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20 Abstract
21 Agriculture in West Africa faces the challenge of meeting the rising demand for food as national 
22 incomes and populations increase while production becomes more uncertain due to climate change. 
23 Crop production models can provide helpful information on agricultural yields under a range of climate 
24 change scenarios and on the impact of adaptation strategies. Here, we report a systematic review of 
25 the impact of climate change on the yield of major staple crops in West Africa. Unlike earlier reviews 
26 we pay particular attention to the potential of common agricultural adaptation strategies (such as 
27 optimised planting dates, use of fertilisers and climate-resilient crop varieties) to mitigate the effects 
28 of climate change on crop yields. We systematically searched two databases for literature published 
29 between 2005 and 2020 and identified 35 relevant studies. We analysed yield changes of major staple 
30 crops (maize, sorghum, rice, millet, yam, cassava and groundnuts) caused by different climate change 
31 and field management scenarios. Yields declined by a median of 6% (-8% to +2% depending on the 
32 crop) due to climate change in all scenarios analysed. We show that the common adaptation strategies 
33 could increase crop yields affected by climate change by 13% (-4% to +19% depending on the strategy) 
34 as compared to business-as-usual field management practices, and that optimised planting dates and 
35 cultivars with longer crop cycle duration could in fact offset the negative effects of climate change on 
36 crop yields. Increased fertiliser use has not mitigated the impact of climate change on crops but could 
37 substantially increase yields now and in the future. Our results suggest that a combination of increased 
38 fertiliser use and adopting cropping practices that take advantage of favourable climate conditions 
39 have great potential to protect and enhance future crop production in West Africa.
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40

41 Keywords: crop productivity, West Africa, climate change impacts, climate change adaptation

42

43 1 Introduction
44 Climate change has already affected West African agriculture through changes in rainfall patterns, 
45 characterised by strong inter-annual rainfall fluctuations, increased frequency of rainfall extremes and 
46 prolonged droughts (Salack et al 2016, Sultan et al 2019). Agriculture in West Africa is predominantly 
47 rain-fed and thus highly vulnerable to climate change and variability, making crop production 
48 uncertain (Zougmoré et al 2016, Sultan and Gaetani 2016). Uncertainty about future crop production 
49 creates uncertainty for the food system, with consequences for economic, health and socio-cultural 
50 systems (van Mil et al 2014). To prepare the food system for future challenges, it is important to 
51 project potential crop production changes under different climate and field management scenarios to 
52 inform adaptation planning.

53 Crop models can be used to estimate changes in future crop production based on the simulated 
54 response of crops to field management, weather and soil processes. However, projected crop yields 
55 vary considerably between crops and locations and are strongly influenced by a wide range of 
56 potential climate and field management scenarios. In addition, crop yield projections are influenced 
57 by uncertainties from model parameters and representation of biophysical processes in different crop 
58 models (Asseng et al 2013).

59 Systematic reviews and meta-analyses that summarise and compare results from existing studies are 
60 useful tools to illustrate the range of projections and draw conclusions from a review of existing 
61 knowledge. Previous reviews concerning the impacts of climate change on crops in West Africa and 
62 sub-Saharan Africa found mainly negative climate change impacts on important staple crops (Roudier 
63 et al 2011, Knox et al 2012). These reviews focused on the raw impact of climate on crops, with little 
64 attention to how farming practices could reduce these impacts. However, in a global review of climate 
65 change impact studies, Challinor et al. (2014) demonstrated the importance of considering adaptation 
66 strategies, which significantly increased projected crop yields. Similarly, Müller (2013) noted that 
67 many projections for Africa see the possibility of increased agricultural production under climate 
68 change, especially if appropriate adaptation measures are taken. In addition, many case studies in 
69 West Africa have concluded that common farming practices, which respond to environmental change, 
70 can significantly reduce the negative impacts of climate change (Sultan and Gaetani 2016, Adam et al 
71 2020).

72 The effects of farming practices are highly location and context-specific. Practices that reduce negative 
73 climate change impacts on rainfed agriculture respond to shifts in precipitation and temperature, 
74 which can vary greatly in West Africa (Turco et al 2015). Soil fertility, which is generally low in West 
75 Africa, can also be an important factor for many farmers when choosing suitable farming practices 
76 (Stewart et al 2020). Moreover, farmers’ adoption of field practices is driven by access to markets, 
77 information and inputs (Ouédraogo et al 2017). It is therefore important to synthesise evidence on 
78 agricultural adaptations at the regional level in order to capture some of these contextual factors. 

79 In this study, we systematically searched and reviewed peer-reviewed literature on climate change 
80 impacts on the yields of major crops in West Africa with and without considering adaptation strategies. 
81 We drew on data from the reviewed studies to illustrate the range of climate change-induced yield 
82 changes of major crops in West Africa simulated under different climate change and field management 
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83 scenarios. We then quantified the impact of common adaptation strategies on crop yields. Finally, the 
84 data was used to discuss climate change impacts on crops in West Africa and the potential of 
85 adaptation strategies to reduce climate stress and increase future crop production.

86 2 Methods

87 2.1 Literature search strategy
88 This review follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
89 (PRISMA) guidelines (Moher et al 2009). We considered peer reviewed articles, books and book 
90 chapters published between January 1, 2005, and December 31, 2020, that examined the response of 
91 crops to climate change in West Africa with and without considering adaptation strategies. The studies 
92 were sourced from the databases Scopus and Web of Science Core Collection using specific key words, 
93 synonyms, search phrases and strategies which were unique to each data-base or portal to select 
94 studies (Text S1). As search engines and portals are sensitive to the order of search key words and 
95 bullion symbols, we used a range of different key words and bullion symbols. 

96 2.2 Selection Criteria and Data Extraction
97 We focused primarily on evidence from studies that use process-based crop simulation models as 
98 these studies comprise most of the quantitative literature exploring climate adaptation (Lobell 2014). 
99 An overview of all Inclusion and exclusion criteria for each study can be seen in Table 1. The data 

100 extracted from the studies included crop type, crop yield, crop yield change due to climate change or 
101 farming practices, publication year, country or region, location or agro-ecological zone, climate change 
102 scenario, type of climate model, field management scenario, crop model and simulation period of the 
103 baseline and the projection scenario.

104 Table 1: Inclusion and exclusion criteria for the systematic literature review process.

Search checkpoints Acceptance criteria Rejection criteria

Initial search Studies published in English and French Studies published in other languages

Projected climate change and climate scenarios
No change in climate and short-term 
seasonal climate data

Crop yield change
Studies that report indicators or 
parameters others than crop yield

Studies focused on the West African region Studies focused on other regions

Local, country and sub regional studies Global and continental

Title and abstract 
screening Focused on the selected crops non-crop agricultural systems

Modelling studies with quantitative outputs

Studies with qualitative outputs and 
studies reporting greenhouse 
experiments.

Studies reporting non-quantitative 
outputs

Full paper review Original studies
Qualitative literature review and 
discourse analysis

Numerical crop yield or proportion of crop yield changes
Qualitative description of crop yield 
patterns
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4

Crop yield and changes under climate change
Yield and changes under farming 
practices only

Yield change under different climate scenarios Yield changes over different years

Adaptation options under different climate scenarios
Adaptation options without different 
climate scenarios

Detailed methodology

Insufficient details are provided on 
the methodology to carry out data 
analysis

105

106

107 2.3 Data analysis
108 Crops that had been investigated in at least three studies, including maize, sorghum, millet, rice, 
109 groundnut, yam, and cassava, were selected for data analysis. Relative changes in crop yields due to 
110 climate change were analysed under all scenarios examined in the studies. In addition, the impact of 
111 climate change on crop yields with and without adaptation strategies, as well as the impact of 
112 adaptation strategies on crop yields within the climate scenarios, were analysed.

113 2.3.1 Grouping of field management scenario into adaptation and business-as-usual 

114 scenarios
115 Because a variety of adaptation scenarios were used in the studies, we have pooled some scenarios 
116 to facilitate comparison across studies. The aggregated adaptation scenarios include increased 
117 fertiliser applications, optimised planting dates, and the use of climate-resilient cultivars with short or 
118 extended crop cycle lengths, high-yielding, and drought and heat tolerant traits. All simulated 
119 adaptation techniques are listed and described in Table 3.

120 Business-as-usual (BAU) scenarios were selected according to the following criteria: If the studies 
121 explicitly provided a BAU scenario, this was adopted. If no BAU scenario was defined, the BAU scenario 
122 was determined on the basis of the adaptation practice:

123  Conventional or traditional crop varieties were selected as the BAU scenario when climate-
124 resilient crop varieties were used as the adaptation practice. 
125  Non-optimal planting dates (i.e., too late, or too early planting) were selected as the BAU 
126 scenario when optimised planting dates were used as the adaptation practice.
127  Low, or no fertiliser use was selected as the BAU scenario when increased fertiliser use was 
128 used as the adaptation practice.

129 2.3.2 Calculating the impact of climate change on crop yields
130 In most studies, the impact of climate change on crop yields was calculated using the relative change 
131 between crop yields simulated with historical climate data and crop yields simulated with different 
132 climate change scenarios. Alternatively, weather parameters from historical climate data were 
133 artificially changed to analyse the response of crops to gradually changing temperature, precipitation 
134 and CO2. An important limitation of this method is that interactions between climate parameters are 
135 not considered. If no relative changes in crop yields due to climate change were given in the studies, 
136 these were calculated using the absolute yields given. 
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137 CY = (YF –YB)/ YB    (1)

138 where CY is the relative change in yields due to climate change, YB is the yield for the baseline climate 
139 scenario, and YF is the yield for the future climate change scenario. We compared crop yield changes 
140 due to climate change based on the four representative concentration pathway scenarios (RCPs): RCP 
141 2.6, RCP 4.5, RCP 6.0, RCP 8.5. When studies used temperature and emission scenarios to project crop 
142 yields, we allocated them to the best aligning RCP scenario using the mapping in Table S1. The climate 
143 scenarios used for each study are listed in Table S2.

144 2.3.3 Calculating the impact of climate change on crop yields with and without 

145 adaptation practices
146 We extracted or calculated the relative changes in crop yields due to climate change simulated under 
147 adaptation practices and under BAU practices.

148 CYm = (YFm –YBm)/ YBm    (2)

149 where CY is the relative change in yields due to climate change for farming practice m, YB is the yield 
150 for the baseline climate scenario, and YF is the yield for the future climate change scenario. As the 
151 projected crop yields are compared to the baseline yields within the same field management 
152 scenarios, the impact of improved or more intensive farming practices on crop yields is excluded. The 
153 distributions of the relative crop yield changes are then compared between adaptation practices and 
154 corresponding BAU practices.

155 2.3.4 Calculating the impact of adaptation practices on crop yields within climate 

156 scenarios
157 We extracted or calculated the relative change between paired values of crop yields simulated with 
158 and without adaptation practices.

159 MYc = (YAc – YBAUc)/ YBAUc    (3)

160 where MY is relative change in yields due to adaptation practices for the climate scenario c, YA is the 
161 yield for the adaptation practice, YBAU is the yield for the corresponding business-as-usual scenario. 
162 As changes in crop yields are compared within the same climate scenario, the impact of climate change 
163 on crop yields is excluded. The distributions of the relative changes in crop yields are then compared 
164 between baseline and future climate scenarios to analyse whether the effectiveness of adaptation 
165 practices changes in future climates.

166 2.3.5 Consideration of the variability of the results due to study-specific factors
167 In addition to the modelled field management practices, simulated crop yields are also influenced by 
168 other study-specific modelling factors. To indicate the sensitivity of calculated crop yield changes to 
169 study-specific factors, we compared the degree of variation in median crop yield changes due to 
170 climate change between different simulation periods, climate scenarios, field management scenarios, 
171 crop models, countries, agro-ecological zones and type of climate models. The degree of variation of 
172 the median crop yield changes is expressed by the Interquartile range (IQR) of all median values per 
173 factor (Figure S1 to S7).
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174 3 Results

175 3.1 Screening
176 The initial database search resulted in 6204 articles from Scopus and Web of Science. After removing 
177 duplicates and screening for eligibility for the study based on the title and abstract, 245 articles 
178 remained. From a previously conducted theoretical literature search, four studies were added. Two 
179 studies were added after comments from two anonymous reviewers. After full article screening, a 
180 total of 35 articles remained from which the data presented in this study were extracted (Figure 1).

181

182 Figure 1: PRISMA diagram showing the number of articles at each stage of the screening process.

183
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184 Table 2: Articles used in the systematic review on food system modelling in West Africa, 2005-2020

Article Author (Year) Title

1 Traore et al (2017) Modelling cereal crops to assess future climate risk for family food self-sufficiency in southern Mali

2 Sultan et al (2014) Robust features of future climate change impacts on sorghum yields in West Africa

3 Sultan et al (2013) Assessing climate change impacts on sorghum and millet yields in the Sudanian and Sahelian savannas of West Africa

4 Singh et al (2017) An assessment of yield gains under climate change due to genetic modification of pearl millet

5 Amouzou et al (2019) Climate change impact on water- and nitrogen-use efficiencies and yields of maize and sorghum in the northern Benin dry savanna, West Africa

6 Singh et al (2014) Quantifying potential benefits of drought and heat tolerance in rainy season sorghum for adapting to climate change

7 Akumaga et al (2018) Utilizing Process-Based Modeling to Assess the Impact of Climate Change on Crop Yields and Adaptation Options in the Niger River Basin, West Africa

8 Parkes et al (2018) Projected changes in crop yield mean and variability over West Africa in a world 1.5K warmer than the pre-industrial era

9 MacCarthy et al (2017) Using CERES-Maize and ENSO as Decision Support Tools to Evaluate Climate-Sensitive Farm Management Practices for Maize Production in the Northern Regions of Ghana

10 Yamoah (2018) Who Benefits, Who Loses and What can be done? - An Assessment of the Economic Impacts of Climate Change with and without Adaptation on Smallholder Farmers in Ghana

11 Sarr and Camara (2018) Simulation of the impact of climate change on peanut yield in Senegal

12 Regh et al (2014) Scenario-based simulations of the impacts of rainfall variability and management options on maize production in Benin

13 van Oort and Zwart (2017) Impacts of climate change on rice production in Africa and causes of simulated yield changes

14 Adam et al (2020) Which is more important to sorghum production systems in the Sudano-Sahelian zone of West Africa: Climate change or improved management practices?

15 Adejuwon (2005) Assessing the suitability of the EPIC crop model for use in the study of impacts of climate variability and climate change in West Africa

16 Adejuwon (2006) Food crop production in Nigeria. II. Potential effects of climate change

17 Bosello et al (2017) Climate Change and Adaptation: The Case of Nigerian Agriculture

18 Falconnier et al (2020) Modelling climate change impacts on maize yields under low nitrogen input conditions in sub-Saharan Africa

19 Faye et al (2018) Potential impact of climate change on peanut yield in Senegal, West Africa

20 Faye et al (2018b) Impacts of 1.5 versus 2.0 degrees C on cereal yields in the West African Sudan Savanna

21 Freduah et al (2019) Sensitivity of maize yield in smallholder systems to climate scenarios in semi-arid regions of West Africa: Accounting for variability in farm management practices

22 Guan et al (2015) What aspects of future rainfall changes matter for crop yields in West Africa?

23 Mishra et al (2008) Sorghum yield prediction from seasonal rainfall forecasts in Burkina Faso

24 Paeth et al (2008) Climate change and food security in tropical West Africa - A dynamic-statistical modelling approach

25 Salack et al (2015) Crop-climate ensemble scenarios to improve risk assessment and resilience in the semi-arid regions of West Africa

26 Srivastava et al (2015) Climate change impact and potential adaptation strategies under alternate climate scenarios for yam production in the sub-humid savannah zone of West Africa

27 Tan et al (2010) Modeling to evaluate the response of savanna-derived cropland to warming-drying stress and nitrogen fertilizers

28 Tingem et al (2009) Adaptation assessments for crop production in response to climate change in Cameroon
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29 Schleussner et al (2016) Differential climate impacts for policy-relevant limits to global warming: the case of 1.5 ◦C and 2 ◦C

30 Tan et al (2009) Historical and simulated ecosystem carbon dynamics in Ghana: land use, management, and climate

31 Hounnou et al (2019) Economy-Wide Effects of Climate Change in Benin: An Applied General Equilibrium Analysis

32 Ahmed et al (2015) Potential Impact of Climate Change on Cereal Crop Yield in West Africa

33 Srivastava et al (2012) The impact of climate change on Yam (Dioscorea alata) yield in the savanna zone of West Africa

34 Tachie-Obeng et al (2013) Considering effective adaptation option to impacts of climate change for maize production in Ghana

35 Raes et al (2021) Improved management may alleviate some but not all of the adverse effects of climate change on crop yields in smallholder farms in West Africa
185
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186 3.2 The impact of climate change on crop yields
187 Most articles in Table 2 have analysed the impact of climate change on crop yields in Benin (10 articles) 
188 and Ghana (10), followed by Mali (9), Nigeria (7), Niger (6), Senegal (6), Burkina Faso (5) , Côte d'Ivoire 
189 (4), Cameroon (3), The Gambia (3), Mauritania (2), Togo (2), Chad (1), Guinea (1), Guinea-Bissau (1), 
190 and Sierra Leone (1). The crops analysed in most articles were maize (21 articles), sorghum (18), and 
191 millet (10). Other crops analysed in at least three articles were rice (8), groundnut (6), yam (5), and 
192 cassava (3). The most frequently used climate change scenario was the RCP8.5 scenario (19 articles), 
193 followed by the RCP4.5 scenario (16), the RCP6.0 scenario (11), and the RCP2.6 scenario (10).

194 Crop yields declined due to climate change by a median of 6% (25th to 75th percentile: -18% to +5%) in 
195 all scenarios analysed, with differences between individual crops. Median changes in crop yields were 
196 negative for maize (-6%; -18% to +4%), sorghum (-8%; -20% to +2%), rice (-6%; -19% to +5%), yam (-
197 5%; -17% to +5%), cassava (-3%; -10% to +5%), and millet (-1%; -11% to +8%). Climate change impacts 
198 on groundnut yields were positive (+2%; -14% to +24%) (Figure 2a). The RCP 2.6 scenario led to the 
199 lowest change in yields of most crops. With higher radiative forcing, crop yield reductions became 
200 larger, and the variability of the changes increased (Figure 2b). Most crop yield projections covered 
201 the years between the 2020s and 2050s, while projections for the second half of the 21st century were 
202 limited in number (Figure 2c). A trend in the magnitude of crop yield changes over time could not be 
203 identified.

204 Overall, projected crop yield changes varied considerably, ranging from -97% to +268% as compared 
205 to the baseline. The projected crop yield responses to climate change are partly dependent on study-
206 specific modelling factors (management scenario, simulation period, country, agro-ecological zone, 
207 climate model, climate scenario, crop model) (Figure 2d). The IQR of the median crop yield changes 
208 resulting from the different field management scenarios is highest, followed by the simulation period 
209 and the country of the study. The climate model, the climate scenario, the crop model, and the agro-
210 ecological zone of the study side lead to lower IQRs of the median crop yield changes.

211

212
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213 Figure 2: (a) Climate change impact on crops represented in at least three studies. Midline in each box represents median 
214 values of crop yield changes. Boxes include values from the 25th to the 75th percentiles and whiskers bracket values between 
215 the 10th and the 90th percentiles. (b) climate change impact on most common crops simulated with different climate 
216 scenarios. (c) Years covered per article for the baseline simulation period and the projection simulation period. (d) Degree of 
217 variation of median crop yield changes due to climate change impacts driven by study-specific factors for crop yield 
218 projections.

219

220 3.3 The impact of climate change on crop yields with and without adaptation 

221 practices
222 Among the most analysed strategies to mitigate the impact of climate change on crop yields was the 
223 increased use of fertilisers (10 articles), followed by the use of cultivars with extended crop cycle 
224 length (8), optimised planting dates (8), short-cycle cultivars (6), high-yielding cultivars (3), and 
225 drought- and heat-tolerant cultivars (2) (Table 3). Crop yields were projected to increase by 1% (25th 
226 to 75th percentile: -14% to +12%) due to climate change with adaptation strategies and decrease by 
227 12% (-23% to 0%) without adaptation. Statistically significant positive effects of adaptation strategies 
228 on crop yield changes were found mainly in data from studies examining the impact of modified 
229 planting dates and extended crop cycle lengths on maize, rice and sorghum (Figure S8).

230 The impact of climate change on crop yields with and without individual adaptation strategies is 
231 illustrated in Figure 3. An extended crop cycle length was projected to increase crop yields by a median 
232 of 6% (25th to 75th percentile: 0% to +17%) under climate change, whereas yields of non-modified 
233 cultivars were projected to decrease by a median of 13% (-24% to -3%). Changing the planting dates 
234 led to a projected increase of crop yields by a median of 5% (0% to +20%) under climate change 
235 compared to a decrease of a median of 3% (-16% to +5%) under the business-as-usual scenario. The 
236 impact of other adaptation strategies on climate stress for crops were less significant in the studies 
237 analysed. Yields of short-cycle cultivars decreased by a median of 13% (-25% to -6%) and by 15% (-
238 30% to -12%) when business-as-usual varieties are used. In studies where drought and heat tolerant 
239 cultivars were analysed, crop yields decreased by a median of 19% under climate change (-26% to -
240 10%) compared to a 22% (-30% to -13%) reduction of yields from common cultivars. Yield declines due 
241 to climate change from high-yielding cultivars were slightly larger (-21%; -28% to -12%) than from the 
242 common cultivar (-17%; -29% to -13%). In fields with high fertiliser use, median crop yields decreased 
243 by 3% (-21% to +17%) and in fields with lower fertiliser use by 4% (-17% to +1%).

244

245 Table 3: Most common adaptation practices simulated in the reviewed studies

Adaptation practice Description Studies
Modified planting 
date 

Shift of planting dates (earlier or later) for crops to coincide 
with altered seasonal rainfall distribution and thermal 
conditions.

Traore et al. 2017, 
Akumaga et al. 2018,
MacCarthy et al. 2017,
Regh et al. 2014,
Adejuwon et al. 2006,
Srivastava et al. 2015,
Tingem et al. 2009,
Tachie-Obeng 2013

Cultivar with short 
crop cycle

Short crop life cycles can reduce the risk of crops being 
exposed to the negative effects of intra-seasonal rainfall and 
temperature fluctuations. 

Sultan et al. 2014, 
Singh et al. 2017, 
Singh et al. 2014,
Guan et al. 2015,
Mishra et al. 2008,

Page 10 of 23AUTHOR SUBMITTED MANUSCRIPT - ERL-112985.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



11

Salack et al. 2015

Cultivar with 
extended crop cycle

Lengthening the life cycles of crops by increasing their thermal 
requirements helps to compensate for the shortening of the 
crop cycle duration as the temperature rises. This leaves more 
time for vegetative growth and grain formation.

Singh et al. 2017, 
Singh et al. 2014,
Srivastava et al. 2015,
Tingem et al. 2009,
Mishra et al. 2008,
Van Oort et al. 2017,
Akumaga et al. 2018,
Tachie-Obeng 2013

High-yielding cultivar Hypothetical cultivar with increased yield potential traits such 
as radiation use efficiency, relative leaf size and partitioning of 
assimilates to the panicle.

Sultan et al. 2013,
Singh et al. 2014,
Singh et al. 2017

Drought and heat-
tolerant cultivar

Hypothetical cultivar with higher rooting density and 
increased resistance against water and temperature stress 
during the most susceptible phenological phases.

Singh et al. 2017
Singh et al. 2014

Increasing fertiliser Increased mineral and organic fertilisation reduces crop 
nutrient stress, which can influence the sensitivity of yields to 
climate change.

Akumaga et al. 2018,
Srivastava et al. 2015,
Adam et al. 2020,
MacCarthy et al. 2017,
Traore et al. 2017,
Tan et al. 2009,
Tan et al. 2010,
Amouzou et al. 2019,
Falconnier et al. 2020,
Faye et al. 2018

246

247

248 Figure 3: The impact of climate change on crop yields simulated under a business-as-usual field management scenario and 
249 simulated under an adaptation strategy scenario. All values have been log-transformed for better visual comparison. Plots 
250 for each crop are available in Figure S8.

251 3.4 The impact of adaptation practices on crop yields within climate scenarios
252 The amount of data available to analyse crop yield changes due to adaptation practices was lower 
253 than the amount of data available to analyse crop yield changes due to climate change. Many studies 
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254 reported only relative changes in crop yields due to climate change, but not absolute crop yields for 
255 different adaptation practices or relative crop yield changes due to different adaptation practices. Due 
256 to the data limitations, statistically significant differences between the effect of adaptation practices 
257 in the future climate compared to the baseline climate were limited and could only be found for 
258 modified planting dates and drought- and heat-tolerant cultivars for sorghum and maize (Figure S9).

259 In most cases, the impacts of the adaptation practices were positive under both baseline and future 
260 climate scenarios (Figure 4). The positive effect of optimising planting dates on crop yields is greater 
261 under future climate (+37%; 25th to 75th percentile: +23% to +63%) than under baseline climate 
262 scenarios (+16%; +10% to +38%). Median values of positive crop yield changes for drought- and heat-
263 tolerant cultivars are also larger under future climate scenarios (+6%; +5% to +7%) than under baseline 
264 climate scenario (+2%; +1% to +5%). This also applies to high-yielding cultivars, whose positive impact 
265 on yields vary between a median of +22% (+13% to +28%) and +17% (+11% to +38%) for future and 
266 baseline climate scenarios, respectively. Higher fertiliser use increased crop yields by a median of 62% 
267 (+50% to +105%) under baseline climates, which was substantially lower under future climates (+28%; 
268 +10% to +116%). The largest difference in the impact of adaptation measures between the baseline 
269 and future climate scenarios was found for cultivars with different crop cycle lengths. Long-duration 
270 cultivars increased crop yields by a median of 152% (+4% to +155%) under the baseline climate and 
271 by 30% (+7% to +147%) under the future climate. Short-cycle cultivars increased yields by 177% (-8% 
272 to +259%) under the baseline climate, but reduced yields by 21% (-29% to +310%) under future 
273 climates. The effect of different crop cycle durations on yields was very variable and based on a 
274 substantially smaller sample sizes compared to the other practices. 

275

276

277 Figure 4: The impact of adaptation practices on crop yields within baseline and future climate scenarios, expressed by relative 
278 changes in crop yields between paired crop yield values simulated under an adaptation practice scenario and a business-as-
279 usual scenario. All values have been log-transformed for better visual comparison. Plots for each crop are available in Figure 
280 S9.

281
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282 4 Discussion

283 4.1 Climate change impacts on crops are predominantly negative in West 

284 Africa 
285 The central tendencies of crop yield changes due to climate change were negative for maize, sorghum, 
286 millet, rice, yam and cassava. The negative impacts of climate change on crops in West Africa can be 
287 explained in part by the adverse role of higher temperatures, which shorten the duration of the crop 
288 cycle and increase evapotranspiration requirements (Sultan and Gaetani 2016). Previous studies 
289 confirm that climate change is having a predominantly negative impact on crops in West Africa (Jalloh 
290 et al 2013). Roudier et al. (2011) found a median yield loss of – 11% of important staple crops in West 
291 Africa. In a larger regional analysis, Knox et al. (2012) found mean yield changes of −17% (wheat), −5% 
292 (maize), −15% (sorghum) and −10% (millet) across Africa. As such, previous reviews quantifying 
293 changes in crop yields as a result of climate change indicate a greater decline in yields of most crops 
294 than found in this study. Although it is difficult to pinpoint the reason for this difference, our focus on 
295 agricultural adaptation strategies to mitigate the impact of climate change on crop yields may have 
296 contributed.

297 Groundnut was the least negatively affected by climate change. The positive changes in groundnut 
298 yields were mostly associated with CO2 fertilisation in the studies reviewed (Tingem et al 2009, Faye 
299 et al 2018a). The benefits of CO2 for crops are greatest for C3 crops such as groundnut and cassava. 
300 However, some of the most important staple crops in West Africa are C4 crops (e.g. maize, millet, 
301 sorghum), for which this positive effect is less significant (Roudier et al 2011). 

302 Tuber and root crops are often considered less susceptible to climate change than other important 
303 staple crops in sub-Saharan Africa (Jarvis et al 2012). Many tuber and root crops have a high optimal 
304 temperature range that favours plant growth and are therefore less susceptible to the negative effects 
305 of warming (Srivastava et al 2015). Nevertheless, cassava and yam, were largely negatively affected 
306 by climate change in the studies reviewed. The yield changes for cassava and yam are based on the 
307 smallest sample size and are therefore more influenced by study-specific factors than the other crops. 
308 For example, the yam yield reductions were linked to a decrease in precipitation at the study site  
309 (Srivastava et al 2012, 2015). 

310 However, future changes in precipitation patterns in West Africa are highly uncertain (Pendergrass et 
311 al 2017), and thus crop yield changes due to droughts and water availability are uncertain. Since West 
312 Africa is heavily influenced by summer monsoon rainfall, resulting in high variability in seasonal 
313 rainfall, uncertain wet or dry conditions are an important constraint to projecting crop yields in this 
314 region, especially since agriculture is mainly rain-fed (Ramirez-Villegas et al 2013, Guan et al 2015, 
315 Salack et al 2016). Studies analysing inter-annual yield variability and probability of yield failure can 
316 help to assess the resilience of crops in those environments (Guan et al 2017). 

317 4.2 Adaptation strategies to offset negative climate change impacts
318 Despite the uncertain impacts of climate change on crops, previous studies concluded that the impacts 
319 of climate change on crops in West Africa will be largely negative without agricultural practices that 
320 respond to changing environmental conditions (Roudier et al 2011, Paeth et al 2008). This study 
321 showed that adaptation strategies can significantly reduce negative climate change impacts. A similar 
322 effect was found by a review of studies by Challinor et al. (2014), who found that adaptation increases 
323 simulated yields (wheat, rice, maize) in different temperate and tropical global regions by an average 
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324 of 7-15%. This was confirmed by various ground studies that demonstrate the positive effect of 
325 climate-smart technologies and practices on crop yields in West Africa (Zougmoré et al 2014, 2018).

326 In most studies reviewed, climate resilient crop varieties and optimised planting dates led to higher 
327 yields compared to the business-as-usual scenario and could often offset the negative impacts of 
328 climate change for crops. However, the impact of these adaptation techniques on the response of 
329 crops to changing climate differs widely and can be negative.

330 The impact of climate-resilient crop varieties depends on how well they are matched to changing 
331 climate patterns. Whilst longer varieties with larger thermal requirements can produce higher yields 
332 in a warming climate (Singh et al 2014, Tingem et al 2009), varieties with a shorter crop cycle can 
333 protect against yield loss due to late season drought stress (Siebert and Ewert 2012). Similarly, location 
334 and context-specific circumstances are crucial for the selection of cultivars. At locations where water 
335 resources are scarce, cultivars with increased resistance to heat shocks and drought can be used 
336 (Debaeke et al 2017). Although these cultivars were less common in the studies reviewed and the few 
337 cases analysed had a small impact on reducing climate stress, drought- and heat-tolerant cultivars 
338 have been reported as an effective adaptation technique in arid and semi-arid tropical climate (Singh 
339 et al 2017, Segnon et al 2021).

340 Despite the benefits of modern climate-resilient varieties, certain traits of traditional varieties are also 
341 beneficial for crop resilience to future climate conditions (Sultan et al 2013). For example, traditional 
342 sorghum cultivars with a longer growth cycle could better take advantage of increased rainy season 
343 length and increased total rainfall amount than modern cultivars with a short growth cycle (Guan et 
344 al 2015). Photoperiod sensitivity, which is a common characteristic of traditional crop varieties, can 
345 shorten the plants reproductive phase through early flowering, thereby reducing climate stress from 
346 a shortening growing season due to warming (Daba et al 2016). In addition, with traditional 
347 photoperiod-sensitive varieties, farmers can more flexibly adjust their planting dates to the rainfall 
348 variability common in the arid regions of West Africa, thus taking advantage of early rains (Mishra et 
349 al 2008).

350 The impact of changing planting dates on crop yields is closely related to seasonal weather patterns. 
351 By changing the sowing dates, the developmental stages of the plants are adapted to the seasonal 
352 weather patterns that determine plant development, such as the beginning and end of the rainy 
353 season, the distribution of precipitation within the season or thermal conditions, which influences the 
354 duration of the vegetation and reproductive phase, as well as the timing of possible heat and drought 
355 stress (Regh et al 2014, Mishra et al 2008, Tingem et al 2009, Freduah et al 2019). In addition, the time 
356 of sowing influences crop yields by determining the timing of other management practices such as 
357 tillage, fertilisation and irrigation (Regh et al 2014).

358 Although optimised planting dates are in most cases an effective strategy to reduce and offset 
359 negative impacts of climate change on crop yields, this strategy did not offset the negative impacts of 
360 climate change on crop yields in all studies reviewed (Tingem et al 2009, Akumaga et al 2018, 
361 Srivastava et al 2015). Planting too early may lead to crop failure due to failed establishment, and 
362 delayed planting will shorten the overlap between plant growing season and rainfall season and thus 
363 yields (Mishra et al 2008, MacCarthy et al 2017). Moreover, shifting planting dates can cause logistical 
364 problems for farmers. Farmers might struggle to plant on time because of lack of machinery (Traore 
365 et al 2017), or shifting the sowing date of certain crops may lead to an overlap with the growing season 
366 of the next crop (van Oort et al 2016).
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367 4.3 A combination of strategies is needed to increase crop yields in a changing 

368 climate
369 In several cases, the greatest potential of climate-resilient crop varieties and modified planting dates 
370 to offset climate change impacts was only achieved in combination with optimised fertiliser and 
371 irrigation management (Sultan et al 2013, Srivastava et al 2015, MacCarthy et al 2017). Despite the 
372 positive impact of fertiliser in combination with other adaptation practices on reducing climate 
373 impacts on crops, increasing fertiliser alone did not reduce climate stress for crops in most cases. Some 
374 studies even reported increased adverse climate impacts on crop yields in relative terms with higher 
375 fertiliser use (Faye et al 2018a, Sultan et al 2014). This is probably because with lower nutrient 
376 deficiencies, plants are more able to take advantage of good weather conditions and are therefore 
377 more sensitive to climate (Schlenker and Lobell 2010). 

378 Whilst greater fertiliser use did not significantly reduce climate stress in most cases, it greatly 
379 increased crop yields under constant climate. Although this positive effect diminished in future 
380 climates, it was still substantial in many cases, showing the great potential of fertilisers to boost crop 
381 yields now and in the future. In several cases, where low fertiliser rates or soil fertility were the most 
382 severe constraint for production, the response of crop yields to fertiliser was stronger than to climate 
383 change (Tan et al 2009, 2010, Srivastava et al 2012).

384 Low soil nutrient levels due to low soil organic carbon content and poor availability of inorganic 
385 fertilisers are a common problem limiting crop yields in West Africa (Stewart et al 2020, Pradhan et al 
386 2015, Zougmoré et al 2010). Thus, increasing availability and access to agricultural inputs should be 
387 part of the strategy to maintain or increase future crop production. In addition to nutrient deficiencies, 
388 constraints due to low farm inputs can also lead to water deficiencies and encroachment by weeds, 
389 pests and diseases, resulting in yield potential not being achieved (van Ittersum et al., 2016). As yield 
390 gaps are usually caused by multiple constraints, a combination of techniques is required to achieve 
391 potentially attainable yields at a site (Pradhan et al 2015). 

392 4.4 Implications for policy and practice
393 Farmers in West Africa have experience in taking advantage of more favourable growing conditions 
394 by adopting a range of measures, such as shifting planting dates; changing species, varieties, and crop 
395 rotations; altering soil management and fertilisation; and introducing or expanding irrigation (Sultan 
396 and Gaetani 2016, Debaeke et al 2017, Segnon et al 2021). Although not all of these measures were 
397 addressed in the studies reviewed, it became clear that successful implementation of climate change 
398 adaptation strategies can be challenging and is highly dependent on site- and context-specific 
399 circumstances.

400 Shifting planting dates is often referred to as the simplest climate change adaptation strategy, and 
401 may be more accessible to many farmers than other strategies, such as improved varieties (Debaeke 
402 et al 2017, Singh et al 2017). As the timing of farm operations is often determined by a narrow rainfall 
403 band, optimal sowing dates require robust weather information (Tingem et al 2009, MacCarthy et al 
404 2017). This is especially important in West Africa due to its high weather variability and the possibility 
405 of increasing variability due to climate change (Tarchiani et al 2018). Modified cultivars have been 
406 suggested as a valuable long-term climate change adaptation strategy (Tingem et al 2009). Breeding 
407 new varieties can take more than ten years (Asseng and Pannell 2013); thus, understanding future 
408 climatic conditions is important for developing varieties that are expected to be resilient under these 
409 conditions. 
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410 A challenge in the formulation of effective adaptation strategies is that the success of agricultural 
411 techniques to offset climate stress under the current climate does not necessarily mean that these 
412 strategies will work equally well for future climates (Lobell, 2014). Whilst the data analysed shows that 
413 the positive effect of optimised planting dates and drought- and heat-tolerant cultivars on crop yields 
414 can increase in future climates, this could not be confirmed for other adaptation practices. This was 
415 partly difficult to assess due to the small amount of data available, suggesting that further studies are 
416 needed to examine the effectiveness of adaptation strategies for future climates. Improving data 
417 quality for formulating long-term climate change adaptation strategies must be accompanied by 
418 improving regional climate models to better understand the future climate conditions to which 
419 farmers will have to adapt (Guan et al 2017). Crop diversification can spread risk against the current 
420 uncertainty of climate change impacts and provide a buffer for crop production against the impacts of 
421 greater climate variability and extreme events (Lin 2011, Segnon et al 2021).

422 The large yield gap in West Africa suggests enormous potential to increase agricultural productivity by 
423 shifting farming practices from traditional low-input farming to modern high-input farming. Much of 
424 the low productivity can be attributed to limited market access, resulting in reduced availability of 
425 fertilisers, pesticides, and machinery (Neumann et al 2010). Examples from Sub-Saharan Africa show 
426 that government subsidy programs for agricultural inputs can successfully improve land productivity 
427 (Wichelns 2003). In addition, farmers can significantly increase crop yields by investing in water 
428 harvesting methods and small-scale irrigation projects where water resources are available. While the 
429 potential for scaling up irrigation in West Africa is unclear, examples from low-income countries in 
430 Asia have shown that it is an essential component for increasing agricultural productivity and self-
431 sufficiency (Headey and Jayne 2014). While increasing agricultural inputs and climate change 
432 adaptation measures hold great potential to maintain or increase future crop production in many 
433 regions, it will be important to avoid negative environmental impacts of intensification, particularly 
434 from overuse of nutrients and pesticides (van Ittersum et al 2016). 

435 4.5 Limitations and strengths of this study
436 By reviewing studies examining the impact of climate change and adaptation strategies on crops we 
437 have shown the wide range of potential negative and positive changes in crop yields in West Africa. 
438 While much of the variation can be explained by differences between the studies reviewed, e.g., in 
439 field management assumptions and climate change scenarios, uncertainties in the simulation of 
440 climate change impacts on crops have also contributed. 

441 Several authors have provided an overview of the limitations and necessary improvements of crop 
442 models and their application in climate change impact assessments (e.g., Boote et al., 2013; Ewert et 
443 al., 2015). Important uncertainties remain about crop responses to key climate parameters such as 
444 temperature (Asseng et al 2013), precipitation (Lobell and Burke 2008) and CO2 (Ainsworth et al 2008, 
445 Long et al 2006). This leads to different physiological assumptions between crop models. In addition, 
446 crop models lack representation of the impacts of extreme weather events and of non-weather-
447 related processes such as pests, diseases, and weeds, which may lead to an overestimation of the 
448 positive impacts of climate change on crops (Balkovič et al 2018, White et al 2011). Nevertheless, plant 
449 susceptibility to warming can be identified from known optimal temperature ranges that can control 
450 plant growth (Hatfield et al 2011). Due to similar basic assumptions about crop-temperature 
451 relationships in crop models, there is high agreement on negative impacts of climate change on most 
452 major staple crops at low latitudes, despite existing uncertainties (Rosenzweig et al 2014).

453 Although crop models are often used in assessing climate change impacts, they were originally 
454 developed to support field management decisions (Hertel and Lobell 2014). By focusing on this 
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455 function of crop models, we illustrated that different field management assumptions lead to large 
456 differences in simulated climate change impacts on crops. Conversely, the varying effects of farming 
457 methods on crops are determined by climate scenarios and site-specific circumstances. A systematic 
458 review such as the one presented here can illustrate this variability and the potential of different 
459 farming practices to increase crop yields under a variety of scenarios and situations. Specific strategies 
460 to increase agricultural productivity and resilience in individual fields need to be explored based on 
461 detailed site information, in which locally parameterised and calibrated crop models can aid the 
462 decision-making process (Webber et al 2014).

463 An important limitation of this review is the small number of crops and adaptation techniques 
464 analysed (Figure S10). Since the impact of climate change varies greatly by crop and farming method, 
465 projections of production changes in West Africa become more robust as the number of crops and 
466 field management strategies considered increases. The lack of these data is partly because most 
467 climate adaptation studies are based on crop models, which are not yet suitable for all crops and have 
468 limited ability to simulate complex land management practices. Therefore, farming techniques that 
469 are widely used in West Africa, such as agroforestry or water harvesting through planting pits (zai or 
470 half-moon), were not considered in this study, although they are promising strategies to mitigate the 
471 negative impacts of climate change (Partey et al 2018, Zougmoré et al 2018). Furthermore, data on 
472 the impacts of climate change and adaptation strategies for fruits and vegetables are lacking. Given 
473 their importance to the agricultural sector in West Africa and their nutritional significance, this is an 
474 important concern that should be addressed in future climate adaptation studies.

475 5 Conclusion
476 In this systematic review we analysed the impact of climate change and adaptation practices on crop 
477 yields in West Africa and the potential of adaptation practices to offset negative climate change 
478 impacts. While recent studies suggest that climate change impacts are mostly negative, adaptation 
479 strategies that are already used by farmers can substantially mitigate these effects. Optimised planting 
480 dates and cultivars with an extended crop cycle length could offset negative climate change impacts 
481 in most cases. As the response of crops to different adaptation strategies varies widely, cultivation 
482 techniques must be carefully adapted to changing climate patterns and different conditions on 
483 individual farms. In addition to climate change impacts, the low productivity of West African 
484 agriculture deploys a huge potential to increase crop yields by transforming traditional low-input to 
485 modern high-input management systems. Although increased fertilisation has not reduced climate 
486 stress for crops in most studies, it can significantly increase crop yields in West Africa due to low soil 
487 productivity. As crop yields in West Africa are limited by many factors, a combination of methods is 
488 needed to increase crop production.

489 Acknowledgements
490 This study was developed as part of the Food system Adaptation in Changing Environments in Africa 
491 (FACE-Africa) project, a Wellcome Trust funded project (grant no. 216021/Z/19/Z) under the 
492 Wellcome Climate Change and Health Award Scheme. We would like to thank the two anonymous 
493 reviewers who helped to improve this study.

494 Conflict of interest
495 The authors do not have any competing interests to declare.

Page 17 of 23 AUTHOR SUBMITTED MANUSCRIPT - ERL-112985.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



18

496 References
497 Adam M, MacCarthy D S, Traoré P, Nenkam A, Freduah B S, Ly M and Adiku S G K 2020 Which is more 
498 important to sorghum production systems in the Sudano-Sahelian zone of West Africa: Climate 
499 change or improved management practices? Agric. Syst. 185 Online: https://hal.inrae.fr/hal-
500 03025136

501 Adejuwon J 2005 Assessing the suitability of the epic crop model for use in the study of impacts of 
502 climate variability and climate change in West Africa Singap. J. Trop. Geogr. 26 44–60

503 Adejuwon J O 2006 Food crop production in Nigeria. II. Potential effects of climate change Clim. Res. 
504 32 229–45

505 Ahmed K F, Wang G, Yu M, Koo J and You L 2015 Potential impact of climate change on cereal crop 
506 yield in West Africa Clim. Change 133 321–34

507 Ainsworth E A, Leakey A, Ort D R and Long S P 2008 FACE-ing the facts: inconsistencies and 
508 interdependence among field, chamber and modeling studies of elevated CO2 impacts on crop 
509 yield and food supply New Phytol. 179 5–9

510 Akumaga U, Tarhule A, Piani C, Traore B and Yusuf A A 2018 Utilizing process-based modeling to assess 
511 the impact of climate change on crop yields and adaptation options in the Niger river Basin, West 
512 Africa Agronomy 8

513 Amouzou K A, Lamers J P A, Naab J B, Borgemeister C, Vlek P L G and Becker M 2019 Climate change 
514 impact on water- and nitrogen-use efficiencies and yields of maize and sorghum in the northern 
515 Benin dry savanna, West Africa F. Crop. Res. 235 104–17 Online: 
516 https://doi.org/10.1016/j.fcr.2019.02.021

517 Asseng S, Ewert F, Rosenzweig C, Jones J W, Hatfield J L, Ruane A C, Boote K J, Thorburn P J, Rötter R 
518 P, Cammarano D, Brisson N, Basso B, Martre P, Aggarwal P K, Angulo C, Bertuzzi P, Biernath C, 
519 Challinor A J, Doltra J, Gayler S, Gol R, Williams J R and Wolf J 2013 Uncertainty in simulating 
520 wheat yields under climate change Nat. Clim. Chang. 3 627–32

521 Asseng S and Pannell D J 2013 Adapting dryland agriculture to climate change: Farming implications 
522 and research and development needs in Western Australia Clim. Change 118 167–81

523 Balkovič J, Skalský R, Folberth C, Khabarov N, Schmid E, Madaras M, Obersteiner M and van der Velde 
524 M 2018 Impacts and Uncertainties of +2°C of Climate Change and Soil Degradation on European 
525 Crop Calorie Supply Earth’s Futur. 6 373–95

526 Boote K J, Jones J W, White J W, Asseng S and Lizaso J I 2013 Putting mechanisms into crop production 
527 models Plant, Cell Environ. 36 1658–72

528 Bosello F, Campagnolo L, Cervigni R and Eboli F 2017 Climate Change and Adaptation: The Case of 
529 Nigerian Agriculture Environ. Resour. Econ. 69 787–810

530 Challinor A J, Watson J, Lobell D B, Howden S M, Smith D R and Chhetri N 2014 A meta-analysis of crop 
531 yield under climate change and adaptation Nat. Clim. Chang. 4 287–91

532 Daba K, Warkentin T D, Bueckert R, Todd C D and Tar’an B 2016 Determination of photoperiod-
533 sensitive phase in chickpea (cicer arietinum L.) Front. Plant Sci. 7 1–10

534 Debaeke P, Pellerin S and Scopel E 2017 Climate-smart cropping systems for temperate and tropical 
535 agriculture: Mitigation, adaptation and trade-offs Cah. Agric. 26

536 Ewert F, Rötter R P, Bindi M, Webber H, Trnka M, Kersebaum K C, Olesen J E, van Ittersum M K, Janssen 

Page 18 of 23AUTHOR SUBMITTED MANUSCRIPT - ERL-112985.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



19

537 S, Rivington M, Semenov M A, Wallach D, Porter J R, Stewart D, Verhagen J, Gaiser T, Palosuo T, 
538 Tao F, Nendel C, Roggero P P, Bartošová L and Asseng S 2015 Crop modelling for integrated 
539 assessment of risk to food production from climate change Environ. Model. Softw. 72 287–303

540 Falconnier G N, Corbeels M, Boote K J, Affholder F, Adam M, MacCarthy D S, Ruane A C, Nendel C, 
541 Whitbread A M, Justes É, Ahuja L R, Akinseye F M, Alou I N, Amouzou K A, Anapalli S S, Baron C, 
542 Basso B, Baudron F, Bertuzzi P, Challinor A J, Chen Y, Deryng D, Elsayed M L, Faye B, Gaiser T, 
543 Galdos M, Gayler S, Gerardeaux E, Giner M, Grant B, Hoogenboom G, Ibrahim E S, Kamali B, 
544 Kersebaum K C, Kim S H, van der Laan M, Leroux L, Lizaso J I, Maestrini B, Meier E A, Mequanint 
545 F, Ndoli A, Porter C H, Priesack E, Ripoche D, Sida T S, Singh U, Smith W N, Srivastava A, Sinha S, 
546 Tao F, Thorburn P J, Timlin D, Traore B, Twine T and Webber H 2020 Modelling climate change 
547 impacts on maize yields under low nitrogen input conditions in sub-Saharan Africa Glob. Chang. 
548 Biol. 26 5942–64

549 Faye B, Webber H, Diop M, Mbaye M L, Owusu-Sekyere J D, Naab J B and Gaiser T 2018a Potential 
550 impact of climate change on peanut yield in Senegal, West Africa F. Crop. Res. 219 148–59 Online: 
551 https://doi.org/10.1016/j.fcr.2018.01.034

552 Faye B, Webber H, Naab J B, MacCarthy D S, Adam M, Ewert F, Lamers J P A, Schleussner C F, Ruane 
553 A, Gessner U, Hoogenboom G, Boote K, Shelia V, Saeed F, Wisser D, Hadir S, Laux P and Gaiser T 
554 2018b Impacts of 1.5 versus 2.0 °c on cereal yields in the West African Sudan Savanna Environ. 
555 Res. Lett. 13

556 Freduah B S, MacCarthy D S, Adam M, Ly M, Ruane A C, Timpong-Jones E C, Traore P S, Boote K J, 
557 Porter C and Adiku S G K 2019 Sensitivity of maize yield in smallholder systems to climate 
558 scenarios in semi-arid regions of West Africa: Accounting for variability in farm management 
559 practices Agronomy 9

560 Guan K, Sultan B, Biasutti M, Baron C and Lobell D B 2017 Assessing climate adaptation options and 
561 uncertainties for cereal systems in West Africa Agric. For. Meteorol. 232 291–305 Online: 
562 http://dx.doi.org/10.1016/j.agrformet.2016.07.021

563 Guan K, Sultan B, Biasutti M, Baron C and Lobell D B 2015 What aspects of future rainfall changes 
564 matter for crop yields in West Africa? Geophys. Res. Lett. 42 8001–10

565 Hatfield J L, Boote K J, Kimball B A, Ziska L H, Izaurralde R C, Ort D, Thomson A M and Wolfe D 2011 
566 Climate impacts on agriculture: Implications for crop production Agron. J. 103 351–70

567 Headey D D and Jayne T S 2014 Adaptation to land constraints: Is Africa different? Food Policy 48 18–
568 33 Online: http://dx.doi.org/10.1016/j.foodpol.2014.05.005

569 Hertel T and Lobell D B 2014 Agricultural adaptation to climate change in rich and poor countries: 
570 Current modeling practice and potential for empirical contributions Energy Econ. 46 562–75 
571 Online: https://econpapers.repec.org/RePEc:eee:eneeco:v:46:y:2014:i:c:p:562-575

572 Hounnou F E, Dedehouanou H, Zannou A, Agbahey J and Biaou G 2019 Economy-wide effects of 
573 climate change in Benin: An applied general equilibrium analysis Sustainability 11

574 van Ittersum M K, van Bussel L G J, Wolf J, Grassini P, Van Wart J, Guilpart N, Claessens L, De Groot H, 
575 Wiebe K, Mason-D’Croz D, Yang H, Boogaard H, Van Oort P A J, Van Loon M P, Saito K, Adimo O, 
576 Adjei-Nsiah S, Agali A, Bala A, Chikowo R, Kaizzi K, Kouressy M, Makoi J H J R, Ouattara K, Tesfaye 
577 K and Cassman K G 2016 Can sub-Saharan Africa feed itself? Proc. Natl. Acad. Sci. U. S. A. 113 
578 14964–9

579 Jalloh A, Nelson G C, Thomas T S, Zougmoré R and Roy-Macauley H 2013 West African agriculture and 
580 climate change: A comprehensive analysis. (Washington, D.C.: International Food Policy 

Page 19 of 23 AUTHOR SUBMITTED MANUSCRIPT - ERL-112985.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



20

581 Research Institute (IFPRI)) Online: http://dx.doi.org/10.2499/9780896292048

582 Jarvis A, Ramirez-Villegas J, Campo B V H and Navarro-Racines C 2012 Is Cassava the Answer to African 
583 Climate Change Adaptation? Trop. Plant Biol. 5 9–29

584 Knox J, Hess T, Daccache A and Wheeler T 2012 Climate change impacts on crop productivity in Africa 
585 and South Asia Environ. Res. Lett. 7 034032 Online: http://stacks.iop.org/1748-
586 9326/7/i=3/a=034032?key=crossref.20db72a75918786a259b54d11d2240c6

587 Lin B B 2011 Resilience in agriculture through crop diversification: Adaptive management for 
588 environmental change Bioscience 61 183–93

589 Lobell D B 2014 Climate change adaptation in crop production: Beware of illusions vol 3 (Elsevier) 
590 Online: http://dx.doi.org/10.1016/j.gfs.2014.05.002

591 Lobell D B and Burke M B 2008 Why are agricultural impacts of climate change so uncertain? The 
592 importance of temperature relative to precipitation Environ. Res. Lett. 3 034007 Online: 
593 http://stacks.iop.org/1748-
594 9326/3/i=3/a=034007?key=crossref.fb6e07b64bbb514e24fb71a0016eb8bd

595 Long S P, Ainsworth E A, Leakey A D B, Ort D R and No J 2006 Food for Thought : Lower-Than-Expected 
596 Crop Yield Stimulation with Rising CO2 Concentrations Science (80-. ). 312 1918–22

597 MacCarthy D S, Adiku S G K, Freduah B S, Gbefo F and Kamara A Y 2017 Using CERES-maize and ENSO 
598 as decision support tools to evaluate climate-sensitive farm management practices for maize 
599 production in the northern regions of Ghana Front. Plant Sci. 8

600 van Mil H G J, Foegeding E A, Windhab E J, Perrot N and van der Linden E 2014 A complex system 
601 approach to address world challenges in food and agriculture Trends Food Sci. Technol. 40 20–
602 32 Online: http://dx.doi.org/10.1016/j.tifs.2014.07.005

603 Mishra A, Hansen J W, Dingkuhn M, Baron C, Traoré S B, Ndiaye O and Ward M N 2008 Sorghum yield 
604 prediction from seasonal rainfall forecasts in Burkina Faso Agric. For. Meteorol. 148 1798–814

605 Moher D, Liberati A, Tetzlaff J and Altman D G 2009 Preferred reporting items for systematic reviews 
606 and meta-analyses: The PRISMA statement BMJ 339 332–6 Online: 
607 http://dx.doi.org/doi:10.1136/bmj.b2535

608 Müller C 2013 African lessons on climate change risks for agriculture Annu. Rev. Nutr. 33 395–411

609 Neumann K, Verburg P H, Stehfest E and Müller C 2010 The yield gap of global grain production: A 
610 spatial analysis Agric. Syst. 103 316–26 Online: http://dx.doi.org/10.1016/j.agsy.2010.02.004

611 van Oort P A J, Balde A, Diagne M, Dingkuhn M, Manneh B, Muller B, Sow A and Stuerz S 2016 
612 Intensification of an irrigated rice system in Senegal: Crop rotations, climate risks, sowing dates 
613 and varietal adaptation options Eur. J. Agron. 80 168–81 Online: 
614 http://dx.doi.org/10.1016/j.eja.2016.06.012

615 van Oort P A J and Zwart S J 2017 Impacts of climate change on rice production in Africa and causes of 
616 simulated yield changes Glob. Chang. Biol. 24 1029–45

617 Ouédraogo M, Zougmoré R, Moussa A S, Partey S T, Thornton P K, Kristjanson P, Ndour N Y B, Somé L, 
618 Naab J, Boureima M, Diakité L and Quiros C 2017 Markets and climate are driving rapid change 
619 in farming practices in Savannah West Africa Reg. Environ. Chang. 17 437–49

620 Paeth H, Capo-chichi A and Endlicher W 2008 Climate Change and Food Security in Tropical West Africa 
621 — A Dynamic-Statistical Modelling Approach Erdkunde 62 101–15

Page 20 of 23AUTHOR SUBMITTED MANUSCRIPT - ERL-112985.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



21

622 Parkes B, Defrance D, Sultan B, Ciais P and Wang X 2018 Projected changes in crop yield mean and 
623 variability over West Africa in a world 1.5 K warmer than the pre-industrial Earth Syst. Dyn. 9 
624 119–34

625 Partey S T, Zougmoré R B, Ouédraogo M and Campbell B M 2018 Developing climate-smart agriculture 
626 to face climate variability in West Africa: Challenges and lessons learnt J. Clean. Prod. 187 285–
627 95

628 Pendergrass A G, Knutti R, Lehner F, Deser C and Sanderson B M 2017 Precipitation variability 
629 increases in a warmer climate Sci. Rep. 7 1–9 Online: http://dx.doi.org/10.1038/s41598-017-
630 17966-y

631 Pradhan P, Fischer G, Van Velthuizen H, Reusser D E and Kropp J P 2015 Closing yield gaps: How 
632 sustainable can we be? PLoS One 10 1–18

633 Raes D, Waongo M, Vanuytrecht E and Mejias Moreno P 2021 Improved management may alleviate 
634 some but not all of the adverse effects of climate change on crop yields in smallholder farms in 
635 West Africa Agric. For. Meteorol. 308–309 108563 Online: 
636 https://doi.org/10.1016/j.agrformet.2021.108563

637 Ramirez-Villegas J, Challinor A J, Thornton P K and Jarvis A 2013 Implications of regional improvement 
638 in global climate models for agricultural impact research Environ. Res. Lett. 8

639 Regh T, Bossa A Y and Diekkrüger B 2014 Scenario-based simulations of the impacts of rainfall 
640 variability and management options on maize production in Benin African J. Agric. Res. 9 3393–
641 410

642 Rosenzweig C, Elliott J, Deryng D, Ruane A C, Müller C, Arneth A, Boote K J, Folberth C, Glotter M, 
643 Khabarov N, Neumann K, Piontek F, Pugh T A M, Schmid E, Stehfest E, Yang H and Jones J W 2014 
644 Assessing agricultural risks of climate change in the 21st century in a global gridded crop model 
645 intercomparison Proc. Natl. Acad. Sci. U. S. A. 111 3268–73

646 Roudier P, Sultan B, Quirion P and Berg A 2011 The impact of future climate change on West African 
647 crop yields: What does the recent literature say? Glob. Environ. Chang. 21 1073–83 Online: 
648 http://dx.doi.org/10.1016/j.gloenvcha.2011.04.007

649 Salack S, Klein C, Giannini A, Sarr B, Worou O N, Belko N, Bliefernicht J and Kunstman H 2016 Global 
650 warming induced hybrid rainy seasons in the Sahel Environ. Res. Lett. 11 104008 Online: 
651 https://doi.org/10.1088/1748-9326/11/10/104008

652 Salack S, Sarr B, Sangare S K, Ly M, Sanda I S and Kunstmann H 2015 Crop-climate ensemble scenarios 
653 to improve risk assessment and resilience in the semi-arid regions of West Africa Clim. Res. 65 
654 107–21

655 Sarr A B and Camara M 2018 Simulation of the impact of climate change on peanut yield in Senegal 
656 Int. J. Phys. Sci. 13 79–89

657 Schlenker W and Lobell D B 2010 Robust negative impacts of climate change on African agriculture 
658 Environ. Res. Lett. 5

659 Schleussner C F, Lissner T K, Fischer E M, Wohland J, Perrette M, Golly A, Rogelj J, Childers K, Schewe 
660 J, Frieler K, Mengel M, Hare W and Schaeffer M 2016 Differential climate impacts for policy-
661 relevant limits to global warming: The case of 1.5 °c and 2 °c Earth Syst. Dyn. 7 327–51

662 Segnon A C, Zougmoré R B and Houessionon P 2021 Technologies and practices for agriculture and 
663 food system adaptation to climate change in The Gambia (Wageningen, the Netherlands)

664 Siebert S and Ewert F 2012 Spatio-temporal patterns of phenological development in Germany in 

Page 21 of 23 AUTHOR SUBMITTED MANUSCRIPT - ERL-112985.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



22

665 relation to temperature and day length Agric. For. Meteorol. 152 44–57 Online: 
666 http://dx.doi.org/10.1016/j.agrformet.2011.08.007

667 Singh P, Boote K J, Kadiyala M D M, Nedumaran S, Gupta S K, Srinivas K and Bantilan M C S 2017 An 
668 assessment of yield gains under climate change due to genetic modification of pearl millet Sci. 
669 Total Environ. 601–602 1226–37 Online: http://dx.doi.org/10.1016/j.scitotenv.2017.06.002

670 Singh P, Nedumaran S, Traore P C S, Boote K J, Rattunde H F W, Prasad P V V, Singh N P, Srinivas K and 
671 Bantilan M C S 2014 Quantifying potential benefits of drought and heat tolerance in rainy season 
672 sorghum for adapting to climate change Agric. For. Meteorol. 185 37–48 Online: 
673 http://dx.doi.org/10.1016/j.agrformet.2013.10.012

674 Srivastava A K, Gaiser T and Ewert F 2015 Climate change impact and potential adaptation strategies 
675 under alternate climate scenarios for yam production in the sub-humid savannah zone of West 
676 Africa Mitig. Adapt. Strateg. Glob. Chang. 21 955–68

677 Srivastava A K, Gaiser T, Paeth H and Ewert F 2012 The impact of climate change on Yam (Dioscorea 
678 alata) yield in the savanna zone of West Africa Agric. Ecosyst. Environ. 153 57–64 Online: 
679 http://dx.doi.org/10.1016/j.agee.2012.03.004

680 Stewart Z P, Pierzynski G M, Middendorf B J and Vara Prasad P V. 2020 Approaches to improve soil 
681 fertility in sub-Saharan Africa J. Exp. Bot. 71 632–41

682 Sultan B, Defrance D and Iizumi T 2019 Evidence of crop production losses in West Africa due to 
683 historical global warming in two crop models Sci. Rep. 9 1–15 Online: 
684 http://dx.doi.org/10.1038/s41598-019-49167-0

685 Sultan B and Gaetani M 2016 Agriculture in West Africa in the twenty-first century: Climate change 
686 and impacts scenarios, and potential for adaptation Front. Plant Sci. 7 1–20

687 Sultan B, Guan K, Kouressy M, Biasutti M, Piani C, Hammer G L, McLean G and Lobell D B 2014 Robust 
688 features of future climate change impacts on sorghum yields in West Africa Environ. Res. Lett. 9

689 Sultan B, Roudier P, Quirion P, Alhassane A, Muller B, Dingkuhn M, Ciais P, Guimberteau M, Traore S 
690 and Baron C 2013 Assessing climate change impacts on sorghum and millet yields in the Sudanian 
691 and Sahelian savannas of West Africa Environ. Res. Lett. 8

692 Tachie-Obeng E, Akponikpè P B I and Adiku S 2013 Considering effective adaptation options to impacts 
693 of climate change for maize production in Ghana Environ. Dev. 5 131–45

694 Tan Z, Tieszen L L, Liu S and Tachie-Obeng E 2010 Modeling to evaluate the response of savanna-
695 derived cropland to warming-drying stress and nitrogen fertilizers Clim. Change 100 703–15

696 Tan Z, Tieszen L L, Tachie-Obeng E, Liu S and Dieye A M 2009 Historical and simulated ecosystem 
697 carbon dynamics in Ghana: Land use, management, and climate Biogeosciences 6 45–58

698 Tarchiani V, Camacho J, Coulibaly H, Rossi F and Stefanski R 2018 Agrometeorological services for 
699 smallholder farmers in West Africa Adv. Sci. Res. 15 15–20

700 Tingem M, Rivington M and Bellocchi G 2009 Adaptation assessments for crop production in response 
701 to climate change in Cameroon Agron. Sustain. Dev. 29 247–56

702 Traore B, Descheemaeker K, van Wijk M T, Corbeels M, Supit I and Giller K E 2017 Modelling cereal 
703 crops to assess future climate risk for family food self-sufficiency in southern Mali F. Crop. Res. 
704 201 133–45 Online: http://dx.doi.org/10.1016/j.fcr.2016.11.002

705 Turco M, Palazzi E, Von Hardenberg J and Provenzale A 2015 Observed climate change hotspots 
706 Geophys. Res. Lett. 42 3521–8

Page 22 of 23AUTHOR SUBMITTED MANUSCRIPT - ERL-112985.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



23

707 Webber H, Gaiser T and Ewert F 2014 What role can crop models play in supporting climate change 
708 adaptation decisions to enhance food security in Sub-Saharan Africa? Agric. Syst. 127 161–77 
709 Online: http://dx.doi.org/10.1016/j.agsy.2013.12.006

710 White J W, Hoogenboom G, Kimball B A and Wall G W 2011 Methodologies for simulating impacts of 
711 climate change on crop production F. Crop. Res. 124 357–68

712 Wichelns D 2003 Policy recommendations to enhance farm-level use of fertilizer and irrigation water 
713 in sub-Saharan Africa J. Sustain. Agric. 23 53–77

714 Yamoah A N 2018 Who Benefits , Who Loses and What can be done ? - An Assessment of the Economic 
715 Impacts of Climate Change with and without Adaptation on Smallholder Farmers in Ghana 30th 
716 Int. Conf. Agric. Econ.

717 Zougmoré R B, Partey S T, Ouédraogo M, Torquebiau E and Campbell B M 2018 Facing climate 
718 variability in sub-Saharan Africa: analysis of climate-smart agriculture opportunities to manage 
719 climate-related risks Cah. Agric. 27 9 Online: https://doi.org/10.1051/cagri/2018019

720 Zougmoré R, Jalloh A and Tioro A 2014 Climate-smart soil water and nutrient management options in 
721 semiarid West Africa: a review of evidence and analysis of stone bunds and zaï techniques Agric. 
722 Food Secur. 3 16 Online: https://doi.org/10.1186/2048-7010-3-16

723 Zougmoré R, Mando A and Stroosnijder L 2010 Benefits of integrated soil fertility and water 
724 management in semi-arid West Africa: an example study in Burkina Faso Nutr. Cycl. 
725 Agroecosystems 88 17–27 Online: https://doi.org/10.1007/s10705-008-9191-1

726 Zougmoré R, Partey S, Ouédraogo M, Omitoyin B, Thomas T, Ayantunde A, Ericksen P, Said M and 
727 Jalloh A 2016 Toward climate-smart agriculture in West Africa: a review of climate change 
728 impacts, adaptation strategies and policy developments for the livestock, fishery and crop 
729 production sectors Agric. Food Secur. 5 Online: https://doi.org/10.1186/s40066-016-0075-3

730

Page 23 of 23 AUTHOR SUBMITTED MANUSCRIPT - ERL-112985.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t


