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Abstract
Tropical root and tuber crops such as cocoyam (Colocasia esculenta (L.)) are important 
for food security and livelihoods and yet neglected in climate change impact studies and 
large-scale crop improvement programs. The aim of this study was to apply the maximum 
entropy modelling approach to assess production potential for the orphan crop cocoyam 
under current and projected climatic conditions by 2050 and 2070 in Zimbabwe. A robust 
model fit was achieved (AUC > 0.9) with variable importance showing that precipitation-
related factors were most important in determining the suitability of cocoyam. About 4.3% 
of the country is suitable for cocoyam production in Zimbabwe under current climatic con-
ditions with the most suitable areas in eastern districts of Chipinge, Chimanimani, Mutare, 
Mutasa, Nyanga and Makoni. By 2050, model means project a decrease of 6%, 9%, 10% 
and 15% under RCP2.6, RCP4.5, RCP6.0 and RCP8.5, respectively. More drastic decreases 
are projected by 2070 with almost a quarter (23%) of the current suitable areas having lost 
their suitability for cocoyam production. There is a general model agreement in the direc-
tion of impacts except for RCP2.6 where CCSM4 model projects increases in suitability 
for cocoyam in the country while other models project decreases. We find that regulat-
ing canopy microclimate variation increases potential for cocoyam production under cli-
mate change and can be implemented to ensure resilience of cocoyam production systems. 
Therefore, stabilizing or improving orphan crops systems will substantially contribute to 
local food security and reduction of malnutrition especially during the lean season.
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1 Introduction

Root and tubers are the second most important group of food crops in the developing world 
after cereals, contributing to diets of over 2 billion people across the tropics and subtropics 
with annual production of about 800 million tons (FAOSTAT 2016; Taylor et  al. 2019). 
This is because these roots and tubers are preferred as traditional crops favoured for their 
adaptability to local environs, their ability to fit long-held culinary practices and dietary 
requirements and their compatibility with other crops in common crop diversity systems 
(Ray and Sivakumar 2009; Valenzuela and Defrank 1995). They are thus important for the 
calorie and nutrient supply of the rural populations and thus contribute to reduce food inse-
curity and malnutrition (Myers et  al. 2017; Tadele 2019). These include cassava (Mani-
hot esculenta), sweet potato (Ipomoea batatas), cocoyam (Colocasia esculenta), yautia 
(Xanthosoma spp.) and yams (Dioscorea spp.). These roots and tubers are however under 
researched (orphan crops) as they lag behind in terms of genetic diversity, biotechnology 
applications and limited scientific evaluations of adaptability (Ganança et al. 2015; Mab-
haudhi et al. 2019). As a result, many root and tuber crops such as cocoyam are classified 
as a neglected and underutilized crops (Singh et al. 2012; Tumuhimbise 2015).

Cocoyam (also referred to as arroid or arrowroot) is a perennial herbaceous plant with 
thick, fleshy and creeping roots and long white fibres belonging to the monocotyledonous 
family Araceae and are a staple in many parts of the developing world (Ray and Sivaku-
mar 2009). Cocoyam is one of the most important traditional tropical root crops, being the 
fifth most produced root crop in the world with over 12 million tons of production annu-
ally (Taylor et  al. 2019). It is mainly grown in tropical Africa, China, New Guinea and 
the Pacific islands for its starchy corms, although leaves and flowers are also consumed 
as vegetables or medicines (Akwee et  al. 2015; Kaushal et  al. 2015). In Africa, the two 
most commonly cultivated species are Colocasia esculenta and Xanthosoma sagittifolium, 
which are grown extensively (Eneh 2013; Opoku-Agyeman et al. 2004).

Cocoyam has a high moisture requirement, growing well in margins of wet fields and 
along streams (Ganança et al. 2015). In the region cocoyam production systems are based 
on small but high-density production systems in lowlands, on slopes or under trees in the 
fields. It prefers high rainfall areas (> 1,500 mm) with a uniform distribution through-out 
the year (Mwenye 2009). According to Lim (2015), low rainfall reduces corm growth as 
intermittent moisture stress causes low yields, dumb-bell-shaped corms and of poor qual-
ity. Cocoyam does well in moist, but well-drained soil that is rich in organic humus and 
can tolerate shallow occasional flooding (Kaushal et al. 2015; Matthews 2010; Rees et al. 
2012). In terms of temperature, cocoyam is adapted to warm temperatures above 21 °C and 
minimum temperatures that do not fall below 10 °C (Lim 2015). It is therefore more cold 
hardy than many of its relatives by tolerating temperatures down to 10  °C, but freezing 
temperatures damage the leaves and results in yield underperformance (Lim 2015; Rae-
maekers 2001). The crop is a long-season crop taking between 180 and 300 days to mature 
(FAO 1994).

To meet the temperature and rainfall requirements, cocoyam is often planted under per-
manent plantations like banana, coconut, citrus, oil palm, cocoa and other agroforestry sys-
tems in many countries. According to Taylor et  al. (2019), the agro-ecological range of 
cocoyam will shift under climate change because the crop prefers wet, humid environment 
with little to no ability to tolerate drought. This was confirmed by a modelling study by 
Kodis et al. (2018) who concluded that potential for cocoyam production will be drastically 
reduced in Hawaii especially under high emission scenarios. This is especially concerning 
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given that generally roots and tubers have received very little attention from researchers, 
extensionists and policy makers who invested much of their efforts and resources on grain 
crops and grain-based products (Dhliwayo 2002; Rees et  al. 2012). This lack of consid-
eration of important crops such as roots and tubers therefore increases the risk of “hidden 
hunger” by considering calories from cereals and forgetting important nutrients from other 
crops (Gödecke et al. 2018; Müller et al. 2014).

The aim of this research was therefore to use an environmental niche modelling approach 
to determine agricultural suitability of cocoyam under current and projected climatic con-
ditions in Zimbabwe. Understanding agricultural suitability and potential productivity of 
crops such as cocoyam is important for many scientific applications and policy decisions. 
The development of niche-based models has enabled many applications to predict geo-
graphic outcomes from environmental data including in determining agricultural suitability 
(Heumann et al. 2011). In this case, suitability is defined as the ability of an area to sustain 
the production cycle from planting to harvesting as well as achieving required quality at 
prevailing production costs. The specific objectives are (i) to establish the edaphic and bio-
climatic factors that determine suitability for cocoyam production, (ii) determine suitable 
areas for cocoyam production under current and future climate change in Zimbabwe, (iii) 
identify the suitability change hotspots for cocoyam under climate change and (iv) evaluate 
the potential of adaption measures to buffer losses in suitability. This is important in iden-
tifying potential production areas, increasing production areas for cocoyam from identified 
potential areas and ensuring resilience of the orphan crop production.

2  Data and methods

2.1  Crop location data

The crop location data for cocoyam were obtained from field points from production areas 
produced by public extension services, the Agricultural and Technical Extension Services 
(AGRITEX) in 2014/2015 season. AGRITEX is the mandated organization under the Min-
istry of Agriculture (MoA) for collection and reporting of agricultural production data in 
Zimbabwe. These are based on production reports from a network of field extension staff 
across the country and mark a place to have the crop, if an extension worker in a Ward 
(the smallest geographical operational area of an extension worker) reports its presence 
and hectarage. The maps were geo-referenced, with points created to mark the centre of the 
reported production area. The distribution of the points is shown in Fig. 1.

2.2  Environmental variables

Climatic, soil and topographic variables were used in modelling the suitability of 
cocoyam in Zimbabwe. Bioclimatic variables used in the study were obtained from 
the WorldClim database (http:// www. world clim. org) (Hijmans et  al. 2005). A total of 
19 bioclimatic variables produced from analysis of trends of monthly values of pre-
cipitation and temperature throughout the year to produce agronomically and ecolog-
ically useful variables for primary production are available from the database. How-
ever, some of these variables are collinear and therefore cannot be used in the same 
model. A variable selection routine using the variation inflation factor (VIF) was there-
fore implemented where in cases where the VIF was above 10, only one agronomically 
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deemed important variable was retained based on the long-season nature of the crop. 
Six bioclimatic layers were finally used because they were independent and are related 
to the major climatic factors that determine perennial crop production (Table  1). The 
bioclimatic variables used were annual mean temperature (Bio1), temperature season-
ality (Bio4), mean temperature of the wettest month (Bio8), total annual precipitation 
(Bio12), precipitation seasonality (Bio15) and precipitation of wettest quarter (Bio16). 

Fig. 1  Maps showing the location of the sampling points that were used in modelling the suitability of 
cocoyam in Zimbabwe. The background map shows the altitude in meters above sea level (m.a.s.l)

Table 1  Description, units 
and  source of environmental 
(bioclimatic, topographical and 
soils) data used in the modelling 
of cocoyam suitability in 
Zimbabwe

Code Description Units Source

Bio1 Mean annual temperature °C WorldClim
Bio4 Temperature seasonality (σ × 100) % WorldClim
Bio8 Mean temperature of wettest quarter °C WorldClim
Bio12 Total annual precipitation mm WorldClim
Bio15 Seasonality of precipitation (σ × 100) % WorldClim
Bio16 Precipitation of wettest quarter mm WorldClim
Soil Soil type (subfamily) Class SG dept
DEM Altitude data m USGS
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These climatic layers were available in  1km2 grids and are interpolated from weather 
station recordings.

Soil type was also added to the modelling as an important agronomic variable. The soils 
data were derived from two 1:100,000 scale soil map of Zimbabwe obtained from the Sur-
veyor General’s Department based on detailed description of the soils of Zimbabwe by 
Nyamapfene (1991). The soils of Zimbabwe are divided into 8 groups which are lithosol, 
regosol; vertisol, siallitic, fersiallitic, paraferrallitic, orthoferrallitic and sodic (Supplemen-
tary Information 1). The digital elevation model (DEM) was used to derive elevation data 
for the whole country. The DEM was obtained from global USGS (GTOPO30) global data-
set at 1 km resolution. We did not include socio-cultural predictors such as population den-
sity or settlements in our modelling because we assumed that although there is a specific 
current production area for cocoyam in Zimbabwe, the crop has a national potential and as 
such all available suitable areas can be used to produce the crop (except protected areas and 
urban areas where this is not possible).

2.3  Modelling approach

Bio-climatic envelope models are a set of tools that are used to determine the potential dis-
tribution of species based on a set of known occurrences and climatic data (Austin 2007; 
Elith et al. 2011). Crop suitability is a measure of the biophysical characteristics of an area 
to meet crop production requirements at current or expected production levels (Chemura 
et al. 2020a; Srinivasan et al. 2019). These models are used for agricultural crops based on 
the understanding the greater share of major crop production is still influenced by natural 
climatic factors in many countries. Crop suitability models have been applied in model-
ling agricultural crops such as cassava (Heumann et  al. 2011; Jarvis et  al. 2012), maize 
(Estes et al. 2013; Holzkämper et al. 2013; Nabout et al. 2012), sorghum (Evangelista et al. 
2013), common beans (Ramirez-Cabral et  al. 2016; Taba-Morales et  al. 2020) cocoyam 
among many other crops (Beck 2013). The outputs of crop suitability models include maps 
and therefore they are important in identifying climate change impact hotspots that require 
adaptation measures.

The maximum entropy (Maxent) approach has been used in this study. Maxent is a gen-
eral purpose environmental niche modelling approach that is capable of making reliable 
predictions using information from sites where the modelled species is known to occur 
(Phillips et al. 2006). Maxent estimates a target distribution by finding the most spread out 
or closest to uniform distribution, subject to a set of constraints that represent the known 
information about the target distribution (Elith et  al. 2011; Phillips et  al. 2006). Unlike 
other modelling approaches, Maxent is a learning model and data is fit using linear and 
non-linear functions and different functions can be hinged together (Heumann et al. 2011). 
Maxent has been found to be more accurate when applied to “presence only” data than 
other approaches and is capable of providing reliable distribution from relatively smaller 
sets of data (Elith et al. 2011; Hernandez et al. 2006; Stokland et al. 2011). Based on these 
characteristics, Maxent was chosen as the best modelling approach to perform crop suit-
ability assessments for cocoyam in Zimbabwe under current and future climatic conditions.

2.4  Model settings, evaluation and data analysis

Maxent version 3.3.3  k was used for the modelling (Phillips and Dudík, 2008; Young 
et  al. 2011). We controlled the complexity of the Maxent model by selecting best input 
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parameters and model settings to reduce model overfitting. The model calibration, choice 
of final model and evaluation were done using the “ENMeval” r package (Muscarella et al. 
2014), and the “rmaxent” library. The regularization multiplier was applied to control the 
model complexity by assigning a penalty for each additional term included in the model 
(Anderson and Gonzalez 2011; Warren and Seifert 2011). The optimal model complexity 
was determined from combinations of 5 values for the Maxent regularization parameter 
from 0.5 to 4 at intervals of 0.5 and 6 different individual and combined feature classes 
(L, LQ, H, LQH, LQHP, LQHPT; where L = linear, Q = quadratic, H = hinge, P = product 
and T = threshold) were evaluated and together with the optimization of regularization gain 
resulted in 768 models (Cuervo et al. 2020; Muscarella et al. 2014).

The best model from these was selected based on statistical significance (partial ROC 
tests), performance (omission rate) and the Akaike information criterion. The settings of 
the best model were then used to run 30 bootstrap replicates, with no clamping or extrapo-
lation while retaining a random partition of 30% of the points from each run. From these 
final models, the “cloglog” output format was used to assess median values across repli-
cates as modelled distribution of cocoyam in Zimbabwe.

The relative contribution of each variable to suitability of cocoyam was calculated 
from median estimates across replicates of percent contribution, permutation importance 
and jackknife analysis. The most limiting variables were determined using the limiting 
factor approach in the “rmaxent” package (Baumgartner et al. 2017). This function iden-
tifies which bioclimatic variables weigh most negatively on the predicted suitability for 
each raster cell. The sensitivity–specificity equality approach which minimizes the absolute 
value of the difference between sensitivity and specificity was used to select the threshold 
for determining suitable and unsuitable areas to calculate area. This method was selected 
because it seeks to achieve a balance of accuracy for areas modelled for presence and 
absence of the species and is the recommended approach for presence only suitability mod-
els where prevalence is usually low (Bean et al. 2012; Cantor et al. 1999; Hernandez et al. 
2006).

2.5  Climate change impact assessment data

Replacing the current climate data with the projections and comparing the results shows 
the impact of climate change on crop suitability (Chapman et  al. 2020; Jayasinghe and 
Kumar 2019; Ramirez-Cabral et  al. 2016). This is based on the understanding that the 
determining crop-climatic relationships hold under future climatic conditions as no dra-
matic changes in these are expected (e.g. no future genotypes will half the growth period 
or the water requirement of the crop). To assess the impact of climate change on cocoyam 
potential, the current weather data were replaced by future projected climate data. Two 
future periods 2050 (average of 2040–2060) and 2070 (average of 2040–2060) were used 
in the study. Three different global climate models (GCMs) were used for future climate 
data and these were the Community Climate System Model (CCSM4) (Gent et al. 2011), 
Hadley Centre Climate Model Earth System Model (HadGEM) (Jones et  al. 2011) and 
Model for Interdisciplinary Research on Climate‐Earth System Model (MIROC5) (Wata-
nabe et al. 2011) from CMIP5 data that were used. The GCMs were chosen because they 
are available with bias-adjustment and downscaled using quantile mapping to adjust target 
distributions as empirically estimated from source distribution in the form of cumulative 
distribution functions. These models are also widely used in climate change impact studies 
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in Africa because they feature as reliable for the region in model evaluation studies (Aloy-
sius et al. 2016; Klutse et al. 2016; Ongoma et al. 2019).

All the four representative concentration pathways (RCPs), RCP2.6, RCP4.5, RCP6.0 
and RCP8.5 which represent the possible range of radiative forcing values in the year 2100 
(2.6, 4.5, 6 and 8.5  W/m2, respectively), were used as emission scenarios. The RCP2.6 
represent the “very stringent” pathway requiring that that carbon dioxide (CO2) emissions 
start declining by 2020 and go to zero by 2100. RCP4.5 is considered the intermediate sce-
nario based on peak emissions around 2040, and then decline to half of those in 2050 by 
2100. RCP6.0 emissions are projected to peak around 2080, and then decline, and RCP8.5 
is based on emissions continuing to rise throughout the twenty-first century (Meinshausen 
et al. 2011; van Vuuren et al. 2011).

2.6  Evaluation of micro‑climate regulation as an adaptation measure for cocoyam 
resilience

After the analysis of the variable importance and the response curves, we evaluated the 
potential of adjusting the canopy  micro-climate conditions  by adjusting the variables to 
mimic adaptation measures with special focus on modelling how agroforestry can be used 
for resilience building in cocoyam production in Zimbabwe. The potential of agroforestry 
to cushion crop production under climate change has already been elucidated in detail 
(Lasco et al. 2014; Reppin et al. 2019; Sanou et al. 2012). Among the key roles of agrofor-
estry systems for crops are regulating the temperature and moisture regimes of understory 
crops and this has direct influence on variation in temperature as represented by the tem-
perature seasonality variable.

Studies have indicated that agroforestry reduces temperatures of understory crops by 
0.14 °C for every percent increase in tree canopy cover (Middel et al. 2015). While this 
is important under a warming climate, perhaps the greatest benefit of agroforestry is the 
cushion against climatic extremes in which trees buffer temperature and atmospheric sat-
uration deficit, thereby effectively reducing exposure to supra-optimal temperatures that 
reduce or stop physiological and developmental processes and resultant yield outcomes of 
crops (Chemura et al. 2020b; Mbow et al. 2014; van Noordwijk et al. 2014). We therefore 
hypothesized that, depending with the various levels of shading, the temperature ampli-
tudes of cocoyam will be regulated by agroforestry and sought to understand how this will 
impact on suitability of cocoyam under the different scenarios and periods (Ong and Kho 
2015; Sida et al. 2018).

Temperature seasonality is the amount of temperature variation over a given year based 
on the standard deviation of monthly temperature averages (O’Donnell and Ignizio 2012). 
Agroforestry systems reduce this variation by various magnitudes depending on tree spe-
cies and intensities. In addition, agroforestry controls water retention mainly mediated 
through soil temperature, blocked radiation and overall reduced atmospheric evaporative 
demand (Chemura et al. 2020b). To provide agroforestry model evaluation that is agnos-
tic to tree species, we used percentage changes in this variable which can be achieved by 
diverse setups of systems and through various tree species or tree mixes in cocoyam pro-
duction systems. To implement this, the temperature and precipitation seasonality variables 
were adjusted by reducing these by 5%, 10% and 15% and running the suitability models 
with all the other variables remaining constant. The opportunities for this evaluation of 
agroforestry under climate change in this way were first suggested and discussed in detail 
by Luedeling et al. (2014), but implementation as in our study remained elusive.
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The effects of the adaptation measure were measured as the difference between the 
performance of the adaptation measure under current conditions and that under projected 
climate conditions after Lobell (2014). We adopted this approach because many impact 
studies consider adaptation as the difference between with and without intervention under 
future climate conditions, which overestimates/exaggerates the benefit of a measure. The 
actual adaptation effect of an intervention is therefore the difference between the suitability 
under future climate change and the suitability of the measure under current climatic con-
ditions. In this way, we clearly distinguish between adaptation measures and agricultural 
intensification measures by elucidating only the climate change buffering potential of the 
measure.

3  Results

3.1  Model calibration and accuracy assessment

The assessment of the model fit showed that most of the linear model fit had zero weights, 
indicating low discriminatory abilities compared to other feature classes and combinations. 
Most of the climatic variables had quadratic and hinge fits to the training data for cocoyam. 
The best model had regularization multiplier (RM) of 1.5 and feature class of linear, quad-
ratic, hinge and product (LQHP) (Supplementary Information 2). Evaluation of the model 
performance showed that the models for cocoyam performed very well with area under the 
receiver operating curve (AUC) of over 0.85 for all model parameter combinations in cali-
bration. The final Maxent model for cocoyam had a training AUC of 0.93 and a test AUC 
of 0.91 (Supplementary Information 3). This model captured the suitability of the currently 
known production areas of cocoyam with only 3.4% of current sample points outside range 
and providing an additional visual confirmation of good model performance. This model 
performance provided sufficient confidence in the model for predicting the suitability of 
cocoyam under current and projected climatic conditions.

3.2  Factors affecting the distribution of cocoyam in Zimbabwe

Table 2 shows the percent contribution of the predictor variables in the prediction of agro-
climatic suitability of cocoyam under current climatic conditions. The results showed that 
temperature-related factors (mean temperature of wettest quarter, temperature seasonality, 
mean annual temperature) were most important for cocoyam as these explained a total of 
about 53.8% of the suitability of cocoyam in the country, with the remainder explained 
by precipitation-related factors, soil and altitude (Table 2). The mean temperature of the 
wettest quarter was the most limiting factor for cocoyam, explaining 29.6% of the distri-
bution in Zimbabwe, followed by seasonality of precipitation (23.9%). The importance of 
temperature seasonality (17.6%) and precipitation seasonality (23.9%) were substantial as 
an individual factors, indicating that both temperature and precipitation, especially their 
seasonality, are important for defining the range for the crop in the country.

The distribution of the most limiting factors for each location is shown in Fig. 2. The 
western parts are mostly limited by temperature seasonality (Bio4), while in the northern 
areas seasonality of precipitation (Bio15) is mostly limiting, explaining why these are con-
sidered by the model to be important variables (Table  2). As cocoyam is a long-season 
crop, it was not surprising that precipitation of the wettest quarter was not significant 
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Table 2  Percentage contribution of the predictor variables for cocoyam in Zimbabwe and the respective 
mean changes for each variable all sample point areas in Zimbabwe. The changes are mean changes of the 3 
GCMs (detailed results for each GCM are in Supplementary Materials 4)

Variable Bio1 Bio4 Bio8 Bio12 Bio15 Bio16 Altitude Soil type

Variable importance 6.6 17.6 29.6 18.3 0.3 23.9 3.5 0.1
Current value 18.4 2811 20.9 936.7 97.2 578.8 1164.3 -
2050 RCP2.6 1.6 96.7 1.4  − 23.8 7.8 16.8 - -

RCP4.5 1.9 86.4 1.7  − 7.4 7 27.5 - -
RCP6.0 1.8 57.6 1.5 5.7 8.1 35.7 - -
RCP8.5 2.5 99 2.3  − 4.1 9.1 36.6 - -

2070 RCP2.6 1.6 134.5 1.5  − 26.3 9.7 25.5 - -
RCP4.5 2.3 118.8 2.1  − 17.2 8.5 39.1 - -
RCP6.0 2.4 113.4 2.3 16.2 8.3 49.8 - -
RCP8.5 3.7 168.6 3.5  − 26.2 10.9 27.4 - -

Fig. 2  Distribution of the limiting factors for cocoyam production in Zimbabwe. The map depicts which 
environmental factor in the Maxent models contributes most negatively to the suitability at each raster cell. 
The variables are mean annual temperature (Bio1), temperature seasonality (Bio4), mean temperature of 
wettest quarter (Bio8), total annual precipitation (Bio12), seasonality of precipitation (Bio15), precipitation 
of wettest quarter (Bio16), elevation and soil type
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(0.3%). Further analysis of the response curves showed that cocoyam preferred areas with 
less variable rainfall in the year together with cooler temperature during the period of max-
imum rainfalls (Supplementary Information 4). The fact that elevation was considered not 
important was not expected as current production areas are mainly the eastern highlands of 
the country. Our results show therefore that it is more the climate variables than the geo-
physical parameters that are important for the crop, as it can be produced elsewhere where 
climatic conditions are met.

3.3  Current and projected suitability of cocoyam

Under current climate conditions, the model shows that cocoyam is suitable mostly in five 
districts in eastern Zimbabwe. These are Chimanimani, Chipinge, Makoni, Mutasa and 
Nyanga with parts of Marondera, Murehwa and Wedza. The highest mean suitability for 
sample points are for Chipinge followed by Mutasa where the probabilities are above 0.8 
(Fig. 3). In terms of land area, at national level, just 4.3% of the country is suitable for 
cocoyam, representing 10.6% of all agricultural land in the country under current climatic 
conditions. District level proportions suitable for the crop are highest for Mutasa with 
66.7% followed by Chimanimani with 65.8%. These do not follow the probabilities which 
are highest for Chip9inge and Mutasa. The model identified parts of Bikita (10.1%), Zaka 

Fig. 3  Changes in cocoyam suitability in sampling points in major cocoyam producing districts in Zimba-
bwe. The values of each sampling point was extracted and district averages calculated to determines the 
changes by 2050 and 2070 under current, RCP2.6, RCP4.5, RCP6.0 and RCP8.5 climatic conditions
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(22.2%) and Masvingo (8.1) as suitable for cocoyam production and yet these areas are 
outside the current sample points (Fig. 4). Combined, these identified belts contribute over 
10% of the area modelled as currently suitable for cocoyam production, indicating potential 
new areas for growing the crop under current conditions (Table 2).

3.4  Cocoyam suitability under climate change

The impacts of climate change on suitability on current production sites are variable 
depending on the district, the time and the emission scenario. Although decreases in suit-
ability are projected for all districts, the results show that Chimanimani district will have 
the most significant range shift in suitability for cocoyam under all scenarios followed by 
Nyanga. Changes under the RCP8.5 are drastic for median suitability of cocoyam espe-
cially in Chipinge and Mutasa districts (Fig. 4). However, using the determined suitability 
threshold (0.46), cocoyam production will become untenable under RCP8.5 in all districts 
and under RCP4.5 and RCP6.0 and RCP8.5 only in Hwedza district.

Our results show a strong change of cocoyam mean suitability in Zimbabwe with 
respect to future climate change scenarios (Fig. 3). The most change in cocoyam mean suit-
ability at current points is for Chimanimani and Hwedza districts. Compared to the current 
climate suitability map, in the year 2050, some of the suitable areas will become less suit-
able especially the northern suitable districts, depending on the RCP (Fig. 4a–e). It is evi-
dent that suitability for cocoyam will narrow in Marondera, Makoni and Nyanga districts 
with suitability losses of around a quarter of the area currently suitable under RCP8.5 by 
2050 and almost all suitable areas diminished by 2070 under the same scenario (Table 2, 
Fig. 5). On the other hand, the model results show that in Chipinge, suitability will increase 
by 2050 under RCP2.6 (0.5%) but suitability decreases are expected under other scenarios. 
There are more severe losses in suitability by 2070 under all scenarios except in all dis-
tricts (Fig. 5a–e). Chipinge district is projected as the most stable district for production of 
cocoyam across the two periods and four climatic scenarios.

Comparison of the 4 model projections shows that all the four models indicated simi-
lar patterns of impact of climate change on cocoyam suitability in Zimbabwe (Fig.  6). 
However, the CCSM4 model predicts increases in suitability by 2050 and 2070 under the 
RCP2.6 scenario (Fig. 6), with the HADGEM and MIROC5 models indicating decreases 
in net suitability for the crop under all scenarios (Fig. 6, Supplementary Information 6). 

Fig. 4  Map showing the suitability and changes in suitability of cocoyam in Zimbabwe by 2050 under (a) 
current (b) RCP2.6, (c) RCP4.5, (d) RCP6.0 and (e) RCP8.5 climatic conditions
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The largest changes are projected for RCP8.5 with the worst impacts being projected under 
HADGEM RCP8.5 where over a quarter of the current suitable area will become marginal 
for cocoyam production in Zimbabwe. Although the CCSM4 models show that it is a “wet-
ter” model, it projects a net loss of 14% under RCP8.5 by 2050 and 23% under the same 
scenario by 2070. These results are comparable to the losses predicted by the HADGEM 
(− 22% for 2050 and − 25% by 2070) and MIROC5 (− 13% by 2050 and − 23% by 2070), 
indicating that predictions for losses in suitability are mostly congruent and robust (Fig. 6, 
Supplementary Information 6).

3.5  Adaptation effect of micro‑climate regulation on cocoyam suitability

The assessment of potential of agroforestry to buffer losses in suitability for cocoyam 
is shown in Fig. 6. The results show that under current climatic conditions, the greatest 
benefits are obtained from reducing seasonality of temperature and the adaptation effect 
increase with increase in microclimatic adjustment (Fig.  7a). Adjusting precipitation 
variation results in comparatively less adaptation effect compared to that obtained from 

Fig. 6  Projected changes in district-level cocoyam suitability in Zimbabwe from according to the CCSM4, 
HADGEM and MIROC5 and the mean of the 3 models by 2050 and 2070. The results show the net change 
in suitability as the difference between gained suitability and lost suitability

Fig. 5  Map showing the suitability and changes in suitability of cocoyam in Zimbabwe by 2070 under (a) 
current (b) RCP2.6, (c) RCP4.5, (d) RCP6.0 and (e) RCP8.5 climatic conditions
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temperature adjustment (Fig. 7b), despite it having a higher percentage contribution than 
the former. The highest adaptation effect was obtained from the interaction of both temper-
ature and precipitation (Fig. 7c). Overall, the highest adaptation effect is under RCP2.6 and 
the least under RCP8.5 for both 2050 and 2070. There is more adaptation effect for the year 
2050 (Fig. 7a) for all scenarios compared to 2070. Results show that in all cases, cocoyam 
suitability was higher than when no adaptation measure is implemented, indicating poten-
tial for buffering climate change impacts on suitability.

4  Discussion

In this study, we applied a suitability model to estimate and understand the impacts of cli-
mate change on cocoyam in Zimbabwe under different emission scenarios for 2050 and 
2070. In this study, we identified high potential areas for cocoyam in which production of 
the crop can be enhanced for food security and livelihoods. We also identified the areas 
that will be mostly affected by changing climate and therefore provide an impetus for 
development of adaptation measures for the crop in change hotspots. Overall, the study 
provides a quantitative assessment of climate impacts on cocoyam, one of the underutilized 
and neglected crops.

This analysis showed that cocoyam requires very specific environmental and edaphic 
factors, which are found in specific areas of the country. The finding that cocoyam is more 
influenced by temperature factors corroborates the assertion that it is a temperature sensi-
tive crop (Taylor et al. 2019). This also explains why cocoyam is also commonly produced 
under shade trees (Oke et al. 1990; Thiele et al. 2017) where the temperature regimes are 
regulated by the overhead canopy. Temperature of the wettest quarter represents an interac-
tion of temperature and precipitation and is related to crop water use and evaporative losses. 
The wettest quarter (January–March) is the period of peak development of the crop and 
occurs months after planting which normally occurs in the 3rd quarter (July–September).

The annual sum and the distribution of the precipitation were also among the most 
important factors that are explainable by the fact that cocoyam is a long-season crop 
that, unlike annual cereals and legumes, requires a sufficient supply of water for the 
greater part of the year. As such water management has been found as one of the most 
important factors in yield of cocoyam (Lim 2015; Mabhaudhi et  al. 2013). Similar 

Fig. 7  Modelled effect of adjusting seasonality of temperature on cocoyam suitability under different sce-
narios for 2050 and 2070
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importance of precipitation factors have been reported for other perennial crops such 
as coffee (Chemura et  al. 2016) and tea (Jayasinghe and Kumar 2019). The potential 
for production of cocoyam in Zimbabwe is variable as determined by the distribution of 
the factors that affect production. The identified suitable areas correspond with current 
production areas. This confirms that farmers are rational and grow crops in the areas in 
which they are most suited, although markets, culinary preferences, experience with the 
crop and other policies may also influence farmers’ crop choices outside most suitable 
areas.

The district level assessment shows that there is a spatially disproportionate response 
of cocoyam production to climate change in Zimbabwe as some districts are at higher risk 
compared to others. Our results indicate generally that cocoyam is unlikely to get extinct 
in current production areas in Zimbabwe under climate change (except under RCP8.5) at 
least until 2070 but it will become more difficult to achieve current production levels. In 
addition, the production areas that are currently marginal will be most affected by climate 
change, making cocoyam production more difficult or impossible without adaptation meas-
ures in these areas. The shrinking potential areas for production of cocoyam pose severe 
threats to the growth of the production of the bio-culturally important crop as current 
potential expansion areas will diminish in the future. The higher climatic risk in potential 
but currently uncultivated areas is not surprising as similar trends have been observed in 
similar modelling studies elsewhere (Jayasinghe and Kumar 2019; Kodis et al. 2018).

There are implications of decreases in cocoyam potential under climate change to farm-
ers, communities and consumers of cocoyam in Zimbabwe. Firstly, the losses in suitability 
imply the combined losses in potential for obtaining not just corms, but extend to benefits 
of leaves, petioles and flowers, which are frequently consumed as a vegetable representing 
an important source of vitamins and iron (Singh et al. 2012; Taylor et al. 2019). Compared 
with other agricultural crops that only produce one source of food, this indicates that there 
is potentially more loss in not just a food source but an important source of micro-nutrients 
and income from other consumed parts of the crop. Secondly, the fact that cocoyam is pro-
duced in high intensity (Darkwa and Darkwa 2013; Deo et al. 2009) in seemingly marginal 
lands that are not suitable for traditional crops such as maize and sorghum (Matthews 2010; 
Temesgen and Retta 2015; Tumuhimbise 2015; Ubalua et al. 2016) means that migrating 
from cocoyam to other crops entails more land, labour and input requirements, which are 
already limited for many smallholder farmers (Heumann et  al. 2011). Thirdly, and per-
haps most importantly, the harvesting and consumption of cocoyam in Zimbabwe extend to 
the lean period in which other common food crops are not available and the decreases in its 
suitability increase risks of food insecurity.

In addition, cocoyam has very high productivity potential in a small area (up to 120 
MT/ha) and a higher market value than less productive and less yielding crops (Lim 2015; 
Mabhaudhi et al. 2013; Onyeka 2014; Shiyam et al. 2007). Achieving similar land equiva-
lent ratios with other crops will mean opening up new areas which is not sustainable in the 
long term. Cocoyam is also a high-value crop fetching higher market prices than common 
legumes and cereals, meaning that if farmers are to migrate to other crops, they lose this 
potential income stream per unit of land by moving to lower value crops (Onyeka 2014). 
Furthermore, cocoyam provides complementary nutrients that are important in providing 
balanced diets. For examples, its crude protein content is higher than that of other tubers 
(Stone et al. 2011; Valenzuela and Defrank 1995) and it is richer in essential minerals (Ca, 
Mg and P) than other tuber crops and is highly recommended for diabetic patients, the 
aged, children with allergies and for persons with intestinal disorders (Onyeka 2014; Praja-
pati et al. 2011; Rees et al. 2012; Thiele et al. 2017).
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Proper design and implementation of adaption measures could maintain cocoyam 
production in almost all the districts that are producing the crop currently, given that the 
decreases in suitability are not drastic except for RCP8.5 scenario by 2070. We find that 
there is potential in production of cocoyam in agroforestry systems or forestry understorey 
systems as the crop is tolerant to shaded conditions, as suggested by our results on effect of 
microclimatic regulation (Lim 2015; Sanou et al. 2012). Such potential is especially impor-
tant in that trees have been decreasing in many farmlands and yet have complementary 
roles in carbon sequestration, nutrient cycling and climate regulation (Carreño-Rocabado 
et  al. 2019; Daniel and Carlos 2016; Miller et  al. 2017). The ability of cocoyam to be 
productive under agroforestry is based on its ability to accumulate photosynthates under 
shaded conditions, making it among the most prolific terrestrial crops in shaded metabo-
lism (Valenzuela and Defrank 1995).

In addition, there is a need to identify the best-bet practices in cocoyam production and 
use them to train trainers in extension staff. In addition, there is need for capacity building 
of farmers in cocoyam production by including and mainstreaming it in extension pack-
ages for areas in which it can be produced. Water conservation and management systems 
particularly irrigation are also another potential climate change adaptation measure for 
cocoyam, given that the projections indicate increases in temperature and decreases in rain-
fall total and distributions. The selection of drought tolerant cocoyam varieties is impor-
tant to build resilience especially for loss districts such as Makoni, Hwedza and Mutasa. 
According to Ganança et al. (2015) and Mabhaudhi et al. (2013), the response of different 
cocoyam cultivars to drought is variable and therefore choice of appropriate cultivars is 
important for production under climate change. There is need for the drought tolerant vari-
eties to have comparable preparatory qualities such as starch granule sizes, amylose con-
tent, viscosity, pasting time, water absorption capacity, gelling point, foam capacity, bulk 
density and swelling power (Falade and Okafor 2013; Isibhakhomen et al. 2013; Kaushal 
et al. 2012) and nutritional qualities such as protein, energy, calcium, potassium and other 
micronutrients (Akwee et al. 2015; Darkwa and Darkwa 2013). The changes in production 
and preparatory characteristics are of special interest given the gender bias of neglected 
and underutilized crops such as cocoyam that are almost entirely a preserve of women.

Although the results of this study are robust and reliable (given the high AUC values), 
there are a number of issues that should be considered in interpretation and application 
of results. In modelling distributions in human-managed ecosystems, the definition of the 
range should be according to social factors such as cultural preference and tradition, which 
are so difficult to represent in quantitative models and yet may have an influence on the 
observations of presence points used for running the model. Suitability does not directly 
translate to production potential as many factors may affect the farmers’ decisions to pro-
duce or not to produce the crop. As explained in the model assumptions, these socioeco-
nomic factors (including availability of markets, experience, availability of extension sup-
port, culture among others) are difficult to capture in this type of modelling and should be 
considered in application of model results.

In addition, the effect of  CO2 fertilization on cocoyam is not captured for each of the 
RCPs used and yet this may have a positive impact on photosynthesis (and growth) for C3 
plants like cocoyam (McGrath and Lobell 2013; Reich and Hobbie 2013). The implication 
of this omission is that we may have over-estimated the decrease in suitability and under-
estimated the increased suitability in our study by not capturing the positive effects of  CO2 
fertilization. However, the response of crop plants to  CO2 fertilization is strongly depend-
ent on plant water relations and soil nutrients (Taub 2010; Wang et al. 2020), and yet it is 
established that impacts of climate change on water availability will be severe (Kusangaya 
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et al. 2014; Pohl et al. 2017) while nutrient supply is low on already depleted soils in many 
areas in Africa (Nalivata et al. 2017). The net effect of this is that there is uncertainty about 
the potential impact of  CO2 fertilization on changes in suitability of cocoyam with further 
modelling and field studies required.

5  Conclusion

This research aimed to demonstrate the potential application of an approach for assessing 
suitability of culturally important, but largely neglected orphan crops, such as cocoyam. 
The implementation of the suitability model allowed the most suitable areas for cropping 
cocoyam in Zimbabwe to be identified and these should be included in the extension and 
agricultural policy. Running the model with different climate change scenarios showed that 
there will be a decrease in potential for cocoyam production in Zimbabwe under all cli-
mate change scenarios. The impacts of climate change on cocoyam suitability are variable 
depending on the districts and the climate scenarios. We conclude that a suitability model 
can provide spatially explicit information about the current and future suitability of culti-
vated crops such as cocoyam and provide insights that can be used for planning and build-
ing resilience. We recommend that agroforestry, which positively changes the temperature 
on a micro scale, is an effective climate change adaptation strategy to maintain cocoyam 
production under climate change.
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