar et al., 2011). The biomass accumulation and yield of the genotypes may be an adaptational strategy to water and phosphorus stress (Adusei et al., 2021). The genotypes might have again taken advantage of the increased levels of CO2, especially in the simulation of the future socioeconomic pathways using bias-corrected data on temperatures and precipitation at stress and unstress environmental conditions (Table 3). Elevated CO2 is known to increase the rate of photosynthesis in plants under optimum temperature and an adequate amount of soil moisture (van der Kooi et al., 2016; Adusei et al., 2022), and these might have impacted positively on the growth and yield of genotypes Asontem and GH6060.

The temperature levels in the historic period and the future socioeconomic pathways reduced in both locations after subjecting the data to bias correction (Table 4). The overestimation of temperature without bias correction in this study agrees with the findings by Kjellstrom et al. (2010) on the overestimation of temperatures in the central part of Europe. The optimal temperature levels under which the genotype Asontem developed biomass and improved yield were attained after bias correction, which is an indication that the genotype tolerated high temperatures to a certain degree (Table 4). In contrast to mean temperatures, precipitation seems to be underestimated without bias correction in this study. However, the bias correction of the precipitation output of the climate models resulted in higher percentiles of rainfall, even when the values are still underestimated (Kajfez-Bogataj et al., 2010). This caused higher biomass growth in genotypes GH6060 and Asontem in both locations. The radiation over the growing period provided by the climate models did not change when applying bias correction (Table 4). This is an indication that the rate of radiation in both locations might have an enhanced photosynthetic efficiency of the genotypes when they were subjected to water and phosphorous stress. The high temperature and radiation and relatively moderate precipitation in Ouagadougou compared to Kumasi under bias correction may have increased the probability of producing major positive yield bias by the crop model. The effect of bias correction on simulated biomass production and crop yield was less pronounced, and this might have been influenced by the corrected data on weather conditions (Macadam et al., 2016). The TRANRF did not change when comparing historic and future scenarios in most of the genotypes and SSPs; however, there was a strong reduction of TRANRF in Ouagadougou under ssp585 for all genotypes when climate input was bias-corrected. In contrast, when comparing historic and future periods in both locations, there is hardly a change in the average PNI of all genotypes, except for the genotype Hans adua. The average PNI of this genotype increased in all locations and SSPs (Table 5). This is an indication that phosphorus will not be the limiting factor for cowpea yield but rather water.




5 Conclusion

The bias correction appeared necessary for a more reliable simulation of cowpea phenology, total aboveground biomass, and yields. The cowpea model used in this study was sensitive in adjusting and predicting the adaptational potential of four selected cowpea genotypes. Genotypes Asontem and GH6060 exhibited the highest adaptational potential to future climate change in the moist and dry savanna areas by a slightly reduced period from anthesis and maturity, the highest buildup of total aboveground biomass and yield, tolerance to high temperatures, and high water use and photosynthetic efficiency. The bias correction of climate model outputs improved substantially the seasonal variability of temperature, precipitation, and radiation in the two locations. The change in TRANRF and PNI were genotype specific due to the reduction of the dependent on the initial conditions and natural forced variability through data correction.
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Crop parameters Description

modified

Phenology

TSUMI1 Temperature sum from emergence to anthesis °C day
TSUM2 Temperature sum from anthesis to maturity °C day
Leaf area index

(LA

RGRLAI Maximum relative increase in the leaf area index (LAI)

SLATB-0.0 Specific leaf area as a function at developmental stage 0.0 m’ g’
SLATB-2.0 Specific leaf area as a function at developmental stage 2.0 m’g!
Biomass and yield

KDIFTB 0.0 Extinction coefficient for diffuse visible light as a function at developmental stage 0.0

KDIFTB 2.0 Extinction coefficient for diffuse visible light as a function at developmental stage 2.0

RUETB 0.0 Radiation use efficiency for biomass production as a function at developmental stage 0.0 gMJ!
RUETB 1.5 Radiation use efficiency for biomass production as a function at developmental stage 1.5 gMy!
RUETB 2.0 Radiation use efficiency for biomass production as a function at developmental stage 2.0 g Mt
RDRRTB Relative death rate of root as a function of Development stage (DVS) da!
PMAXSO Maximum P concentration (= 1.6*min. P conc.) in storage organs gg-1
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Location and Genotypes

With bias correction

TRANRF

bias correction

Ouagadogou ssp126 ssp585 ssp126

Asontem 0.92 + 0.028 091 +0.003 0.81 + 0.002 0.90 £ 0.005 0.90 + 0.004 0.90 + 0.004
GH6060 0.92 + 0.029 091 +0.002 0.80 + 0.002 0.92 + 0.006 0.89 + 0.005 091 +0.006
Hans adua 0.92 + 0.027 091 +0.003 0.81 + 0.002 0.91 + 0.005 0.90 + 0.004 0.90 + 0.004
Nketewade 0.92 + 0.029 0.91 +0.003 0.80 + 0.003 0.90 + 0.004 0.89 + 0.005 0.90 + 0.004
Average 0.92 0.91 0.81 091 0.90 0.90
Kumasi

Asontem 0.92 +0.014 091 +0.002 0.91 +0.003 0.91 + 0.003 0.91 % 0.003 091 +0.003
GH6060 0.92 +0.014 0.91 + 0.002 ' 091 + 0.003 0.92 +0.003 0.61 + 0.022 0.92 0.003
Hans adua 0.92 + 0.014 091 +0.002 0.91 + 0.003 0.91 £ 0.003 0.91 + 0.003 0.91 +0.003
Nketewade 0.92 +0.014 091 +0.002 0.91 + 0.003 0.91 + 0.003 0.91 + 0.003 0.91 +0.003
Average 0.92 0.91 0.91 091 0.84 091

Location and Genotypes

Ouagadogou

Asontem
GH6060
Hans adua
Nketewade
Average
Kumasi
Asontem
GH6060
Hans adua
Nketewade

Average

0.93 +0.004

0.92 + 0.004

0.92 + 0.003

0.94 + 0.004

093

0.77 £ 0.011

0.80 + 0.009

0.80 + 0.008

0.85 + 0.007

0.81

With bias correction

ssp126
092 + 0,007
0.92 + 0.007
0.94 + 0.004
094 = 0.005

093

0.78 £ 0.016
0.80 +0.016
0.85 +0.011
0.85 +0.010

0.82

ssp585
092 + 0.006
0.92 + 0.005
0.94 + 0.003
094 = 0.004

0.93

0.77 £ 0.016
079 £ 0.017
0.85 £ 0.011
0.83 + 0.011

0.81

0.89 + 0.013

0.86 + 0.013

0.89 + 0.009

0.93 + 0.006

0.89

0.84 £ 0.012

0.86 + 0.011

0.84 + 0.008

0.91 + 0.006

0.86

bias correction

ssp126
0.88 + 0.013
0.86 + 0.012
0.88 = 0.008
0.92 + 0.006

0.89

0.83 £ 0.013
0.85 + 0.008
0.84 + 0.008
0.91 + 0.007

0.86

ssp585

0.85 + 0.014

0.84 +0.012

0.85 + 0.008

0.90 + 0.009

0.86

0.81 £ 0.015

0.83 £ 0.015

0.82 £ 0.010

0.89 + 0.009

0.84





