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Disclaimer 

 

Information contained in this document results from research funded wholly or in part by the Potato 

Industry Development Trust upon request of Potatoes South Africa acting in good faith. Opinions, 

attitudes and points of view expressed herein do not necessarily reflect the official position or policies 

of the Potatoes South Africa. Potatoes South Africa makes no claims, promises, or guarantees about 

the accuracy, completeness, or adequacy of the contents of this document and expressly disclaims 

liability for errors and omissions regarding the content thereof. No warranty of any kind, implied, 

expressed, or statutory, including but not limited to the warranties of non-infringement of third party 

rights, title, merchantability, fitness for a particular purpose or freedom from computer virus is given 

with respect to the contents of this document in hardcopy, electronic format or electronic links thereto. 

References made to any specific product, process, and service by trade name, trade mark, 

manufacturer or another commercial commodity or entity are for informational purposes only and do 

not constitute or imply approval, endorsement or favouring by Potatoes South Africa. 

 

Vrywaring   

 

Die inligting vervat in hierdie dokument is die resultaat van navorsing wat ten volle of gedeeltelik 

befonds is deur die Potato Industry Development Trust op versoek van Aartappels Suid-Afrika, 

handelend in goeder trou. Menings, sienings en standpunte hierin vervat reflekteer nie noodwendig 

die amptelike standpunte of beleid van Aartappels Suid-Afrika nie. Aartappels Suid-Afrika maak geen 

aansprake, beloftes of waarborge oor die korrektheid, volledigheid of toereikendheid van die inhoud 

van hierdie dokument nie en ontken uitdruklik aanspreeklikheid vir foute en weglatings oor die inhoud 

daarvan. Geen waarborg van enige aard, hetsy geïmpliseerd, uitdruklik, of statutêr, insluitende maar 

nie beperk tot die waarborge van nie-skending van derdeparty-regte, titels, verkoopbaarheid, 

geskiktheid vir ŉ bepaalde doel of vry van rekenaarvirus word gegee te opsigte van die inhoud van 

hierdie dokument in gedrukte formaat, elektroniese formaat of elektroniese koppeling daaraan. 

Verwysings na enige spesifieke produk, proses en diens by wyse van handelsnaam, handelsmerk, 

vervaardiger of ander kommersiële kommoditeit of entiteit is slegs vir inligtingsdoeleindes en vorm of 

impliseer nie goedkeuring, onderskrywing of begunstiging daarvan deur Aartappels Suid-Afrika nie. 
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EXECUTIVE SUMMARY 

 

1. Climate change and crop growth models were run for four contrasting agro-ecosystems 

where potato is an important part of the cropping system. This resulted in four combinations 

of summer and winter crops, with and without significant precipitation during the growing 

season: Sandveld winter crop (planted in March, wet winter), Sandveld summer crop (planted 

in September, dry summer), eastern Free State summer crop (planted in October, wet 

summer), Limpopo winter crop (planted in July, dry winter). 

2. Explorations of the impact of climate change on potential potato yields were obtained by 

downscaling the projections of six different coupled climate models to high spatial resolution 

over southern Africa. Simulations of daily climate data suggest that reference 

evapotranspiration and solar radiation will hardly decline over the 90-year simulation period 

(1960 and 2050), whilst temperatures are projected to rise significantly by about 1.9 °C. The 

simulated inter-annual variability is much greater for rainfall than for temperature. 

3. Between 1960 and 2050, CO2 concentration is expected to increase from 315 to 550 ppm. 

LINTUL model simulations suggest that due to this, potato yields will increase in all four 

studied agro-ecosystems due to the CO2 enrichment effect, with the strongest increase in the 

Mediterranean type winter crop (Sandveld; +37%) and the least under Mediterranean summer 

(Sandveld; +12%) and relatively warm winter conditions closer to the equator (Limpopo; 

+14%). 

4. Evapotranspiration by the potato crop is expected to reduce by about 13% over the 90-year 

simulation period. Water use efficiency will consequently increase (due to higher yields and 

lower water use), mostly so in the cool rainy Mediterranean winter (Sandveld; +45%) and the 

least so in the Limpopo winter crop (+14%). 

5. Model simulations further suggest that potato growers in South Africa can adapt to the 

expected changes in climate by shifting planting dates in order to optimise potato land and 

water use efficiencies. 

6. In the Sandveld (Mediterranean climate), potato may still be grown year-round, but there will 

be a doubling of the number of hot days between 1960 and 2050.  

7. In the eastern Free State the length of the growing season suitable for potato production will 

increase substantially, which should result in higher expected yields and lower water 

requirements. 

8. In Limpopo, the number of hot days will increase seven-fold and therefore the crop will mainly 

be grown in winter in the future. A drastic reduction in frost days (from 0.9 days per winter to 

0) is expected, which will benefit the crop. 

9. When the crop is grown in a cool period (as in the eastern Free State), there is an additional 

benefit of a reduced incidence of cold stress and more rapid canopy development in the early 

stages of crop growth. 

10. Year-round total production in the Sandveld will stabilise at around 140 Mg ha
-1 

(yield 

reduction in summer and yield increase in winter), increase by about 30% in the eastern Free 
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State, and stay at about 95 t ha
-1

 in Limpopo, where yield increase due to CO2 is nullified by a 

shorter growing season. 

11. It is concluded that potato crops in all four agro-ecosystems will benefit considerably from 

increased CO2 levels, resulting in increased tuber yield and reduced crop water use, if 

planting is shifted to appropriate times of the year and sufficient irrigation water can be 

collected. When the crop is grown in hot periods, however, these benefits are counteracted by 

an increased incidence of heat stress and increased evapotranspiration, leading in some 

instances to considerably lower yields and water use efficiencies. 

12. A set of daily weather data simulations for the period 1961 to 2050 were used to calculate 

past and future trends in potato pest and disease pressure for three of the agro-ecologically 

distinct sites (Sandveld, eastern Free State and Limpopo). The diseases and pests modelled 

included late blight, early blight and brown spot, blackleg and soft rot, root-knot nematodes, 

and the peach-potato aphid Myzus persicae (as indicator of Potato virus Y and Potato leaf roll 

virus). 

13. Simulation results showed that the cumulative relative development rate (cRDR) of soft rot 

and blackleg, root-knot nematodes and M. persicae will increase over the 90-year period in all 

the areas under consideration. 

14. The cRDR of early blight and brown spot is likely to increase in the wet winter and wet 

summer crops of the Sandveld and eastern Free State, respectively, but remain unchanged in 

the dry summer and dry winter crops of the Sandveld and Limpopo, respectively. 

15. Climate change will decrease the cRDR of late blight in all of the cropping systems modelled, 

except in the wet winter crop of the Sandveld. These results help to set priorities in research 

and breeding, specifically in relation to management strategies for diseases and pests. 
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1. BACKGROUND OF STUDY 

The major effects of global climate change include changes in temperature and precipitation 

patterns and an increase in the frequency, duration, and intensity of extreme weather 

events, such as floods, droughts, heat waves, and tornadoes. These will obviously impact 

negatively on the production of agricultural crops, such as potatoes. 

Potato is the most important vegetable crop in South Africa and plays an important role in 

the economies in most regions where it is produced. This study was conducted to assess 

the risks of future potato production and how growers can adapt their practices to overcome 

the expected changes in growing conditions. The study comprised primarily a modelling 

study, using climate change and crop growth models to investigate various scenarios. It was 

conducted by the University of Pretoria in conjunction with the Wageningen University and 

Research Centre and the CSIR. 

 

Project team:  

Prof JM Steyn, University of Pretoria (Project Leader) 

Prof AJ Haverkort, Wageningen University and Research Centre 

Dr AC Franke, Wageningen University and Research Centre 

Dr FA Engelbrecht, CSIR 

Prof JE van der Waals, University of Pretoria 

Prof K Krüger, University of Pretoria  

 

Project Duration: 1 July 2011 – 30 June 2013 

 

2. GENERAL INTRODUCTION 

The findings of many studies over the past decades have suggested that climate change is a 

reality. Signs of global climate changes are strong and it is increasingly clear that most of the 

change has occurred over the last 50 years (IPCC, 2007). This has occurred mainly as a 

result of a steep rise in greenhouse gas emissions over this period (Thornton et al., 2010). 

Forecasts for different parts of the world differ vastly, but for southern Africa there is general 

consensus that temperatures will continue to rise further, while rainfall amounts and 

distribution will also change (increase or decrease, depending on the location). These 

forecasts generally indicate that semi-arid areas, such as southern Africa, will probably 

experience the highest changes in temperature and variability in rainfall patterns. As a result 

of this, climate change poses a direct and serious risk to future crop production and food 

security (Scholes and Biggs, 2004). 

The potato is a temperate crop and is sensitive to water and high temperature stresses. 

Higher daily temperatures and changes in rainfall patterns can thus be expected to increase 
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crop stress, and that may render some of the current production areas less suitable for 

potato production, resulting in lower tuber yields and quality. The aim of this project was 

therefore to study the possible impacts of climate change over the next 30 – 40 years on 

potato production in South Africa. 

The specific objectives for the study were to: 

1. Conduct climate change forecasts for the period 1961 to 2050 and assess the impact 

thereof on potato production in three potato production areas of South Africa. 

2. Develop possible mitigation strategies (specific actions per production region), e.g. 

avoid unfavourably low or high temperatures by shifting planting dates, change to 

other cultivars, change cultivation practices, or move to other (more suitable) areas. 

3. Establish how a changing climate is expected to affect the spread of important potato 

pests and diseases. 

 

The three objectives of this study were conducted in successive phases. The first phase 

focused on how climatic conditions of southern Africa have changed since 1961, how it is 

expected to change by 2015, and how potato production is expected to be affected by these 

changes. The second phase assessed the risks and opportunities posed by climate change 

and the adaptation measures that potato growers can apply to optimise land and water use 

efficiencies under these changing conditions. The last phase of the study investigated how 

climate change is expected to affect the development rates of selected potato pathogens 

and pests in future. 

 

3. EXPECTED EFFECTS OF CLIMATE CHANGE ON LAND AND 

WATER USE EFFICIENCIES OF POTATOES 

3.1 Introduction 

South Africa has a wide range of different climates, ranging from a continental climate with 

dry winters and rainy summers over the interior, to a Mediterranean climate with dry warm 

summers and rainy winters in the south-western coastal areas (Taljaard, 1986). Potatoes are 

grown in most of these climatic regions with dry or rainy winters and summers. Three 

regions were selected to study how the productivity and water use efficiency of potatoes are 

expected to be affected by climate change, namely Limpopo, the eastern Free State and the 

Sandveld. In Limpopo, the rainy summers are too hot for potato production, and therefore 

potatoes are grown in winter and early spring under irrigation. In the eastern Free State, frost 

inhibits the cultivation of potatoes in winter, so this area represents a typical potato 

production area with a rainy summer. The Sandveld has a Mediterranean climate and potato 

is produced in the dry summer near the coast where winds from the Atlantic Ocean prevent 
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too high summer temperatures, as well as in the rainy winter. In all potato production 

systems in South Africa (with a few exceptions, e.g. the eastern Free State, where 

production is still predominantly dryland), irrigation is usually a necessity to achieve 

economically acceptable yields, as overall rainfall is low and erratic (Potatoes South Africa, 

2011). Irrigation is usually applied through centre pivot irrigation systems. 

According to literature, the CO2 concentration of the atmosphere increased from 315 to 380 

ppm between 1960 and 2000 (Nakicenovic & Swart, 2000) and model forecasts suggest that 

by 2050 the atmospheric CO2 concentration will have increased to about 550 ppm 

(Nakicenovic et al., 2000). This implies a 235 ppm increase since 1960, or a doubling of the 

CO2 concentration compared with the pre-industrial era. Although higher CO2 levels are 

generally associated with negative consequences, such as changing weather patterns, it is 

expected that some crops will benefit from increasing CO2 levels. Studies by Schapendonk 

et al. (1995 and 2000) in open-top chambers showed that potato yields increased by 36% 

when the CO2 concentration was doubled from 350 to 700 ppm CO2. The higher productivity 

was primarily related to a higher photosynthetic capacity, which was limited by the plant’s 

ability to allocate assimilates to the tubers. Similarly, Wolf and van Oijen (2003) worked on 

potato yield forecasts for Europe and they concluded that tuber yields will increase by 10 

and 20 t ha-1 in most regions of the EU, mainly due to the positive response to increased 

CO2. Jaggard et al. (2010) suggested a 36% increase in potato yields due to the increased 

concentration of CO2 and a 7.5% decrease in yield due to the increased ozone level, 

resulting in a net yield increase of 28.5%. This is in line with the findings of Schapendonk et 

al. (2000) and the expected 28.5% yield increase (Jaggard et al., 2010) when CO2 

concentration reaches 550 ppm and O3 concentration 60 ppb. 

According to Jaggard et al. (2010), potato (a C3 crop) will benefit most from rising CO2 levels 

compared to other C3 crops, such as wheat and rice, which showed a benefit of only about 

6%, while C4 crops do not benefit from CO2 enrichment at all and will suffer from increased 

ozone levels, leading to between 5% (maize) and 7.5% (sugar cane) yield reductions. 

Furthermore, various authors (Eamus, 1991; Pospisilova & Catsky, 1999; Schapendonk et 

al., 2000) have argued that a higher atmospheric CO2 concentration will result in smaller 

stomatal aperture and lower transpiration water losses, which could possibly lead to higher 

water use efficiency. Studies by Magliulo et al. (2003) reported that water use of potato 

decreased by 11% when CO2 increased from 370 to 550 ppm. This, combined with a yield 

increase of 53%, resulted in an improved water use efficiency (WUE) of up to 70%. Similarly, 

Jaggard et al. (2010) observed an 11% decrease in water use during a crop season of 

unaltered length, when the CO2 concentration increased with 190 ppm. This means an 

increase in WUE of 0.058% ppm-1 CO2. Fleisher et al. (2008) also reported lower 

transpiration rate and substantially higher WUE for potato plants grown under elevated CO2 

conditions (740 ppm). 

Hijmans (2003) and Supit et al. (2012) concluded that crops planted in spring (potato, sugar 

beet) initially benefit from the CO2 increase, although as time progresses, increasing 

temperatures will reduce these positive effects. The negative aspects of climate change that 

these authors expect towards the end of the century are due to the expected reduction in 
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precipitation. This aspect of climate change, however, is surrounded by the greatest degree 

of uncertainty (e.g. NASA, 2013). 

Although studies to forecast the effects of climate change on potatoes have previously been 

performed elsewhere, similar studies have not been conducted for South Africa before. 

Given the expected increase in average temperatures for southern Africa and the sensitivity 

of potato to heat stress, we hypothesise that the impact of climate change on potato 

production and water use efficiency will be negative. This is of major concern, since potato is 

the most important vegetable crop in South Africa and potato production is the main 

economic activity in some production areas, such as the Western Cape Sandveld. Moreover, 

fresh water is expected to become increasingly scarce and a prime constraint to agricultural 

productivity in South Africa. Therefore, the objectives of this study were to explore the 

influence of climate change as derived from various downscaled coupled climate models on 

productivity and water use efficiency of the potato crop in South African conditions. 

For this study we used climate models to simulate 90-year climate datasets (1961-2050) and 

a crop growth model, LINTUL-Potato, that requires temperature, solar radiation, CO2 

concentration, rainfall and reference evapotranspiration as input data (Spitters, 1990; 

Kooman & Haverkort, 1994). 

3.2 Materials and Methods 

The CCAM model was used to downscale the output of six different coupled climate models 

(CGCMs) in order to produce detailed simulation results of the current and expected future 

climate over southern Africa. An in-depth description of the CCAM equation set and 

parameterisation schemes are reported by Engelbrecht et al. (2009, 2011 and 2013). 

Each of the six different down-scalings consisted of 90 years (1961 to 2050) of daily weather 

data (maximum and minimum temperature (Tmax and Tmin), solar radiation, precipitation, 

maximum and minimum relative humidity and wind speed) that could be used to run the crop 

model and to calculate reference evapotranspiration (ETo) values. Generated monthly 

average minimum and maximum temperature and rainfall data were compared with actual 

historical data sets from weather stations in each of the selected regions and subsequently 

bias-corrected. 

The LINTUL crop growth model (similar to the version used by Franke et al., 2011) was used 

to calculate potential potato yields and water use efficiencies (using the forecasted weather 

data from the climate models as input). Potato dry matter production is based on the amount 

of intercepted radiation by the green foliage and a conversion factor for radiation use 

efficiency (RUE) (Spitters, 1990; Kooman & Haverkort, 1994). Higher temperatures lead to 

earlier crop emergence and a more rapid initial leaf growth, resulting in increased 

interception of solar radiation at early stages of crop growth, and a more rapid maturation of 

the crop. Unfavourably high temperatures reduce photosynthesis and increase respiration, 

and thereby reduce the radiation use efficiency, and thus biomass production. In order to 

simulate yield increases in response to increasing CO2, RUE in the model was set to 

increase linearly by 0.15% per ppm CO2 increase between 1961 and 2050. The harvest 
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index for all growing conditions was set at 0.75 (Kooman & Haverkort, 1994) and simulated 

yields are presented as tuber fresh matter, assuming a dry matter concentration of 20%. 

Daily evapotranspiration (ET) was calculated from the Penman-Monteith grass reference 

evapotranspiration (ETo) (Smith et al., 1996), multiplied by a crop-specific coefficient (Kc) 

according to the procedure recommended by Allen et al. (1996). To estimate ET, water use 

efficiency (WUE) and drainage, a daily water balance was calculated using the plant-

available water of the most prominent soil in each region. Farmers were assumed to irrigate 

when 50% of the plant-available water had been depleted. WUE was calculated as the fresh 

tuber yield divided by the total evapotranspiration (from plant and soil). 

The potato model was run for four contrasting agro-ecosystems to cover four combinations 

of summer and winter crops, with and without precipitation during the growing season: 

 1. Sandveld (Leipoldville): winter crop planted on 15 March with cycle of 110 days (wet 

winter),  

2. Sandveld (Leipoldville): summer crop planted on 15 September with cycle of 130 days 

(dry summer). 

3. eastern Free State (Reitz-Bethlehem): summer crop planted on 15 October with cycle 

of 120 days (wet summer). 

4. Limpopo (Dendron): planted on 15 July with cycle of 130 days (dry winter). 
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3.3 Results  

Weather and climate change forecasts 

Figures 1 – 4 present the average climate data forecasts during the potato growing seasons 

(between plant and harvest; 110 – 130 days, depending on site and season). The two solid 

lines on the graphs represent the maximum and minimum values calculated using any of the 

six down-scalings and the dots represent the average value of the calculations from all six 

weather sets. 

According to Figure 1, the Tmax and Tmin values of the Sandveld summer, the eastern Free 

State and Limpopo are comparable. However, Tmax values of the Sandveld in summer and 

Limpopo more frequently exceed 30 °C, especially in future decades, reducing the 

photosynthesis capacity of the potato crop. Temperatures of the Sandveld in winter are 

considerably lower than in the other situations. The increase in Tmax over a century is about 

2.3 °C for the Sandveld and over 2.6 °C for other areas. Tmin increases, on average, by 

1.8 °C at the coast and 2.5 °C inland. The temperatures show little variation among years 

and increase steadily over time (Table 1). 

Changes in rainfall data for the four agro-ecosystems are presented in Figure 2 and Table 1. 

The variation over years is much higher than for temperatures and the variation between the 

different downscaled sets is also greater, as shown by the distance between the two solid 

lines, indicating a decrease in rainfall of 25 mm, 9 mm and 10 mm for the Sandveld winter, 

summer, and Limpopo, respectively, while an increase of 10 mm in the eastern Free State is 

associated with a high degree of uncertainty, although a downward trend for most situations 

is clear. 

Over the century there is an increasing trend in reference evapotranspiration (ETo) of 6 – 

13 mm per season for the Sandveld (winter and summer) and up to 37 mm per season 

inland (Table 1). The increase in ETo is generally modest and can be partly explained by the 

increase in temperatures. The data sets suggest that over the 90-year period, daily solar 

radiation levels will decrease slightly (by 1.4 – 2.3%) (Table 1). Other weather parameters, 

such as wind speed and relative humidity, were not affected significantly over time in any of 

the six weather sets. 
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Figure 1.  

Figure 1. imulated maximum (black symbols) and minimum (white symbols) daily 

temperature for 1961-2050, averaged per annum. A = Sandveld (□ crop growing in summer, 

o crop growing in winter), B = eastern Free State, C = Limpopo. 
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Figure 2. Simulated rainfall during the potato cropping period for 1961-2050. A = Sandveld 

(□ crop growing in summer, ● crop growing in winter), B = eastern Free State, C = Limpopo. 
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Table 1. Simulated minimum and maximum daily temperatures, total rainfall, reference evapo-

transpiration (ETo) and solar radiation during the growing season at the start and end of the range of 

years and average change per year (Δ). All data are based on the average of six climate scenarios 

and linear regression analysis using the equation y=a+bx with y the phenomenon and x the year, R
2
 

of the equation is given between brackets after the change per year. 

Phenomenon  
Sandveld 

Rainy winter 

Sandveld 

Dry summer 

Eastern Free 
State 

Rainy summer 

Limpopo 

Drywinter 

Tmax 1960 (0C) 21.9 28.6 26.3 27.1 

Tmax 2050 (0C) 24.1 30.6 28.6 29.5 

Δ Tmax (0C y-1) 0.024 (0.79) 0.023 (0.85) 0.026 (0.73) 0.027 (0.70) 

Tmin 1960 (0C) 9.74 12.8 11.0 11.9 

Tmin 2050 (0C) 11.3 14.4 13.1 14.2 

Δ Tmin (0C y-1) 0.0173 (0.79) 0.018(0.89) 0.023(0.89) 0.026(0.87) 

Rainfall in 1960 (mm) 130.5 59.8 265 105.9 

Rainfall in 2050 (mm) 107.9 51.9 273 96.9 

Δ Rainfall (mm y-1) -0.25 (0.14) -0.09 (0.07) 0.10(0.03) -0.10(0.02) 

ETo 1960 (mm) 197 611 529 504 

ETo 2050 (mm) 202 623 564 524 

Δ ETo (mm y-1) 0.056 (0.19) 0.127 (0.33) 0.374 (0.22) 0.255 (0.24) 

Radiation 1960 (MJ m-2 d-1) 13.9 30.0 25.4 22.2 

Radiation 2050 (MJ m-2 d-1) 13.7 29.3 25.1 22.1 

Δ Radiation (MJ m-2 d-1y-1) -0.002 (0.17) -0.008 (0.56) -0.004 (0.05) -0.002 (0.01) 

 



 Final report: Impact of climate change on future potato production in SA Page 15 

 

Table 2. Crop characteristics and precipitation deficit as calculated by the crop model. All data are 

based on the average outcome using the six different climate models and linear regression analysis 

using the equation y=a+bx with y the phenomenon and x the year, R
2
 of the equation is given 

between brackets after the change per year. 

 

Calculation 

Sandveld  

Rainy winter 

Sandveld 

Dry summer 

Eastern Free 
State  Rainy 
Summer 

Limpopo    

Dry Winter 

Yield 1960 (Mg ha-1) 42.0 87.4 83.7 65.1 

Yield 2050 (Mg ha-1) 57.6 97.8 103.5 74.5 

Δ Yield (Mg ha-1 y-1) 0.17 (0.90) 0.12 (0.49) 0.22 (0.67) 0.11 (0.34) 

WUE 1960 (g l-1) 16.4 11.6 12.8 11.2 

WUE 2050 (g l-1) 23.8 14.2 16.2 13.5 

Δ WUE (g l-1 y-1) 0.08 (0.87) 0.03 (0.64) 0.04 (0.47) 0.03 (0.36) 

Δ WUE 1960-2010 (g l-1 y-1) 0.03 (0.73) 0.01 (0.18)   

Δ WUE 2010-2050 (g l-1 y-1) 0.14 (0.92) 0.06 (0.66)   

ET 1960 (mm season-1) 

ET 2050 (mm season-1) 

Δ ET (mm season-1 y-1) 

274 

258 

-0.18 (0.45) 

786 

722 

-0.70 (0.70) 

666 

652 

-0.15 (0.02) 

574 

551 

-0.25 (0.16) 

Precipitation deficit 1960 (mm season-1) 151 709 428 467 

Precipitation deficit 2050 (mm season-1)  156 653 398 454 

Δ  Precipitation deficit (mm season-1 y-1) 0.049(0.01) -0.66(0.56) -0.333(0.06) 0.14 (0.02) 

 

 

 

Crop growth model explorations  

Potential yields for the four agro-ecosystems with increasing CO2 concentrations, increasing 

temperatures, increasing ETo values, and decreasing solar radiation are shown in Figure 3. 

In all situations, yields increase, but the rates of increase differ. 

The two summer crops intercept the most solar radiation (Table 2) and show the highest 

yields, both in 1960 and in 2050 (Figure 3 and Table 2). The two winter crops have the 

lowest yields, with the Sandveld substantially lower than Limpopo. The Sandveld is further 

south with shorter day lengths in winter and therefore crops receive less solar radiation than 

in Limpopo. The strongest relative effect of increased CO2 on yield is for the Sandveld winter 

crop, increasing from 42.0 – 57.6 t ha-1, an increase of 37.1%. The next coolest site, the 

eastern Free State, showed a yield increase of 23.7% and the warmer Sandveld summer 

and Limpopo winter showed relatively small positive yield responses of 12 – 14%. The 

positive effect of higher CO2 is partly offset by many days with Tmax above 30 °C, having a 

negative effect on RUE and yield. In the Sandveld winter, days with high temperatures that 

are suboptimal for potato growth occur rarely, even with a 2.2 °C increase, while the crop is 

likely to benefit from higher temperatures, stimulating more rapid initial development and 
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reducing the negative impacts of cold temperatures on RUE. The highest absolute increases 

in yield are found in the eastern Free State, followed by the Sandveld winter, Sandveld 

summer and Limpopo. In general, yield variability is lower for the Sandveld winter than the 

other situations. In the Sandveld summer, the eastern Free State and Limpopo, occasional 

heat waves could drastically reduce yields, although the climate models did not give an 

indication that such heat waves are more likely to occur as CO2 levels rise. 

The precipitation deficit (rainfall shortage) (Table 2) slightly declines in the Sandveld 

summer, the eastern Free State and Limpopo (between 2.8 and 7.9% over the 90-year 

period) as a result of the 13.6% reduction in water use, following partial stomatal closure due 

to increased CO2 concentration. In the Sandveld winter, precipitation deficit slightly 

increases as the reduced water use by the crop does not compensate for the decreasing 

rainfall. In general, it can be said that water savings due to partial stomatal closure under 

higher CO2 concentrations are greater when evapotranspiration by the crop is high (e.g. 

when temperatures are high). The irrigation need is more variable in the eastern Free State 

and Limpopo than in the Sandveld, reflecting the large year-to-year variation in rainfall during 

the growing season, especially in the eastern Free State. 

The Sandveld winter crop has the highest WUE and also shows the strongest response to 

increased CO2 levels, especially with the rapidly increasing CO2 levels after 2010 having an 

impact on both yield and evapotranspiration (Figure 4; Table 2). The increase in WUE in 

winter was about four times higher in the period 2010-2050 than in 1960-2009 (from 0.034 to 

0.141 g l-1 y-1), while in summer it increased even fivefold (Table 2). In Limpopo and the 

eastern Free State, the increase in WUE was more irregular, although also here a slight 

acceleration in the increase in WUE after 2010 can be observed. The WUE in the Sandveld 

in winter increases by 45% from 16.4 to 23.8 g l-1. The other locations showed WUE 

increase values of about half that for the Sandveld winter, mainly due to the much lower 

yield responses to CO2 increase in these situations, as shown in Table 2 and discussed 

above. Especially in the eastern Free State, negative deviations from the general trend in 

WUE were sometimes large, probably as a result of heat waves during the growing period. 

When maximum day temperatures are above 30 °C, yields are depressed and 

evapotranspiration increases, both impacting negatively on WUE. 

Simulated drainage in Limpopo and the eastern Free State is minimal (data not shown), as 

the dominant soils there have good water holding capacity. In the sandy soils of the 

Sandveld, drainage is unavoidable. Drainage is highly variable from year to year and is 

generally higher in a winter crop than in a summer crop, reflecting the erratic nature of 

rainfall over years and the differences in rainfall between summer and winter. Drainage in 

winter slightly decreases over time as a result of gradually reducing rainfall. 
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Figure 3. Simulated potential potato yield for 1961-2050. A = Sandveld (□ crop growing in 

summer, ● crop growing in winter), B = eastern Free State, C = Limpopo. 
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Figure 4. Simulated water use efficiency (WUE) of potato for 1961-2050. A = Sandveld (□ 

crop growing in summer, ● crop growing in winter), B = eastern Free State, C = Limpopo. 
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3.4 Discussion 

The reported exceptionally high positive response of potato to elevated CO2, compared to 

other C3 crops, can be explained as follows. Firstly, Fleisher et al. (2008) observed that 

potato plants grown under elevated CO2 levels had consistently higher photosynthetic rates 

through most of the growing season, and that this extra assimilate was mostly partitioned to 

the tubers, resulting in higher dry matter production and harvest indices, and therefore 

higher tuber yields. Rosenthal et al. (2012) also ascribed the strong positive CO2 response 

of root and tuber crops to the fact that storage organs are already formed early in the 

growing season, and these act as effective sinks for carbohydrates throughout most of the 

growing season. This continuous transport of sugars from the leaves and storing thereof as 

starch in the tubers avoids the negative feedback of high sugar concentrations on 

photosynthesis, thus resulting in a substantial enhancement in final tuber yield 

(Schapendonk et al., 2000). Cereals, on the other hand, have reproductive sinks that form 

relatively late in their growing period and therefore they react less favourably, or not at all, to 

an increase in CO2. 

Potential yields as simulated in this study represent a hypothetical situation where water, 

nutrients and biotic factors are not limiting potato growth. Actual yields are typically about 

50–70% of the potential yields in well-managed systems, as was also observed earlier for 

potato farmers in the Sandveld (Franke et al., 2011). The present study suggests that in all 

four agro-ecosystems, potential yields will increase as a result of climate change. Whether 

actual yields will change proportionally depends on many other factors, including farmers’ 

ability to adjust management and crop genotypes to changing environmental conditions. 

Actual irrigation amounts may be between 50 and 100% higher than the precipitation deficits 

indicated here, depending on soil type, rainfall patterns and whether the grower uses an 

irrigation decision support system. The discrepancy between calculated and actual WUE is 

even greater, as actual yields are lower than potential yields. If farmers achieve 65% of the 

potential yields, WUEs are expected to equal 35 to 45% of the calculated values, as was 

reported by Franke et al. (2011). However, the improved WUE as a result of enhanced CO2 

levels may still help to mitigate the impact of an expected reduction in future water 

availability in the Sandveld due to overuse (Archer et al., 2009) and possible declining 

rainfall. 

We have not covered the effects of climate change on tuber quality in this study. Haverkort 

and Verhagen (2008) discussed the possible effects of climate change on tuber quality 

aspects and concluded that tuber size will increase if yields are higher while tuber numbers 

stay the same, dry matter concentration will be lower when average temperatures during 

tuber growth are higher, and reducing sugar concentration will increase when the growing 

season is shortened and tubers are harvested at higher temperatures. 

The area under potato production in South Africa has declined from about 66 000 ha in 1991 

to about 51 000 ha in 2010. However, over this period average yields have nearly doubled 

from 21.2 t ha-1 to 41.2 t ha-1. These higher yields are mainly attributed to improved 

management practices, a substantial shift from dryland to irrigated production (from about 
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49% irrigated in 1992 to 86% of the total area in 2010) and new cultivars. These steep yield 

increases have started levelling off over the past four years. In the present analyses we did 

not include such improved management and product quality aspects, but they will likely 

affect usable yield and finished product over the next forty years, as significant as the yield 

increase expected from the greater availability of CO2 and improved water use efficiency. 

3.5 Conclusions 

It is concluded that for all four studied agro-ecosystems, the possible negative effects of 

future raising temperatures and reduced availability of water will be more than compensated 

for by the positive effect of increased atmospheric CO2 levels on potential crop productivity 

and water use efficiency. Therefore, we reject the hypothesis that, given the expected 

increase in average temperatures for southern Africa and the sensitivity of potato to heat 

stress, the impact of climate change on potato production and water use efficiency will be 

negative. The beneficial effect of CO2-enrichment for potatoes is much stronger than for 

cereals that generally benefit less or not at all from increased CO2-levels (e.g. Elsgaard et 

al., 2012). The importance of potato as a climate-change-robust crop for food security is, 

therefore, likely to increase in the decades to come. 

 

 

4. ASSESSING RISKS AND OPPORTUNITIES OF ADAPTATION 

STRATEGIES TO COPE WITH CLIMATE CHANGE 

4.1 Introduction 

The projections in the first phase of this study were carried out in a ‘business as usual’ 

scenario, assuming that potato growers will plant and harvest at the same time as they do 

currently. However, the extent to which farmers are affected by climate change will depend 

on their actual exposure to climate change, the sensitivity of their farming system, and their 

adaptive capacity (IPCC, 2001). Adaptation options can be categorised into four main types: 

(i) farm production practices, (ii) technological developments, (iii) farm financial 

management, and (iv) government programmes and insurance (Smit and Skinner, 2002). In 

this study, we primarily deal with the first two types of adaptation options. It is very likely that 

potato farmers in South Africa will adopt adaptation measures by changing farm production 

practices, especially by changing planting dates and adopting cultivars with different growing 

season lengths (differences in earliness) to take maximum benefit of changing growing 

conditions and the suitable growing season, while avoiding sub-optimal temperatures. The 

adoption of new cultivars, however, depends on the availability of such suitable cultivars in 

the country that are appropriate in terms of crop duration, growing characteristics and market 

demands. South African potato farmers currently grow a very limited range of cultivars and 

60% of the table potatoes are supplied by a single cultivar, Mondial (Potatoes South Africa, 
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2011). The genetic variability in heat tolerance among different potato cultivars is limited and 

it is unlikely that more heat-tolerant potato cultivars will be available to farmers in the near 

future. Water shortages due to over-use of resources, an increasing demand for water from 

other sectors, and possibly climate change are likely to restrict irrigation and increase cost of 

irrigation in future. These should further encourage potato farmers to adapt practices, such 

as planting dates, in order to optimise production and water use efficiency. 

The simplest and most likely changes in production practices to adapt to climate change are 

related to planting date, growing season length and water management, which are all related 

to technological developments. In this second phase of the study we again made use of the 

LINTUL-potato crop growth model to evaluate the effect of changes in planting date and 

cropping season on yields and water use efficiencies of potato. Technological innovations 

that can help improve yield and/or water use efficiencies, irrespective of climate change 

impacts (e.g. different irrigation strategies or decision support systems) were not considered 

here, while we know from previous work that there is considerable scope to improve water 

use efficiencies with current available technologies (Franke et al., 2011). It is also assumed 

that growers will introduce and use cultivars with an earliness or lateness such that their 

growth cycle matches that of the shortened (winter) or lengthened (summer) seasons. The 

objectives of this second phase of the study were to assess the risks and opportunities 

posed by climate change to potato growers in South Africa and to evaluate adaptation 

measures which growers could adopt to optimise land and water use. 

4.2 Materials and Methods 

For this part of the study, only the CSIRO global circulation model was used for climate 

projections, since the results in phase 1 showed highly comparable trends in results for all 

six models. Daily reference evapotranspiration rate (ETo) was calculated using daily 

maximum (Tmax) and minimum (Tmin) temperatures, relative humidity, wind speed and 

solar radiation, following the procedures of Smith et al. (1996) and Allen et al. (1996). 

Projections of Tmax, Tmin, precipitation, solar radiation and ETo were used as inputs to the 

LINTUL crop growth model. In this version of the model, radiation use efficiency (RUE) was 

equal to 1.25 g MJ-1 intercepted global radiation in 1990 under optimal temperatures, and 

RUE was set to decrease linearly to 0 when the maximum day temperatures (Tmax) 

decrease from 16 °C to 8 °C or increase from 30 °C to 35 °C at all CO2 levels. We followed 

Jaggard et al.’s (2010) assumption that yields (and therefore RUE) increased by 28.5% with 

an increase in the CO2 concentration from 370 to 550 ppm, while water use reduces by 11% 

over the same CO2 range. The model was also adjusted to account for frost events after 

crop emergence during the growing season, as in Limpopo the growing season in winter is 

occasionally interrupted by frost. The model assumed that frost occurrence before full 

ground cover is reached (Leaf Area Index (LAI) < 3) leads to a loss of 85% of all biomass 

and a loss of all leaves. Leaf area development restarts the following day as if the crop has 

just emerged. When frost occurs after the crop has reached full ground cover, crop growth is 

terminated. Tuber mass and evapotranspiration already accumulated over the season at that 

time is taken as final yield and total evapotranspiration. Harvest index of the crop increases 
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as a function of growing days from 0.3 at full soil coverage, when LAI reaches a value of 3, 

to 0.75 when the crop is fully mature. 

The LINTUL model was run for the same three contrasting localities (agro-ecosystems) as 

reported for phase 1 of the study. Two types of simulations were conducted: for the first, 

potatoes were planted every 15th day of the month and the crop stayed in the field for 120 

days. To condense results, only the simulation results for three periods of ten years each are 

presented: 1961–1970, 2001–2010 and 2040–2049. The second simulation type reflected 

the hypothetical situation of a potato crop growing throughout the suitable growing season 

(therefore the growing season may be shorter or longer than 120 days, depending on 

suitable temperatures), assuming that ideal cultivars with the appropriate growing duration 

are available. In the eastern Free State, planting was done two weeks after the last frost 

event in spring and the potato crop was harvested or terminated after the first frost in 

autumn. In Limpopo and the Sandveld, planting was done after the last heat in autumn and 

the crop was harvested after the occurrence of the first heat period in spring. 

In the results the following information obtained from the weather data projections is 

presented: (i) the number of days during which Tmax exceeds 30 °C. On such days we 

assume that the crop is stressed and photosynthesis is reduced. (ii) The number of days 

during which Tmax exceeds 35 °C. At such temperatures the crop will stop photosynthesis, 

suffers damage and will drop leaves, reducing the capacity to intercept solar radiation. (iii) 

The number of frost days. (iv) The number of dry spells, defined as the frequency of periods 

of at least 10 days with less than 5 mm rainfall. Although all potato crops in South Africa are 

irrigated – except for about 6% of the national annual crop in the eastern Free State, 

KwaZulu-Natal and north Eastern Cape – dry spells are of interest as water available for 

irrigation is likely to be more restricted in future than currently. (v) The frost-free period in the 

eastern Free State and the heat-free period in Limpopo and the Sandveld in relation to 

optimal planting time. The heat-free period was assumed to begin in autumn when average 

Tmax is less than 30 °C for two weeks and to end in spring when average Tmax is more 

than 30 °C for a period of two weeks. 

Yields presented in tables and figures are for all potential fresh tuber yields with a dry matter 

content of 20%. All crops were assumed to be irrigated when needed and drought stress 

was not taken into account in the model. The total evapotranspiration from the crop and soil 

(ET) and the crops’ precipitation deficit (calculated as ET minus rainfall not lost as drainage 

during the season) were considered indicative of the irrigation need of the crops. Water Use 

Efficiency (WUE) was calculated as the potential fresh tuber yield divided by ET. Irrigation 

losses, drainage and other factors were not taken into account. 

4.3 Results  

Climate risks  

An overview and summary of the annual occurrence of weather events shows a moderate 

relative increase of warm days (Tmax > 30 °C) in the Sandveld (from 97 to 125 days), and 

Limpopo (from 95 to 166 days), but a strong relative increase in days with temperatures over 
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30 °C in the eastern Free State (from 26 to 82) (Table 3). The number of hot days (Tmax > 

35 °C), however, strongly increases at all three areas, but especially for the inland localities 

(Limpopo and the eastern Free State). Although by 2050 the average year-round Tmax is 

higher in Limpopo than in the Sandveld, the number of hot days is similar (50 and 47 

respectively). This is because the warmest period in Limpopo coincides with the rainy and 

cloudy season, whereas in the Sandveld it coincides with the dry and sunny period. Tmax in 

the Sandveld during winter is lower than in Limpopo because of cloudiness and the 

moderating influence of the nearby ocean. The average daily maximum temperatures 

between 1960 and 2050 rise by 1.7 °C, 2.6 °C and 2.7 °C for the Sandveld, the eastern Free 

State, and Limpopo, respectively, which suggests that the dry matter concentration of potato 

tubers, assumed to be 20% in the model, will decrease somewhat over time (Haverkort & 

Harris, 1987). Table 3 also shows that in the eastern Free State the number of days with 

frost (minimum temperature below 0 °C) will go down from well over 30 per year in the 1960s 

to the current 15 and that a further reduction to about 10 frost days is expected over the next 

40 years. In Limpopo, night frosts in winter will disappear by 2050. The number of dry spells 

is about twice as high in the Sandveld and Limpopo than in the eastern Free State. Climate 

change does not have a clear impact on the number of dry spells over the 90-year period. 

In all three regions, the incidence of warm (Tmax > 30 °C) and hot (Tmax > 35 °C) days 

during a 120-day growing season increases particularly when planting occurs in spring or 

summer (Figure 5A-C). Although the increase in high temperatures in the Sandveld summer 

appears to be somewhat dampened by the nearby Atlantic Ocean, the number of warm days 

with temperatures over 30 °C when planting in November increases from about 75 to 90 over 

the 90 year period, some 20% increase (Figure 5A). The number of prohibitively hot days 

with temperatures above 35 °C, however, more than doubles from 20 to over 40 days in a 

120-day growing season when planting takes place in November. In the eastern Free State 

(Figure 5B) the number of warm days almost triples in summer and the number of hot days 

is about five times greater when planting occurs in November. Nevertheless, the number of 

hot days in the growing season is only 15 when planting in late spring/early summer in the 

final decade, compared with over 40 days in the Sandveld. The situation of Limpopo 

somewhat resembles that of the Sandveld, but this inland area closer to the equator clearly 

has a shorter winter period and fewer days with Tmax below 30 °C. It is also clear that the 

impact of climate change will especially manifest during the last 40 years of this 90-year 

period (Figure 5A-C). 

The length of the growing season in the Sandveld and Limpopo is determined by the heat-

free period (Figure 6A & 6C). The distance between the horizontal two lines, indicating the 

approximate period in which potato can be grown without excessive heat stress, converges 

over time, indicating a shortening in the suitable heat-free period for potato growth. The 

trends for Limpopo are very similar to those of the Sandveld, but the cool period appropriate 

for potato growth is about 45 days shorter in Limpopo. Nevertheless, potato crops in 

Limpopo are currently occasionally damaged by frost in winter. Incidences of frost will 

reduce over time, with no frost expected to occur anymore after 2025 (Figure 6C). As frost in 

the middle or end of the growing season usually results in severe crop damage or 

termination of crop growth, the reduction and disappearance of frost events in Limpopo 

represents a major reduction in potato production risk. 
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Figure 5. Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days during a 

120-day growing period, following planting on the 15th of each month for A. the Sandveld, B. 

the eastern Free State, and C. Limpopo. 
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In the eastern Free State, the growing season is primarily determined by the frost-free period 

(Figure 6B). The first day with frost over the 90-year period tends to be later in the year and 

the last day with frost tends to be earlier, thus lengthening the frost-free season suitable for 

potato growth. There is a substantial variation between years regarding the last frost in 

spring and the first frost in autumn. Yet, the period during which potato can be grown without 

substantial risk of frost considerably lengthens, especially after 2010. 

The two growth-limiting factors, prohibitively high temperatures in summer in Limpopo and 

low minimum temperatures in the Free State, are schematically presented in Figure 7. The 

horizontal lines are chosen such as to reflect the current earliest planting dates in autumn in 

Limpopo, when Tmax decreases below 30 °C, and the earliest planting in the Free State 

when Tmin in spring is above 9 °C. The current late February and March planting in Limpopo 

is likely to be delayed by approximately three weeks. The suitable window for potato growth 

in late spring is reduced, but does not change as much as in autumn. Altogether the length 

of the suitable cropping season is reduced by about one month. In the eastern Free State 

the situation is the opposite. Here the cold winter period that is prohibitive for potato growth 

will be reduced by some 50 days. 

 

Table 3. Occurrence of extreme weather events in the three potato growing regions of South 

Africa (annual average per decade). 

Phenomenon Sandveld eastern Free State Limpopo 

  1961- 

1970 

2001- 

2010 

2040- 

2049 

1961- 

1970 

2001- 

2010 

2040- 

2049 

1961- 

1970 

2001- 

2010 

2040- 

2049 

Days with Tmax > 30 °C 97 105 125 26 36 82 95 120 166 

Days with Tmax > 35 °C 25 29 47 2 4 15 8 18 50 

Average Tmax (°C) 25.5 25.9 27.2 22.5 23.3 25.1 26.6 27.7 29.3 

Average Tmin (°C) 11.3 11.6 12.8 7.3 8.3 9.7 12.0 13.1 14.6 

Number of frost days y
-1
 0 0 0 33 17 10 0.9 0.4 0 

Number of dry spells y
-1
 23.8 24.1 27.0 12.6 11.8 13.0 20.9 22.5 21.2 
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Figure 6. Changes in the length of the growing season between 1961 and 2050: Day of the 
year with the last heat in autumn and the first heat in spring in A. the Sandveld and C. 
Limpopo, and the first and last frost of the year in B. the eastern Free State. In Limpopo, 
frost events, occasionally interfering in the cropping season, are also indicated. In the 
Sandveld and Limpopo, the lines indicate approximate planting (lower) and harvest time 
(upper) of a crop avoiding most of the heat. In the eastern Free State, the lines indicate 
approximate planting (upper) and harvest time (lower) of a crop grown in the period with a 
low risk of frost. 
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Figure 7. Maximum temperatures in Limpopo (top) and minimum temperatures in the eastern 
Free State (lower) for three different decades. The horizontal lines indicate the average 
maximum or minimum temperature during the current prevailing planting time. 

 

Climate change effects on yields and water use efficiencies 

When planting in the Sandveld occurs in winter or early spring, the crop growth model 

calculates a substantial yield increase over the 90-year period (Figure 8A) with an increase 

from 46 to 67 t ha-1 for the June planting (+ 46%). This increase is more than proportional to 

the CO2 response of 28.5% because the rise in temperature not only leads to more efficient 

photosynthesis, as there are less cold days with temperatures suboptimal for 

photosynthesis, but also to a more rapid development of foliage early in the season due to 

higher temperatures, increasing the crop’s ability to intercept solar radiation. Due to the 

increase in temperature in summer, photosynthesis is negatively affected, leading to a yield 

reduction from 46 to 36 t ha-1 when the crop is planted in December. Figure 7A also shows 

that the months of planting with the highest yields shifts a month forward from August–

September to July–August. WUE, expressed as g potato produced per litre of water 

evapotranspired, increases especially when planting occurs in autumn and early winter. 

When planting later in winter or in early spring, the advantage of a lower water use caused 

by higher CO2 levels is moderated by higher temperatures enhancing evapotranspiration. In 

a crop growing in summer, WUE remains approximately the same. Potato growers in the 

Sandveld currently have a conflict of interest, as the planting period giving the highest 

potential yield does not coincide with the period giving the highest WUE (Franke et al., 

2011). This conflict will reduce in future as an advancement in planting date to optimise crop 

yield will bring the planting time also closer to the time giving the highest WUE. 

In the eastern Free State, the highest absolute yield increases occur in the planting period 

between June and September (Figure 8B). The plantings giving the highest yields move 

forward from October–November to September–October. When planting occurs after 

October, the increases in warm and hot days that reduce the photosynthesis rate cancel out 

the benefit of higher CO2 levels. WUEs in winter are irregular and low, as frost often 

terminates crop growth before any tuber yield is produced, leading to a WUE of nil. WUE is 
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greatest in September for all three decades assessed. As in the Sandveld, an advancement 

of planting date in the eastern Free State will also move the planting time closer to the time 

giving the highest WUE (apart from the impact of enhanced CO2 levels on water use as 

such). The reduced risk of frosts and higher temperatures will allow earlier planting in spring 

but at similar temperatures than currently, so leaf area development remains similar, which 

explains why the yield increases in the eastern Free State spring plantings are less marked 

than in the Sandveld winter plantings. 

 

 

 

 

Figure 8. Calculated potential fresh tuber yield and water use efficiency (WUE) of a 120 day 

crop planted on the 15th of each month grown for A. the Sandveld, B. the eastern Free 

State, and C. Limpopo. 
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In Limpopo there are currently two main planting periods, namely an early planting, which 

starts after the high summer temperatures have started subsiding in autumn (late February 

to March), and the main planting period, which starts in May and continues through the 

winter until the end of July, with June as the peak planting month. Figure 8C shows higher 

yields when planting outside this window, but growers try to avoid too hot conditions in 

summer due to its negative repercussions for emergence and tuber quality, as well as the 

high water needs during summer in this area with declining water levels. In addition, the 

niche winter crop realises the highest prices on the markets when other regions do not 

deliver to the market. The results show that with time the period of highest production will 

coincide with the preferred operational and market requirements. The best months to plant in 

2050 will be in April–May, with a strong yield increase over 90 years from 49 to 77 t ha-1 (+57 

%). This increase is not only due to higher CO2 levels and more optimal temperatures for 

photosynthesis, but also due to a reduction in the risk of frost damage. The increase in WUE 

over this period is from 20 to 30 g l-1 (+50%). Comparable increases are obtained for the 

Sandveld winter crop. It is obvious that with water scarcities and boreholes that now go to 

depths well beyond 100 m, whereas 30 metres sufficed 20 years ago (data from a Limpopo 

survey, results not shown), planting when WUE is highest is expected to become a priority.  

A crop grown for a fixed number of days, as assessed above, may also be replaced in the 

model by a crop growing for a fixed number of degree days. With increasing temperatures in 

summer, the crop growth period in degree days becomes shorter in calendar days and 

thereby more strongly reduces yields in summer (data not shown). A disadvantage of this 

approach is that growing periods in winter tend to become unrealistically long, as factors 

other than degree days steering crop maturation (e.g. cold stress) are not taken into account 

by the model. 

Another way of assessing the influence of climate change is to calculate the crop 

performance for the entire period of the year suitable for crop growth, based on (theoretical) 

cultivars that can complete a full growth cycle in such an available growing season. Figures 

9A-C and Table 4 show that the annual average yield increase is strongest in the eastern 

Free State because of a combined effect of a lengthening growing season and a higher 

photosynthesis rate. Increased heat stress in summer slightly counteracts the increase. This 

region shows a high year-to-year variability in yield. This is because of the great variability in 

the length of the growing season as both the last frosts in spring and earliest frosts in 

autumn show a large variation (see also Figure 6). The variation in yield is less for the 

Sandveld, where frost plays no role and the length of the growing period is determined by 

the heat-free period. Overall, yields in the Sandveld do not show any clear trend over the 90-

year period, as the gradually shortening growing season is compensated for by a higher 

potato growth rate, especially in winter. In Limpopo, yields were highly irregular in the first 50 

years assessed. Potentially, the growing season is longest in this period, relative to the later 

years, as heat stress in autumn and spring is less frequent. Frost in winter, however, 

regularly damages the crop in the first 50 years, occasionally leading to minimal yields. Over 

time, yields become more stable, as frost incidences reduce and eventually disappear. The 

results for Limpopo are somewhat unexpected, but make sense given that there is a long 

growing season which is occasionally interrupted by frost in the early years, leading to very 

low yields if occurring soon after full ground cover is reached. Average yields do not change 
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much in Limpopo, but the disappearance of frost risk should be a major advantage of climate 

change for the growers, as is clearly shown in the figures. 

 

 

Figure 9. Simulated fresh tuber yield for a theoretical crop that can utilise the complete frost-

free and heat-free growing period between 1961 and 2049 in A. the Sandveld, B. the eastern 

Free State, and C. Limpopo. 
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WUEs improve for all three areas, but more in Limpopo and the Sandveld than the eastern 

Free State (Table 4). The avoidance of hot summers in Limpopo and the Sandveld, 

combined with large improvements in WUE in the winter months, are responsible for this. 

Evapotranspiration declines for all three areas because of lower water use by the crop and in 

Limpopo and the Sandveld also because of a shortening growing season. As rainfall is not 

greatly affected by climate change, the precipitation deficit decreases with approximately the 

same amount as the evapotranspiration in all three areas. 

 

Table 4. Results of regression analyses on crop model calculations (between brackets the 

R2 of the equation y=a+bx, with y the phenomenon and x the year), based on a theoretical 

crop that completes a cycle during the frost-free (the eastern Free State) or heat free (the 

Sandveld and Limpopo) period. Note that the variance in Limpopo is not constant for any of 

the parameters (variability is higher in the first 50 years and in the last 40 years) and 

therefore results of the regression analyses should be treated with caution. 

 Sandveld eastern Free 
State 

Limpopo  

Yield 1961 (t ha
-1

) 143 129 93 

Yield 2050 (t ha
-1

) 149 172 101 

Δ Yield (t ha
-1

 y
-1

) 0.07 (0.001) 0.48 (0.13) 0.22 (0.09) 

WUE 1961 (g l
-1

) 15.4 8.05 13.8 

WUE 2050 (g l
-1

) 23.5 11.4 26.7 

Δ WUE (g l
-1

 y
-1

) 0.09 (0.79) 0.04 (0.14) 0.14 (0.48) 

ET 1961 (mm season
-1

) 

ET 2050 (mm season
-1

) 

Δ ET (mm season
-1

 y
-1

) 

896 

629 

-3.0 (0.34) 

1605 

1524 

-0.9 (0.07) 

628 

370 

-2.9 (0.09) 

Precipitation Deficit 1961 (mm season
-1

) 694 1113 540 

Precipitation Deficit 2050 (mm season
-1

) 441 991 329 

Δ Precipitation Deficit (mm season
-1

 y
-1

) -2.8 (0.33) -1.4 (0.06) -2.4 (0.08) 
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4.4 Discussion 

The projections of the past, present and future climate over southern Africa provided 

valuable input data to model past and future potato growth in three distinct areas (ago-

ecosystems). Potato crops in all three areas can reap benefits of increased CO2 levels, 

increasing photosynthetic rate and reducing water use by the crop, if planting dates can be 

shifted to appropriate times of the year. In all three areas, potato growers are likely to 

respond to climate change by advancing planting dates. In Limpopo, there may be a shift in 

preferred planting from late winter to autumn. Water use efficiencies of the crop in the 

Sandveld and Limpopo are likely to further improve as an advancement of planting coincides 

with the period when water use efficiency is higher, irrespective of the effects of climate 

change. Changing lengths of the growing season could also improve yield and water use 

efficiency if suitable cultivars with appropriate growing periods can be found. The ability of 

farmers to optimally use a changing length of the growing season depends on the availability 

of appropriate cultivars. Moreover, early potato cultivars tend to benefit less from increased 

atmospheric CO2 levels than late cultivars. Schapendonk et al. (2000) observed a CO2 effect 

on potato productivity of 23% for an early cultivar and 49% of a late cultivar, presumably 

because the late cultivar with a relatively large sink capacity shows less photosynthetic 

acclimation to elevated CO2 levels. Jaggard et al.’s (2010) value for the impact of elevated 

CO2 (excluding damaging effects of ozone) on productivity, used in our study, was the 

average of the values reported by Schapendonk for an early and a late cultivar. For growers 

it means that early cultivars may enable them to avoid crop heat stress, but could reduce the 

yield-enhancing effects of increased CO2 levels. Breeding to reduce photosynthetic 

acclimation to elevated CO2 levels, especially in late cultivars as suggested by Schapendonk 

et al. (2000), may on the other hand provide opportunities to increase benefits from elevated 

CO2 levels in areas where the growing season is prolonged by climate change. 

As discussed by Haverkort et al. (2013), the potential yields and water use efficiencies 

simulated by the model are considered indicative of what can be achieved in each area. 

Whether actual yields and water use efficiencies in farmers’ fields will change proportionally 

to the potential values calculated by the model depends on various other factors, especially 

farmers’ ability to adjust management and crop genotypes to changing environmental 

conditions. Apart from adjustments in planting and harvest times and water management, 

South African farmers would, among other things, need to adjust pest and pathogen 

management strategies (see Phase 3; Van der Waals, et al., 2013) as well as nutrient 

management in order to take advantage of a higher potential yield. Alternative irrigated crops 

that are economically viable are scarce in all three regions, and shifts in crop rotation as a 

result of climate change are not likely to happen in the near future. The ability of farmers to 

respond to climate change in general differs among individual farmers (Reidsma et al., 

2010). Potato farmers in the regions assessed in this study are all large-scale commercial 

farmers and face relatively homogenous agro-ecological environments within regions. 

Access to water, however, especially the depth of the soil water table and the associated 

irrigation costs, and therefore also the urgency to optimise water use efficiency, can differ 

considerably between farmers within regions. Changes in profitability of potato production, 

possibly indirectly steered by climate change in various ways, is likely however to affect the 
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intensity of potato production on-farm, e.g. by reducing the length of the fallow period 

between potato crops or the number of irrigated fields, which in its turn has implications for 

other crop production factors, such as pest and disease pressure. It is not unlikely that for 

some farmers in Limpopo, costs of irrigation will increase to such an extent that irrigation 

crop production becomes economically unsustainable. Some farmers in these regions have 

substantial, alternative income generating activities besides potato cropping, e.g. cattle 

rearing, game farming or farm tourism, reducing their dependence on potato farming as a 

prime source of income and giving them more flexibility to decrease or intensify potato 

production than others. 

The results of this study conducted for South Africa are also of relevance for other potato 

producing regions. There are many tropical and sub-tropical regions where the crop is 

rapidly expanding as an irrigated winter crop in a similar continental climate type as in 

Limpopo. For instance, in southern China and northern India, millions of hectares of potatoes 

are grown as a winter crop between two rice crops. Jaggard et al. (2010) projected that rice 

will have a 10% yield benefit from increased CO2 levels, but a 4% negative effect of higher 

O3 levels, resulting in a net yield increase of only 6%, while potato is expected to have a net 

benefit of 28.5%. The increase in WUE is also important for these areas where paddy rice in 

the dry, hot pre-monsoon period uses a multiple amount of the water of that used for a 

potato crop. Potato is also an important vegetable in Mediterranean climates, such as North 

Africa, where a spring and an autumn crop is often grown. In these areas, a relative shift 

from spring to autumn crops may occur, as projected for Limpopo and the Sandveld. In 

some areas production may be further concentrated in winter, as is currently already the 

case in countries such as Egypt. The most dominant potato cropping systems – where 

potato is often considered a staple food – are located in areas with a rainy summer and a 

prohibitively cold winter, such as in the northern part of North America, northern and eastern 

Europe and much of northern China. As in the eastern Free State, the crops are likely to 

benefit in those areas from a longer growing season and from increased CO2 levels. Wheat 

and maize, which are often rotated with potato in these regions, benefit far less from climate 

change: wheat yields will increase by only 6%, while maize yields will even decline by 5% 

(Jaggard et al. 2010), as C4 crops do not benefit from higher CO2 levels but suffer from 

increased O3 levels. Overall, the strong response of potato to increased CO2 levels, relative 

to other crops, could in the decades to come lead to a shift away from other crops to potato 

in those areas that do not become prohibitively hot for potato growth. 

Haverkort and Verhagen (2008) reviewed climate change and its repercussions for the 

potato supply chain in temperate regions and did not take the beneficial effects of the 

increased CO2 concentration into consideration. If they had done so, and if they had 

addressed the comparative advantage of potato versus other crops in, for example Europe, 

they likely would not have reached the conclusion that potato yield would only increase in 

the north-west of the continent and that the crop would become less prominent in other 

areas of the continent. Similarly, Archer et al. (2009) who discussed climate change and 

commercial agribusinesses in the semi-arid northern Sandveld did not take the beneficial 

effect of increased CO2 on potato production and water use efficiency into account, which 

may have changed the conclusions drawn from their study.  
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4.5 Conclusions 

The results from this study suggest that potato crops in all three of the studied agro-

ecosystems will benefit from increased CO2 levels due to increased yields and reduced crop 

water use, if planting can be done at appropriate times of the year. When the crop is grown 

in hot periods of the year these benefits are counteracted by an increased incidence of heat 

stress and higher evapotranspiration, often leading to lower yields and water use 

efficiencies. In all agro-ecosystems, potato growers are likely to respond to climate change 

by advancing planting dates to avoid heat stress in late spring and summer. Changing 

lengths of the growing season could further affect crop performance, if cultivars with suitable 

growing durations are available. In warmer areas with cold winters, such as Limpopo, a 

further benefit of climate change is a reduction in the risk of frost. While most of the impact of 

climate change on potato cultivation is still ahead, studies and policies on food production 

efficiency, food security and water use should take the expected impacts into account. 

 

5. CLIMATE CHANGE EFFECTS ON RELATIVE DEVELOPMENT 

RATES OF SELECTED PATHOGENS AND PESTS 

5.1 Introduction 

The first two phases of this study clearly illustrated that climate change will directly affect 

potato crop performance and water use. Similarly, it is expected that climate change will also 

affect the prolificacy, dispersal and distribution of plant diseases and pests. The effect of 

environmental conditions on disease intensity is clearly illustrated in the classical disease 

triangle of pathogen, plant host and environment, which is also a reminder that changes in 

disease incidence due to climate change will vary depending on the individual host 

responses and the pathogen or pest under consideration. Although the effect of climate 

change on a specific pathosystem involves numerous interactive parameters, it is possible to 

identify trends by analysing the effect of projected environmental changes on disease 

intensity. 

With potato being the most important tuber crop globally, a number of studies have been 

conducted on the effect of climate change on potato production (Kaukoranta, 1996; Boland 

et al., 2004; Secor & Rivera-Varas, 2004; Salazar, 2006; Hannukkala et al., 2007; Haverkort 

& Verhagen, 2008; Kapsa, 2008), although relatively few of these have focussed on 

pathogens and pests of the crop. The majority of research carried out on potato diseases 

has been on late blight, which is considered one of the most important pathogens of potato. 

This study focussed on Phytophthora infestans (causal agent of late blight), Alternaria solani 

and A. alternata (causal agents of early blight and brown spot, respectively), Pectobacterium 

carotovorum subsp. brasiliensis (most important causal agent of soft rot and blackleg in 

South Africa), the root-knot nematodes Meloidogyne javanica and M. incognita and the 

peach-potato aphid Myzus persicae (vector of Potato virus Y (PVY) and Potato leaf roll virus 

(PLRV)). All selected pests and pathogens cause serious economic losses in South Africa. 
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Whereas the concentration of CO2 in the atmosphere will increase due to climate change, 

this parameter was not included in the model as it is expected that increased CO2 

concentrations will have little effect on plant pathogens, or will be slightly stimulatory 

(Manning & Tiedemann 1995). The most pronounced effects of increased CO2 will be on the 

host physiology (Coakley et al. 1999). Only temperature and moisture parameters were used 

in compiling the rules for population development of each of the pathogens and pests under 

consideration. It was also assumed in each case that sufficient initial inoculum and a 

susceptible host is present to start the epidemic. The climate data generated for this period 

(Phase 1; Haverkort et al., 2013) and the quantitative “rules” for each pathogen and pest 

were used to determine trends in the relative development rate (RDR) for each pest or 

pathogen in the areas under consideration. 

Late blight, causal agent Phytophthora infestans, is often regarded as the most important 

disease of potatoes globally. Over the past two to three decades there has been an increase 

in the infection potential of Phytophthora infestans in almost all potato growing areas world-

wide (Fry et al., 1993; Drenth et al., 1994; Kaukoranta, 1996; Hannukkala et al., 2007). This 

can be attributed to development of new populations and changes in genetic diversity of the 

pathogen when both A1 and A2 mating types are present in one area, thus allowing the 

pathogen to survive for long periods in the soil and also adapt more rapidly to changing 

conditions. As the A2 mating type is not present in South Africa (Pule et al., 2013), the 

survival of P. infestans as oospores in soil is not considered in this study and only foliar 

disease outbreaks have been modelled. Various disease forecasting models have been 

used in the past to model the development of late blight, based on prevalence of 

environmental conditions favourable for infection of potatoes by P. infestans. Some of the 

most well-known include the Beaumont rules (Beaumont, 1947), the Smith model (Smith, 

1956), BLITECAST (Krause et al., 1975; MacKenzie, 1981), SIMCAST (Fry et al., 1983) and 

more recently, Blightdays (Skelsey et al., 2009). 

Early blight (Alternaria solani) and brown spot (Alternaria alternata), recently reported as a 

new disease of potato in South Africa (van der Waals et al., 2011), are diseases of 

senescing plants. Although relatively little information is available on the epidemiology of A. 

alternata on potatoes compared to that of A. solani, it would appear from available literature 

and field observations that the environmental conditions conducive for infection of potatoes 

are very similar for both pathogens. Temperature requirements for spore germination and 

subsequent infection of the leaves by A. solani vary in different reports, although it is clear 

that the maximum temperature for growth of these fungi is <40 °C (Waggoner & Parlange, 

1975; Rotem, 1994; Chaerani & Voorrips, 2006). However, according to Bashi and Rotem 

(1974), who did extensive studies on these pathogens, under favourable relative humidity or 

leaf wetness, the minimum, optimum and maximum temperatures required for infection are 

10 °C, 25 °C and 35 °C, respectively. Van der Waals et al. (2003) have shown that the 

development of early blight in South Africa also occurs at these temperatures. What is 

important to note is that interrupted wetting periods (IWP) are more important than high leaf 

wetness for spore germination and dispersal of A. solani (Bashi & Rotem, 1974; van der 

Waals et al., 2003). 
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The incidence and severity of the soft rot/blackleg disease complex in the South African 

potato industry has increased substantially in recent years. The primary causal agent of this 

complex in South Africa is Pectobacterium carotovorum subsp. brasiliensis (van der Merwe 

et al., 2010). The optimal temperatures for infection by this pathogen are higher than those 

of P. carotovorum subsp. carotovorum; thus the current trends in climate might account for 

the increase in intensity of this disease complex. From our studies (van der Waals, in prep.) 

and those of Duarte et al. (2004), the minimum, optimum and maximum temperatures for 

infection of potato tubers by Pectobacterium carotovorum subsp. brasiliensis (Pcb) are 4 °C, 

26 °C and 37 °C, respectively. Soft rotting bacteria are facultative anaerobes and soil water 

levels are thus important in disease development (Pérombelon, 2002). However, since the 

majority of crops in the production regions under consideration are irrigated, soil moisture 

level was not brought into account in development of the rules for Pcb. It was assumed that 

the soil moisture levels in an irrigated crop are enough to provide a favourable environment 

for multiplication of the pathogen and thus initiation of rotting. 

Root-knot nematodes are the most common and destructive nematodes on crop plants in 

South Africa (Fourie et al., 2001), with the most important species on potatoes being 

Meloidogyne javanica and M. incognita (Coetzee, 1968). According to Vrain et al. (1978) the 

minimum number of days required for completion of a life cycle of M. incognita is 25, at an 

average soil temperature of 27 °C; while the minimum and maximum average soil 

temperatures for development of the nematode are 9 °C and 30 °C, respectively. The 

temperature ranges reported by Ploeg and Maris (1999) are different; with the upper limit for 

life cycle completion of both M. javanica and M. incognita being 35.4 °C and the lower limit 

16.5 °C. They suggest that the life cycle duration and temperature requirements of the two 

species are very similar. Although soil moisture is required for nematode movement through 

the soil, soil moisture was not brought into account in deriving the rules for this model. As for 

Pcb it is assumed that an irrigated crop creates ideal conditions for a nematode to swim to 

the host. It is widely accepted that soil texture and pore size influence the migration and 

reproduction of nematodes. Reproduction, pathogenicity, motility and population density are 

higher in coarse textured soils (Prot & van Gundy, 1981; Koenning et al., 1996). However, 

due to the extreme variability in soil types across the three regions modelled, soil texture 

was not taken into account. 

PVY and PLRV cause two of the most economically important virus diseases of potato 

globally (Robert et al., 2000; Radcliffe & Ragsdale, 2002). Infection of tubers with PVY and 

PLRV leads to a downgrading of seed lots because of the low tolerances allowed by seed 

certification programmes for high quality seed (Radcliffe & Ragsdale, 2002; South African 

Seed Certification Scheme, 2010). The viruses are transmitted to new crops primarily 

through winged (alatae) aphids (Hemiptera: Aphididae) (Radcliffe, 1982). PVY is transmitted 

non-persistently (stylet-borne) (Katis et al., 2007) by a number of potato colonising 

(reproducing on potato) and non-colonising aphid species (Ragsdale et al., 2001). PLRV is 

transmitted in a persistent circulative, non-propagative manner (Katis et al., 2007) by several 

aphid species that colonise potato (Ragsdale et al., 2001). The cosmopolitan peach-potato 

aphid Myzus persicae (Sulz.) (Hemiptera: Aphididae), a potato-colonising species, is 

considered to be the most efficient vector of PVY (Sigvald, 1984; Boiteau et al., 1988; 

Boquel et al., 2011) and PLRV (Radcliffe, 1982). This species has also been recorded from 
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seed potato-growing regions in South Africa (e.g. Daiber, 1965). It has both holocyclic 

(sexual) and anholocyclic (asexual) life cycles in South Africa, depending on climate and 

region (e.g. Daiber & Schöll, 1959). Sexual reproduction of M. persicae depends on 

photoperiod and temperature. Blackman (1974) suggests that M. persicae reproduces 

sexually when mean monthly temperatures fall below 20 °C. We selected Myzus persicae as 

a proxy for PVY and PLRV because of its wide distribution and its transmission efficiency as 

a vector of both viruses. 

The effects of climate change on insect herbivores can be direct, by changing the physiology 

and behaviour of an insect, or indirect through impacts on the host plant, for example (Bale 

et al., 2002). Hughes and Bazzaz (2001) observed that elevated CO2 generally increased 

population sizes of M. persicae but not the number of alatae, which are considered to be 

more important in spreading PVY and PLRV than apterae (wingless aphids) (Radcliffe, 

1982). At elevated temperatures, plant nutritional quality, including higher levels of foliar 

nitrogen, was more favourable for M. persicae (Bezemer et al., 1998). According to Davis et 

al. (2006), the optimal temperature for development of M. persicae is 26.7 °C, while the 

lower and upper developmental threshold temperatures are 6.5 °C and 37.3 °C, respectively. 

At the optimal temperature the population doubling time is 1.95 days. The upper lethal 

temperature for M. persicae is 38.5 °C (Broadbent & Hollings, 1951; Davis et al., 2006); 

however, aphids are able to survive for 1 h per day above this temperature (Davis et al., 

2006). 

There is currently no forecasting model for potato pathosystems in South Africa. Thus, the 

aim of this study was to evaluate the effect of climate change over the period 1961 to 2050 

on the cumulative relative development rates (cRDR) of the selected pathogens and pests 

on potatoes in three potato production regions of South Africa, representing four distinct 

cropping systems. The objective is to identify possible constraints to sustainable potato 

production and aid growers in adapting management practices. For each pathogen and pest, 

a set of quantitative parameters, or “rules”, was drawn up based on a thorough review of 

literature to determine the minimum, optimum and maximum temperatures, as well as 

percentage relative humidity where relevant, for disease development or population growth 

in the case of nematodes and aphids. Subsequently, the impacts of changes in weather 

parameters on trends in cRDR of these pathogens and pests were modelled, indicating 

whether the intensity of the respective diseases is likely to change in future. 

5.2 Materials and Methods 

The output of six different coupled climate models was downscaled to provide the detailed 

simulations of present and future climate in southern Africa used in this study. The 

procedures were explained in detail in Phase 1 (Haverkort et al., 2013). The method adopted 

in this study was comparable to that used by Schaap et al. (2011), who used a semi-

quantitative approach to provide an indication of trends in damage caused by diseases and 

pests of economically important crops in the northern Netherlands. We used low complexity 

models to determine the change in cumulative relative development rate (cRDR) of late 

blight; brown spot and early blight; soft rot and blackleg; root-knot nematodes; and the aphid 



 Final report: Impact of climate change on future potato production in SA Page 38 

 

Myzus persicae, as proxy of PVY and PLRV, in the Sandveld, the eastern Free State, and 

Limpopo. For the purpose of this study relative population growth is presented as relative 

development rate (RDR) defined differently for each organism. Similarly to phase 2 of this 

study (Franke et al., 2013), the calculations of cumulative relative development rates for 

pathogens and pests were done for a 120-day growing season that started on the 15th of 

each month. Any errors made in determining the “rules” for each pathogen and pest are 

likely to be systematic errors and will therefore not affect the interpretation of the effect of 

climate change on that specific pathosystem. 

The population models for each disease and pest were run for irrigated crops in the same 

three contrasting potato producing regions of South Africa as described in phases 1 and 2 of 

this study (Haverkort et al., 2013; Franke et al., 2013), namely the Sandveld, the eastern 

Free State, and Limpopo. 

Phytophthora infestans 

In this study, a combination of the basic environmental conditions for infection outlined by 

Zwankhuizen and Zadoks (2002), Blitecast (Krause et al., 1975; MacKenzie, 1981) and the 

Beaumont rules (Beaumont, 1947) was used to develop quantitative parameters for the 

development of late blight. The weather data used in this study is in daily increments, 

therefore the rules are presented as “infection days”, where each “infection day” represents 

one in which environmental conditions during that day were favourable for infection of potato 

by P. infestans. An “infection day” is defined as any given day on which the minimum 

temperature is above 10 °C, the maximum temperature below 26 °C and the average relative 

humidity has been above 75% for two consecutive days. Average relative humidity was 

calculated as the average of the daily maximum and minimum relative humidity. Disease 

development was set at 1 if these conditions were met and at 0 if these conditions were not 

met on a given day. Disease development data accumulate through the growing season to 

give a relative indication of the disease pressure for that season. The RDR of late blight was 

then defined as 0 or 1 infection day and the cumulative RDR (cRDR) was the number of 

infection days per season. 

Alternaria solani and A. alternata 

The temperature boundaries for infection by Alternaria species determined by Bashi and 

Rotem (1974) were used to describe the development of early blight and brown spot in this 

study. An “infection day” for early blight was defined as any day in which the minimum 

temperature was above 10 °C, the maximum below 35 °C, and average relative humidity 

above 75%. RDR and cRDR of early blight and brown spot were defined in a similar fashion 

as for late blight. 

Pectobacterium carotovorum subsp. brasiliensis 

Based on our studies in vitro and in planta (van der Waals, in prep.) and those of Duarte et 

al. (2004), the RDR of soft rot or blackleg caused by Pcb was calculated as 1 when the 

average daily temperature was 26 °C. The RDR was 0 if the average daily temperature was 

below 4 °C or above 37 °C, with linear interpolation between these temperatures and 26 °C. 
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Meloidogyne javanica and M. incognita 

A combination of the observations of Vrain et al. (1978) and Ploeg and Maris (1999) on the 

influence of temperature on the rate of development of larvae of root-knot nematodes were 

used to compile the rules used in this study. At the optimal temperature of 26 °C, one life 

cycle is completed in 25 days. Therefore, the RDR at an average daily temperature of 26 °C 

= 1/25 = 0.04. When the average daily temperature is below 9.5 °C, or above 34 °C, the 

RDR is 0; intermediate RDR values are obtained through linear interpolation. 

In the case of both Pcb and root-knot nematodes, air temperature averages were used as an 

indication of prevalent soil temperatures in these calculations (Tsoil = (Tmax + Tmin)/2). Tiilikkala 

et al. (1995) showed that air temperature measurements are a satisfactory substitute for soil 

temperature in risk analysis studies. 

Myzus persicae 

Temperature is the most important abiotic factor affecting population growth rates of insect 

herbivores (Bale et al., 2002), thus changes in relative humidity were not taken into account 

when deriving the rules for development of Myzus persicae. The temperature ranges 

reported by Davis et al. (2006) were used to formulate rules for the RDR of this species. 

Because the population theoretically doubles in 1.95 days at 26.7 °C, the optimal RDR as we 

defined it for modelling purposes is 1/1.95 = 0.51 at 26.7 °C. A linear interpolation was used 

to determine doubling time. For minimum temperatures below 6.5˚C (lower developmental 

threshold) or maximum temperatures above 37.3 °C (upper developmental threshold) (Davis 

et al., 2006), the RDR equals 0; thus no population growth occurs. Intermediate RDR values 

were obtained through linear interpolation. 

5.3 Results  

The climate data generated by the six different weather simulations showed that the average 

temperature in the interior regions of South Africa (eastern Free State and Limpopo) will 

increase by 1.9 °C over the 90-year period from 1961 to 2050, while the temperature 

increase in the coastal area (Sandveld) will not be as substantial (Figure 10). The changes in 

relative humidity are negligible (Figure 10), although evapotranspiration and radiation both 

show a decline over this period (Table 1). The data are discussed in relation to planting 

times and anticipated changes in planting times for each cropping system. In the Sandveld 

the current peak plantings of August–September are likely to shift a month earlier to July–

August, while the autumn plantings will remain unchanged. In the eastern Free State the 

plantings giving the highest yields will probably also move forward from October–November 

to September–October. In Limpopo the main planting starts in May and continues through 

winter until July, with the peak planting period in June. By 2050, planting in Limpopo is likely 

to start earlier in April–May to avoid increasing heat stress in spring and to take advantage of 

the reduced and eventually disappearing risk of frost in winter (results from Phase 2; Franke 

et al. 2013). 
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Figure 10. Simulated minimum and maximum temperature and relative humidity trends for 

the periods 1961-1970 (••••••), 2001-2010 (—–) and 2041-2050 (-----) for the Sandveld, 

eastern Free State and Limpopo. 

 

Phytophthora infestans 

According to the forecasts resulting from this study, summer crops in the Sandveld growing 

region (Figure 11a) will experience a decrease in incidence of late blight outbreaks, while the 

incidence of late blight in winter crops will increase. In winter there will be fewer days below 

the minimum temperature of 10 °C, whereas in summer there will be more days with a 

maximum temperature above 26 °C (Figure 11a). The likely shift to planting earlier in 

summer, i.e. in July–August rather than August–September (Phase 2; Franke et al. 2013), 
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may, however, result in slightly more late blight in the beginning of the season. The intensity 

of late blight in summer crops in the eastern Free State (Figure 11b) will drop substantially 

over the period until 2050, due to the higher temperatures. The peak cRDR and thus disease 

pressure will, like that of highest potato yields, move forward by one month, i.e. from October 

to September. 

 

 

Figure 11. Cumulative relative development rates (cRDR) of late blight on potatoes for the 

periods 1961-1970 (••••••), 2001-2010 (—–) and 2041-2050 (----) in (a) the Sandveld, (b) the 

eastern Free State (EFS) and (c) Limpopo growing regions in South Africa. 

 

In Limpopo there will be a drop in late blight pressure in summer, i.e. August through 

February (Figure 11c) but potatoes are currently rarely planted at this time because of heat 

stress which will further increase in future. There seems to be no influence of climate change 

on late blight pressure during winter (May through July) when most of the crops are grown. 

The cumulative disease development rate is low, at 1.5 compared to about 15 during the 

Sandveld winter or above 20 in the eastern Free State summer. At present some farmers do 

not need to control late blight in Limpopo or, if so, apply only a few sprays per season. It 

appears that the situation will remain this way for winter crops in Limpopo for the period until 

2050. 
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Alternaria solani and A. alternata 

The influence of climate change on early blight and brown spot in the Sandveld (Figure 12a) 

in winter is relatively strong, as the cRDR almost doubles from 1961 to 2050 throughout the 

season. In the winter months the average minimum temperature will increase, making 

conditions more favourable for disease development. There is little effect on cRDR of this 

disease complex for the summer crop in the Sandveld. 

The cRDR in the eastern Free State summer crop (Figure 12b) is about four times higher 

than that in the Sandveld summer crop. There is no substantial change in cRDR from 2001–

2010 and 2041–2050 for the months of November through to January, which is currently the 

middle of the peak cropping season. When considering that in 2050 the planting time will be 

advanced by one month and that early blight and brown spot pressure drops from October to 

September, early blight and brown spot is not expected to become a more serious disease 

complex than it currently is. Like late blight, early blight and brown spot in Limpopo is not a 

major problem now nor is it expected to become a problem in future with a cRDR of below 

20 (Figure 12c). 

 

 

 

Figure 12. Cumulative relative development rates (cRDR) of early blight and brown spot on 

potatoes for the periods 1961-1970 (••••••), 2001-2010 (—–) and 2041-2050 (----) in (a) the 

Sandveld, (b) the eastern Free State (EFS) and (c) Limpopo growing regions in South Africa. 
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Figure 13. Cumulative relative development rates (cRDR) of Pectobacterium carotovorum 

subsp. brasiliensis (Pcb) on potatoes for the periods 1961-1970 (••••••), 2001-2010 (—–) and 

2041-2050 (----) in (a) the Sandveld, (b) the eastern Free State (EFS) and (c) Limpopo 

growing regions in South Africa. 

 

Pectobacterium carotovorum subsp. brasiliensis (Pcb) 

The winter crops of the Sandveld (Figure 13a) and Limpopo (Figure 13c) show an increase 

in cRDR of Pcb. This is to be expected due to the fact that the optimal temperature for 

multiplication of Pcb (26 °C) is above the current average soil temperatures in these regions 

in winter. The summer plantings in the Sandveld have a high cRDR of about 70, which does 

not change substantially between October and January over the 90-year period modelled. 

However, the increased cRDR values at the beginning of the summer cropping season can 

result in concomitant increases in pre-emergence soft rot or blackleg. 

The greatest relative increase in cRDR over the 90 year period is in the eastern Free State 

winter (from 25 to 35) (Figure 13b), but then there are no potatoes in the field. The 

meaningful increase from 60 to 70 is in September when the risks of the disease in the 

eastern Free State will be comparable to the current Sandveld summer levels (Figures 13a 

and b). This will increase the risk of pre-emergence soft rot, blackleg as well as post-harvest 

soft rot, as environmental conditions remain conducive for disease development throughout 
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the season. In Limpopo, however, the proposed shift in peak planting times from June to 

April–May will result in lower cRDR values in the beginning of the season and thus the risk of 

soft rot and blackleg of young plants will be reduced. Although the cRDR values are high 

(ca. 80), there is little to no change in cRDR values from 1961 to 2050 for August–

September, which will represent the end of the April–May cropping season in 2050. The risk 

of soft rot of progeny tubers in the field or post-harvest will therefore not be greater than 

what it is currently. 

Meloidogyne javanica and M. incognita 

Over the next few decades all cropping seasons in all regions modelled are likely to see an 

increase in the incidence of root-knot nematode, primarily due to temperature increases 

(Figure 14). The average increase in cRDR from the decade 1961–1970 to the decade 

2041–2050 is 50% for the winter months in all regions, but the maximum increase in the 

summer months is 15% (January in the eastern Free State), suggesting that current winter 

temperatures are below the optimum for this pest. The summer crops in the Sandveld are 

most prone to root-knot nematodes, with cRDR values of about 70. However, the cRDR in 

summer will not increase as much as it will in winter in the Sandveld (Figure 14a). In the 

summer crop of the Sandveld the most noticeable increase in cRDR is in the beginning of 

the season (Figure 14a). Planting in July–August may thus result in more severe losses than 

currently experienced with August–September plantings. In the eastern Free State the cRDR 

is likely to increase by 13–15% from 1961–1970 to 2041–2050 for each month during the 

summer crop, with the greatest increase in the middle of the season (Figure 14b). As with 

Pcb, a shift in peak plantings in Limpopo to April–May will result in lower cRDR values in the 

beginning of the season. 

Myzus persicae 

Regardless of the decade modelled, the cRDR and consequently aphid population growth 

and vector pressure during the 120-day potato growth period is highest for crops planted 

during peak planting time for the summer crop in the Sandveld, and the winter crop planted 

in Limpopo. In comparison, the cRDR is lower in the eastern Free State for the summer 

crop. The cRDR for all four cropping systems is lowest for the winter crop in the Sandveld 

(Figure 15). In the Sandveld, the summer crop grows in November, one of the hottest 

months (Figure 10a) and the month with the highest cRDR in this region (Figure 15a). In 

accordance with the small increase in temperature over the 90-year period modelled, there 

is a relatively small increase in aphid population growth during the summer crop. In contrast, 

an increase in temperature over the 90-year period for the winter crop in the same region is 

concomitant with a relatively high increase in the cRDR. In comparison to the summer crop 

in the Sandveld, the cRDR is predicted to increase at a higher rate for the summer crop in 

the eastern Free State (Figure 15b). Likewise, the cRDR in July to September, the growth 

period for crops planted during June in Limpopo, is likely to increase with a rise in 

temperature (Figure 15c). 

In general, the monthly increase in cRDR in Limpopo for July to December is lower between 

2001–2010 and 2041–2050 than for the same months between 1961–1970 and 2001–2010. 

Conversely, the increase in cRDR from January to June is higher between 2001–2010 and 
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2041–2050 than between 1961–1970 and 2001–2010. Phase 2 of this study (Franke et al. 

2013) proposed shifts in planting dates due to increased temperatures. The planting with the 

highest yield in the Sandveld will shift from September to August, and in Limpopo the June 

planting will shift to April–May. These shifts would result in a smaller increase in the cRDR in 

the Sandveld and a decrease in cRDR in Limpopo. However, a shift in the eastern Free 

State from the October planting time forward to September would result in a greater increase 

in the cRDR. 

 

 

 

 

Figure 14. Cumulative relative development rates (cRDR) of root-knot nematodes (RKN) on 

potatoes for the periods 1961-1970 (••••••), 2001-2010 (—–) and 2041-2050 (----) in (a) the 

Sandveld, (b) the eastern Free State (EFS) and (c) Limpopo growing regions in South Africa. 
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Figure 15. Cumulative relative development rates (cRDR) of aphids (Myzus persicae, as 

proxy of PVY and PLRV) on potatoes for the periods 1961-1970 (••••••), 2001-2010 (—–) 

and 2041-2050 (----) in (a) the Sandveld, (b) the eastern Free State (EFS) and (c) Limpopo 

growing regions in South Africa. 

 

5.4 Discussion 

This study did not include the effect of extreme weather events over the 90-year period 

modelled, as was the case with the semi-quantitative agro climate calendar (ACC) approach 

used by Schaap et al. (2011). Although the information for the rules used in this study is 

based on peer-reviewed literature, these rules are inevitably surrounded by uncertainty and 

the use of different sources of information may lead to different rules. However, in most 

cases the results are substantiated by those from previous studies and it is thus unlikely that 

the outcomes would differ substantially. Results reflect trends in the cRDR, and thus serve 

as indicators of disease, pest and vector pressure, rather than changes in actual numbers of 

individuals in a population. Modelling population dynamics without realistic mortality 

functions is likely to lead to unrealistically high values because population-regulating factors 

other than temperature and humidity, such as predation or competition, were not assessed 

in this study. Furthermore, it is not known what the initial population is in any particular year 

as it varies greatly between years and regions. The change in cRDR over time between 

1961 and 2050 as represented in this paper is therefore the best and most realistic indicator 

of disease and pest pressure and urgency to intervene for each distinct pathosystem. 

0

5

10

15

20

25

30

35

40

45

C
u

m
u

la
ti

v
e

 R
D

R

Planting month

Aphids Sandvelda

0

5

10

15

20

25

30

35

40

45

C
u

m
u

la
ti

v
e

 R
D

R

Planting month

Aphids EFSb

0

5

10

15

20

25

30

35

40

45

C
u

m
u

la
ti

v
e

 R
D

R

Planting month

Aphids Limpopoc



 Final report: Impact of climate change on future potato production in SA Page 47 

 

Various studies have shown that higher temperatures will increase overwintering of 

pathogens and pests, modify host susceptibility to infection, accelerate pathogen and vector 

life cycles, and increase the sporulation and infectiousness of fungi (Harvell et al. 2002; 

Schaap et al. 2011). However, it is possible that the increasing temperatures in summer in 

South Africa will reduce the survival rate and initial inoculum populations, unlike in 

temperature climates where most of the previous studies have been carried out. 

Most authors who have evaluated the effect of climate change on late blight concluded that 

the longer growing seasons and slightly warmer temperatures will increase the severity of 

the disease (Kaukoranta 1996; Boland et al. 2004; Salazar 2006; Hannukkala et al. 2007). 

Boland et al. (2004) speculated that the amount of primary inoculum of Phytophthora 

infestans and the duration of late blight epidemics in Ontario are likely to increase, but that 

there will be no significant net effect on the disease intensity. This is, however, not the case 

in the South African scenario, since the temperatures in most of the growing regions are 

already considerably higher than the optimum for development of the disease. With further 

temperature increases, the number of disease cycles will actually decrease, which is why we 

obtained results contradictory to those in previous studies. Our results do, however, concur 

with those of Schaap et al. (2011), showing that warmer temperatures and erratic rainfall 

events might result in this disease becoming easier to control. Management of late blight in 

South Africa is easier than in many other potato growing regions of the world, as the 

Phytophthora infestans population in South Africa undergoes only asexual reproduction, due 

to the absence of the A2 mating type (Pule et al. 2013). 

Climate change predictions in this study show that the cRDR of early blight and brown spot 

is likely to increase in areas with major precipitation, i.e. wet summers of the Eastern Free 

State and wet winters of the Sandveld. In these areas growers will probably be required to 

apply one or two extra fungicide sprays per season, thus increasing production costs. This 

disease complex appears to be increasing in intensity in many potato producing regions 

world-wide, due to shifts in fungicide sensitivity, alterations in agricultural practices and 

climate change (Secor & Rivera-Varas 2004). 

Extreme weather events, such as high intensity rainfall events, can be damaging to 

potatoes. Waterlogged conditions in the soil, particularly in summer rainfall areas, can result 

in tubers rotting, as these are optimal conditions for development of soft rot and blackleg. 

The results from the current study clearly show an increase in the cRDR of Pcb. The semi-

quantitative modelling of Schaap et al. (2011) gave similar results, concluding that yield 

losses due to Pectobacterium carotovorum will increase. Kapsa (2008) and Haverkort and 

Verhagen (2008) also speculated that soft rotting bacteria with higher optimal temperatures 

for infection will become more prevalent than species that prefer cooler temperatures. 

Warmer winter temperatures will make storage more of a problem in future, increasing the 

incidence of diseases and sprouting, which in turn decreases the economic value of the 

product (Schaap et al. 2011). 

The increase in cRDR of the root-knot nematodes M. javanica and M. incognita in all areas 

modelled is not surprising, as the maximum temperature for completion of a life cycle is 

35.4 °C. This temperature is higher than what is currently experienced, taking into account 
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the fact that soil temperature in this model is calculated as the average day and night air 

temperatures. The increase in cRDR in the beginning of the season can have a significant 

effect on yield. When susceptible plants are infected at the early growth stage, losses may 

be severe and the entire crop can be destroyed. The earlier planting times of April–May 

predicted for Limpopo (Franke et al. 2013) are when cRDR are lowest and this could 

therefore allow plants to escape severe infection by Meloidogyne spp. All other regions 

modelled are likely to see increases in root-knot nematode populations. Similar predictions 

were made for the potato cyst nematode in Finland (Peiris et al. 1996). In order to prevent 

subsequent tuber damage and economical losses, growers should take preventative action, 

such as the application of seed or soil nematicide treatments pre-planting. The cost of these 

treatments needs to be weighed up against the yield or market losses due to nematode 

damage, however. 

In the Sandveld, relative aphid population growth and therefore the risk of PVY and PLRV 

transmission is higher for the summer than the winter crop, but increases occur at a 

relatively higher rate for winter than the summer crop. A limiting factor for aphid development 

and reproduction is high temperature (e.g. Barlow, 1962). This is reflected in South Africa in 

the relatively small increase in aphid population growth between 2001–2010 and 2041–2050 

for the crops grown at comparatively high temperatures, not only in the Sandveld but also 

Limpopo, regions where aphid population growth may be reaching its thermal limit. The 

shifts in peak planting times suggested by Franke et al. (2013) will benefit the winter crop in 

the Sandveld by smaller increase, and in the Limpopo by a decrease, in aphid population 

growth compared to the original planting times. With the exception of a possible shift in 

planting times in Limpopo, the results of our study and those of Boland et al. (2004) and SJV 

(2007), show that the potato industry may incrementally experience greater problems with 

PVY and PLRV, due to an increase in aphid population size. The expected increase in aphid 

numbers is of particular concern with regard to Potato virus Y strains PVYNTN and PYVN-Wilga 

that are classified as emerging pathogens in Europe (Verbeek et al. 2010) and North 

America (Mello et al. 2011), for example. These PVY strains are also on the increase in 

South Africa (Visser and Bellstedt 2009). 

The relationship between the number of individuals of the various organisms, damage to the 

crop, and the need to control varies greatly between the organisms studied, and is not 

known for some organisms, e.g. Pcb. For late blight in all cropping seasons and early blight 

in the dry winter and dry summer crops, the results show the need for fewer, or the same 

number of, sprays in 2050 as is currently applied, if the cRDR is taken as proportional to the 

need for control. With Pcb it is obvious that it will become more of a problem as 

temperatures increase. This has repercussions for stricter import requirements to ensure 

Pectobacterium- and Dickeya-free seed. Similarly the increase in cRDR for M. javanica and 

M. incognita in all areas modelled may necessitate longer periods between potatoes in a 

cropping system, or more frequent applications of nematicides. 

The sustainability of potato production in South Africa will depend largely on efficient and 

cost-effective plant protection. As seen by the results presented here, climate change is 

likely to alter disease and pest intensity on potatoes in South Africa. Most pathogens are 

likely to increase in intensity if planting times remain unchanged. However, shifting planting 
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times to avoid excess heat or take advantage of less frost or higher water use efficiencies in 

winter, could largely or entirely compensate for increases in pathogen pressure, as is the 

case for Pcb, root-knot nematodes and aphids in Limpopo. The earlier plantings will result in 

lower initial inoculum levels and a concomitant reduction in disease intensity. It is important 

that growers monitor and keep record of the disease and pest trends in their area, as well as 

which management strategies are most effective. In this way growers can choose practices 

that are the most economically and environmentally sound. 

5.5 Concluding remarks 

The current study provides a valuable tool to assess and thus address the future risk of 

diseases and pests on potatoes. It is the first such study carried out in the South African 

potato industry and paves the way for further, more detailed studies. Although this article 

focussed only on five pathosystems, one must not lose sight of the fact that the intensity of 

other diseases and pests is also likely to change in future. It is thus imperative to understand 

the effects of climate change on both the host and pathogen in order to ameliorate the 

negative effects and utilise the benefits thereof. The changes in climate are gradual and will 

thus give growers time to alter management practices and adapt to changes in disease and 

pest pressure. On-going research should focus on providing industry with crop protection 

tools, such as cultivars with durable and innate resistance; knowledge of the mechanisms 

and expression of resistance genes under adverse weather conditions, of the efficacy of 

pesticides, and of adaptations of pathogens and pest insects to climate change; and 

decision support systems. 
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