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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 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 or and service by trade name, trade mark, manufacturer or
another commercial commodity or entity are for informational purposes only and do not constitute orimply 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 geimpliseerd, uitdruklik, of
statutér, insluitende maar nie beperk tot die waarborge van nie-skending van derdeparty-regte, fitels,
verkoopbaarheid, geskiktheid vir 'n 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
kommersiéle 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

In South Africa, potato is grown in both winter and summer in a wide range of climates.

Climate change in potato production areas is expected to lead to higher temperatures, increasing the
incidence of heat stress and dry spells, but lowering the risk of frosts in the mid- to high-altitude areas.
Increased CO levels are likely to enhance the photosynthetic rate and reduce the water use of potato.
The impacts of these factors on potato yields and water use efficiency (WUE) are non-linear and interact
with one another. Moreover, the impacts and possibilities for adaptation are highly regional specific.
This study assessed the impact of climate change on potential yields, potential WUE and possibilities for
adaptation in all 12 potato production regions of South Africa

Climate predictions between 1960 and 2050 were obtained by downscaling global circulation models.
These were used as input for a crop simulation model (LINTUL-POTATO), calculating potential yield and
evapotranspiration.

The relationship between photosynthetic rate, expressed as radiation use efficiency, water use and CO»
levels, is key. Various FACE studies have reported strong responses of potato yield to increasing CO,
levels, relative to other crops. This study assumed a net yield increase resulting from a CO, and O;
increase of 28.5% between 1990 and 2050, with an expected CO, concentration increase of 190 ppm. In
the same period, water use was assumed to decrease by 11% as a result of changing CO: levels if all
other conditions remain the same.

In most regions of South Africa, potato will benefit considerably from increased CO- levels through
increased tuber yield and reduced crop water use if planting can be shifted to appropriate times of the
year.

When the crop is grown in hot periods, these benefits are counteracted by an increased incidence of heat
stress and higher evapotranspiration, leading in some instances to considerably lower yields and WUE.
This is especially the case in the interior production regions of the South-western Free State, North West,
Western Free State and Northern Cape, where expected temperature increases are severest.

When the crop is grown in a cool period, there is an additional benefit of a reduced incidence of cold
stress and a more rapid canopy development in the early stages of crop growth.

In many regions, potato growers are likely to respond to climate change by advancing planting, which will
have repercussions for market supply and prices.

There is often a high water use penalty to achieve the highest yields. Growers must therefore select
planting dates that give the best compromise between high yields and WUE, which is generally achieved
by planting as early as possible in the optimum spring planting window for summer crops.

Global circulation models entail considerable uncertainties regarding future rainfall in South Africa and
the occurrence of extreme weather events, and the impact of these on potato production in future could
not be fully assessed in this study.

Higher potential yields and WUE resulting from climate change will only translate into improved actual
yields and WUE if farmers can adapt crop management to changing environmental conditions and yield
potential, especially planting time, nutrient management and pest and disease control.

Despite the fact that potato is a heat-sensitive crop grown under relatively warm conditions in South Africa,
the impact of climate change on yield and WUE is expected to be positive in most regions.

Keywords: climate model, evapotranspiration, radiation use efficiency, yield potential, water use efficiency
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Chapter 1
INTRODUCTION

1.1 Background

In South Africa, potato is grown in both winter and summer in a wide range of climates. Climate change in potato
production areas of South Africa is expected to lead to higher temperatures, increasing the incidence of heat stress
and dry spells.

Franke, Steyn and Haverkort (2013) and Haverkort, Franke, Engelbrecht and Steyn (2013) used climate
predictions and a potato crop growth model to assess the impact of climate change in three regions of South Africa:
the Sandveld, Limpopo (Dendron area) and Eastern Free State. They reported that increased CO, levels are likely

to enhance photosynthetic rate and reduce water use in potato. Furthermore, they observed that the yield and
water use efficiency (WUE) of potato can benefit from climate change, if potato can be grown in the most suitable
period of the year. In all three regions, this will coincide with an advancement in planting date. In the Eastern Free
State, potato farmers can further benefit from a lengthening of the frost-free period suitable for growing potato if
varieties with longer growing periods can be made available. In Limpopo, the length of the season suitable for
growing potato is determined by the heat-free period, which is likely to shorten due to climate change. The effects
of an increase in temperature and atmospheric CO; levels on potato yields and WUE are non-linear and the two
factors interact with each other. The study highlighted that the impact of climate change on potato yield is highly
regional specific, and depends among other things on the current climatic conditions during the growing season.
Similarly, the possibilities for farmers to adapt to climate change greatly differ between regions.

The studies of Franke ef al. (2013) and Haverkort et al. (2013) did not assess the impact of climate change on
potato production in the 12 other major potato production areas of South Africa. However, the impact of climate
change and possibilities for adaptation are highly region specific and the results from the two published studies do
not necessarily hold for the other production areas. Therefore, this second project commissioned by Potato South
Africa aimed to study the impact of climate change and possibilities for adaptation in the potato production regions
that were not assessed in the previous study reported above.

This report presents the results from a potato growth model simulating potential yields and WUE of potato in 12
relevant growing areas over a period of 90 years (1961-2050). In the simulations, a “business as usual” scenario
was assumed whereby growers do not adapt current planting practices to a changing environment. Possible
adaptation scenarios to climate change are then explored in the last chapter of the report.

Team members for current project:

Prof. J.M. Steyn, Department of Plant and Soil Sciences, University of Pretoria, South Africa

Prof. A.C. Franke, Department of Soil, Crop and Climate Sciences, University of the Free State, South Africa

Ms L.N. Muelelwa (student), Department of Soil, Crop and Climate Sciences, University of the Free State, South
Africa
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1.2 Research questions

The following research questions were assessed in the study:
1. How will climate change affect climatic conditions (temperature, precipitation, radiation) in the 12 relevant

potato growing areas of South Africa?
2. What is the impact of climate change on the potential yields and water use efficiency of potato in the 12

different regions?
3. What are the possibilities for adaptation to climate change, specifically the possibilities for changing

planting times and growing seasons?
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Chapter 2
METHODOLOGY

The methods largely followed the approaches used to assess the impact of climate change in three other potato
production regions of South Africa (Limpopo, the Eastern Free State and the Sandveld) as detailed by Franke et
al. (2013) and Haverkort et al. (2013). Climate prediction from the past and the future were obtained by downscaling
a global circulation model (GCM) (FGDI20 model) for the 12 potato production regions. Predictions from six
different GCMs were compared using data from a weather station at Bloemhof between 1999 and 2011,
representing weather conditions in the potato growing area of the Western Free State. The results showed that
none of the six climate models were clearly better than others at predicting climate conditions. Therefore, the
FGDI20 model was arbitrarily chosen to verify the climate projections with observed data for the remaining potato
growing sites. Daily minimum and maximum temperature, relative humidity, wind speed, rainfall and radiation were
simulated between 1961 and 2050 using the A1 scenario for future global greenhouse gas emissions.

Modelled weather data was verified and calibrated with data from weather stations in the relevant potato growing
areas. Daily weather data from weather stations located close to the production area was obtained from the South
African Weather Service (SAWS). The observed weather data consisted of maximum and minimum day
temperature and rainfall. Radiation, wind speed and relative humidity were not provided by SAWS. In Ceres the
long-term monthly averages were used since SAWS did not provide the data. The names, coordinates, weather
stations and common sowing dates used to calibrate the simulations in each region are given in Table 2.1. Monthly
averages were calculated and compared with the simulated data from each of the 12 selected regions over the
same periods. A calibration was made in the simulated data according to the difference between the long-term
simulated and observed monthly data.

The calibrated simulated data was subsequently used to assess how the climate during the main potato growing
season has changed between 1961 and 2050. The study used the planting times as given in Table 2.2 and
assumed a crop stays in the field for 120 days. Scatter plots of changes in maximum and minimum temperature,
radiation and rainfall as a function of time were developed and simple linear regression analyses were used to
quantify the changes over time. Linear regression analysis was calculated based on:

vy=a+ bx

Where y: dependent variable (weather parameter)
x: independent variable (year between 1961-2050)

The linear regression line provided an estimated value of the weather parameters in 1961 and 2050 and of the
average annual change. The coefficient of determination (R?) from the regression analysis analyses represents
the proportion of variation in y (the weather parameter) explained by variation in x (year) (Table 2.2).

The verified climate predictions were used to evaluate changes in relevant climate variables during the potato
growing season in the different regions over time, as well as to assess changes in the period suitable for growing
potato. In addition, the climate predictions were used as input for the LINTUL-POTATO crop growth model adapted
to South African growing conditions (Franke et al., 2012; Haverkort et al., 2013). The model calculates, among
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other things, potential yield, evapotranspiration, potential water use efficiency (WUE) based on potential yield and
potential evapotranspiration when water is not limiting, and the irrigation deficit.

Table 2.1: Potato growing regions studied, their coordinates used to downscale climate projections, the
name of the weather station used to verify climate predictions, planting dates used in the “business as
usual scenarios” and assumed soil properties used for simulations

Region Abbreviation  Coordinates  Station name Planting date Predominant
soil (silt+clay%)

Gauteng GT 26.0S 28.5E  Johannesburg WO 15 July 20-25
Mpumalanga Mp 26.0S 30.0E  Ermelo WO 1 August 15-25
North West NW 27.0S24.0E  Vryburg WO 1 August / 10-15

1 January
KwaZulu-Natal KZN 29.0S 30.0E  Estcourt WO 1 August 20-30
Southern Cape SCp 34.0S22.0E  Mossel Bay WO 15 July 15-20
Eastern Cape EC 34.0S25.0E  Hankey 15 March / 20-30

1 August
North-eastern NEC 31.0S28.0E  Barkly East September 15-25
Cape (Caerleon)
South-western SWFS 29.0S 25.5E  Fauresmith August 15-20
Free State
Western Free WFS 28.0S 25.0E  Bloemhof January 15-20
State
Northern Cape NC 29.0S 25.0E  Kimberly WO January 15-25
Ceres Ceres 33.5519.5e  Ceres October 5-10
Loskop Valley Loskop 25.0S29.0E  Oudestad June 15-25

The LINTUL-POTATO model (hereafter referred to as the LINTUL model) calculates potato dry matter production
from the amount of intercepted radiation by its green foliage and a conversion factor (radiation use efficiency,
RUE). Phenological development of a potato crop is temperature dependent. 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, a more rapid maturation of the crop and a reduced length of the growing cycle from planting
to harvest. Moreover, very high temperatures reduce photosynthesis and thereby biomass accumulation
(Haverkort, Franke, Steyn, Pronk, Caldiz & Kooman, 2015).

Shoot growth, foliar expansion, biomass accumulation and tuber growth were simulated on a day-to-day basis.
Climate input data required by the model includes daily minimum and maximum temperatures, incoming solar
radiation and rainfall, reference evapotranspiration and CO concentration (Franke et al., 2013). Management input
data includes the depth and date of planting. Accumulated degree days from planting (with a base temperature of
2 °C) determines the time to crop emergence, leaf area development and the time of crop termination. The leaf
area index (LAl) increases exponentially from crop emergence until an LAl of 0.75 is achieved. Thereafter, its
development depends on temperature and water availability until a full crop cover is reached (LAl > 3). Daily
biomass growth is calculated using the crop’s LA, light interception (using an extinction coefficient of 1), and the
RUE (1.25 g dry matter MJ- of intercepted radiation). In the model, photosynthesis capacity is reduced when the
average day temperature falls below 16 °C or when the maximum temperature exceeds 30°C and is completely
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halted at temperatures below 2°C and above 35°C. The harvest index for all cropping situations was set at 0.75
and simulated yields were presented as tuber fresh matter, assuming a dry matter concentration of 20% (Haverkort
etal., 2015).

Daily evapotranspiration (ET) for potatoes was calculated from the Penman-Monteith grass reference
evapotranspiration (ETo) multiplied by a crop-specific coefficient (Kc). Daily ETo values were calculated using the
daily maximum and minimum temperatures, relative humidity, wind speed, solar radiation and rain, as input
parameters. Evaporation from the soil was based on the assumption that a soil with an average water-holding
capacity that is wetted every four days by irrigation or rain, and has an evaporation rate that is one third of ETo
until emergence of the crop. Thereafter evaporation from the soil decreases linearly with ground cover (calculated
from LAI) to 10% of ET at full ground cover at the LAl value of 3 (Haverkort et al., 2015).

Both RUE and the crop coefficient (Kc) used to derive ET from ETo are affected by changing CO- levels. Jaggard,
Qi and Ober (2010) assumed a net yield increase resulting from CO2 and Os increase of 28.5% between 2010 and
2050, with an expected CO, concentration increase of 190 ppm (the FACE experiments took place around the
year 2000 with a CO- concentration of 360 ppm). The relative increase (after 1990) or decrease (before 1990) in
RUE per ppm CO; change is therefore 0.15% of 1.25 g MJ-' = 0.001875 g MJ-" ppm-! CO.. Similarly, the impact of
changing CO; levels on the crop coefficient was modelled. Jaggard et al. (2010) assumed an 11% decrease in
water use during a crop season of unmodified length between 1990 and 2050, when the CO; concentration
increased by 190 ppm. Hence between 1960 (315 ppm) and 2050 (550 ppm), the crop is expected to use 13.6%
less water. The crop coefficient was thus reduced from 1.20 in 1990 to 1.07 in 2050 and increased before 1990 as
a function of atmospheric CO; levels.

To estimate ET, water use efficiency (WUE) by the crop and drainage, a water balance was calculated using the
plant-available water of the most prominent soil in the region (Table 2.1). When rainfall is in excess of what the soil
can hold it will not be available to the plant, as it may drain below the root zone (assumed to be 0.5 m deep
throughout South Africa when running the models). Farmers were assumed to irrigate when 50% of the plant-
available water had depleted and may have irrigated just prior to an excessive rainstorm (then most precipitation
is lost through drainage) or may have been about to irrigate when the event took place (then 50% of the plant-
available water is utilised and the rest lost through drainage). It was therefore, assumed that only daily rainfall not
in excess of 25% of the plant-available water was available for crop growth. It was also assumed that water was
available for irrigation when needed. The most common current planting times were used as input to the model
(Table 2.1). Moreover, a crop was expected to stay in the field for 120 days. A planting depth of 200 mm was
assumed.

For the adaptation strategies, the potential yield and water use of potatoes in each region were simulated using
the LINTUL model when planting was done in every month of the year. WUE was then calculated from simulated
yields and water use data. These simulations were done for three 20-year periods, which are called the past (1961-
1980), current (2001-2020) and future (2030-2049). The forecasted yields and WUE for each month of planting
were then used to assess which planting months or periods will give the best yields and WUE for each region in
future.
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Chapter 3

RESULTS AND DISCUSSION: CHANGES IN CLIMATIC VARIABLES, YIELDS AND
WATER USE

3.1 Climate change effects on climatic variables

The weather variables that are expected to change most and which are of interest to crop growth (and modelling)
are air temperature, rainfall and solar radiation. Tables 3.1A and 3.1B give the simulated changes per region in
average maximum and minimum temperature, accumulated rainfall and average radiation during the growing
season from 1960 to 2050.

Table 3.1A: Simulated changes in average maximum and minimum temperature, accumulated rainfall and
average radiation during the growing season between 1960 and 2050 and the percentage of variation
accounted for by the regression analysis (R?)

Regions and plant Tmax (°C) Tmin (°C) Rain (mm) Radiation
month (MJ m2d)
GT/Aug
1960 22.6 10.2 286 17.5
2050 25.3 12.6 279 17.7
Change 2.7 2.4 -7 0.2
R2 35 62 0.2 05
Mp / Aug
1960 21.0 7.9 305 19.3
2050 23.7 10.2 297 19.4
Change 2.7 2.3 -8 0.1
R2 36 52 0.3 0.2
NW / Aug
1960 26.8 7.9 109 214
2050 29.7 10.7 109 213
Change 2.9 2.8 0 0.1
R2 40 59 0.0 0.3
NW /Jan
1960 21.7 11.9 255 19.6
2050 30.1 14.6 280 19.2
Change 24 2.7 25 -0.4
R2 25 60 1.0 3.2
KZN / Aug
1960 23.1 8.8 226 13.2
2050 25.8 1.1 218 13.0
Change 2.7 2.3 -8.2 0.2
R? 32 62 0.5 0
Southern Cape /
July
1960 18.6 10.3 228 11.8
2050 20.0 12.1 240 11.5
Change 1.4 1.8 13 -0.3
R? 21 53 0.2 94
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Table 3.1B: Simulated changes in average maximum and minimum temperature, accumulated rainfall and
average radiation during the growing season between 1960 and 2050 and the percentage of variation
accounted for by the regression analysis (R?)

Regions and plant Tmax (°C) Tmin (°C) Rain (mm) Radiation
month (MJ m2d)
EC / March

1960 19.5 12.8 241 14.9
2050 21.0 14.8 223 14.7
Change 1.5 2.0 -22 0.2
R2 46 65 0.9 1.8
EC / August

1960 18.9 13.2 208 21.0
2050 20.3 14.9 219 20.3
Change 1.4 1.7 1" 0.7
R2 50 73 0.3 13.1
NEC / Sep

1960 21.8 6.1 278 171
2050 24.0 8.4 290 16.7
Change 2.2 2.3 12.0 04
R2 43 55 0.5 1.3
SWFS / Aug

1960 23.2 5.1 121 221
2050 26.0 7.8 125 21.8
Change 2.8 2.7 4 0.2
R2 42 54 0.11 0.6
WFS / Jan

1960 27.3 1.1 243 19.6
2050 29.8 13.6 262 19.3
Change 25 25 19 -0.3
R2 24 50 0.72 2.2
NC/Jan

1960 28.2 13.6 240 19.2
2050 304 15.9 262 18.9
Change 2.2 2.3 22 -0.3
R2 20 50 1.1 2.8
Ceres / Oct

1960 24.3 10.1 99 16.9
2050 26.0 12.0 107 16.5
Change 1.7 1.9 8 04
R2 37 49 0.41 20
Loskop / June

1960 244 6.5 59 17.2
2050 27.2 9.1 54 17.2
Change 2.8 2.6 -5 0.0
R2 36 52 0.5 0

The forecasted changes between 1960 and 2050 in total rainfall amounts over the growing season are generally
small and not significant for most production regions (Table 3.1). Meteorologists generally expect the west of South
Africa to become drier and the east to get wetter or stay the same. However, these forecasts are surrounded with
substantial uncertainty and it is generally accepted that long-term rainfall forecasts are more uncertain than other
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weather parameters, which is reflected by the generally low percentage of variation accounted for by the regression
functions (low R2 values).

Solar radiation is forecasted to decline marginally in most regions (Table 3.1). The amount of solar radiation
intercepted by plants and accumulated over the crop growing season is directly proportional to the dry matter
production, and is thus a good indicator of the yield potential. However, the impact of the small forecasted change
(about -0.2% on average) on crop yield will likely be negligible.

From Table 3.1t is clear that of all the weather variables, temperature is forecasted to show the strongest change
between 1960 and 2050. Over the 90-year period, minimum and maximum air temperatures for the different regions
are expected to rise by between 1.5 and 2.9 °C. The degree of change depends greatly on the geographical
location of regions, with temperatures of inland regions predicted to increase most. The average minimum and
maximum temperatures are expected to rise by 2.2 — 2.9 °C in all regions, with the exception of Ceres, Eastern
Cape and Southern Cape, where increases of 1.4 to 1.9 °C are expected.

In the following section the simulated number of warm (maximum temperatures >30 °C) and hot days (Tmax >35
°C) per growing season of each region for the period from 1961 to 2050 (assuming that the current planting dates
are retained) are presented graphically.

3.1.1 Ceres

Climate forecasts for the Ceres region show that if the current planting date of October is retained, the number of
days with maximum temperatures above 30 °C during the growing period will increase from about 22 days in 1960
to more than 30 days in 2050 (Figure 3.1). Similarly, the number of hot days (>35 °C) will also increase over time,
but by 2050 this will only reach about five days per season.
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Figure 3.1: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with an October planting date in the Ceres production area
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Figure 3.2 illustrates the number of warm (Tmax > 30 °Ct) and hot (Tmax > 35 °C) days during a 120-day growing
period when the crop is planted on the 15t of each month in the past (1961-1990), currently (1991-2020) and in
the future (2021-2049).

3.1.2 Eastern Cape

In the Eastern Cape region, potatoes can be grown in either a winter/spring season (planting in July/August) or
autumn/winter season (planting in March). For an August planting, the number of days above 30 °C is expected to
increase from less than one day per season in 1960 to about two days per season by 2050 (Figure 3.2). Although
this is a fourfold increase, conditions will still be quite favourable for potato growth. No temperatures above 35 °C
are expected during the growing season throughout the 90-year study period.
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Figure 3.2: Number of hot days (maximum temperatures >30 °C) and hot days (>35 °C) during a potato
growing season with an August planting date in the Eastern Cape production area

A similar situation is expected for March plantings, when the crop is growing from a period with moderate
temperatures in autumn, to even cooler winter temperatures (Figure 3.3). Also for this growing period, about two
days per season with maximum temperatures above 30 °C, and no days above 35 °C are expected by 2050. The
moderating effect of the nearby ocean is therefore expected to maintain favourable temperatures for potato growth
throughout the 90-year study period.
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Figure 3.3: Number of hot days (maximum temperatures >30 °C) and hot days (>35 °C) during a potato
growing season with a March planting date in the Eastern Cape production area

3.1.3 Gauteng

In the Gauteng production region, potatoes are usually planted directly after winter, grown through the summer
months and harvested from mid-December. In 1960 about 12 days with maximum temperatures above 30 °C were
experienced throughout the growing season, which increased to about 20 days on average per season by the year
2000 (Figure 3.4). Although a few spikes in days above 30 °C may occur, the number of hot days is expected to
level off thereafter and remain at about 20 days on average per season by 2050. The number of days with
temperatures above 35 °C increase from zero to less than five days per season by 2050.
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Figure 3.4: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with an August planting date in the Gauteng production area
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3.1.4 Southern Cape

In the Southern Cape production region, potatoes are usually planted in July/August and the crop generally enjoys
moderate temperatures throughout most of the year (Figure 3.5). Although average temperatures are expected to
increase over time, there is no strong tendency for an increase in the number of warm (>30 °C) and hot (>35 °C)
days if the current growing period is retained.
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Figure 3.5: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with an August planting date in the Southern Cape production area

3.1.5 KwaZulu-Natal

The KwaZulu-Natal potato production region is characterised by a wide range of microclimatic conditions due to
the undulating landscape and variation in altitudes of the province. Winter frost occurs in most sub-regions and as
a result, the crop is usually planted during spring to early summer (late July to October). Figure 3.6 shows the
expected change in the number of hot days over time for an early August planting in the KwaZulu-Natal Midlands.
The number of days with maximum temperatures above 30 °C is expected to increase from about 20-30 in the
1960s to around 45 days per season by 2050. Similarly, the number of hot days above 35 °C is expected to double
from about five to 10 days between 1960 and 2050.

For the higher altitude areas closer to the Drakensberg mountain range, the number of hot days is also expected
to increase, but to a lesser extent, similar to what is expected for the North-eastern Cape region (Figure 3.9).
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Figure 3.6: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with an August planting date in the KwaZulu-Natal production area

3.1.6 Loskop Valley

The Loskop Valley production region is characterised by hot summers due to the low altitude of the region and as
a result, potatoes are usually grown during winter and spring. Although there is a moderate frost risk in winter,
potatoes are usually planted in May to June and harvested from September, before the most severe heat sets in.
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Figure 3.7: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with a June planting date in the Loskop Valley production area
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According to Figure 3.7 there here already occasional years with very hot days (>35 °C) in the 1960s, but excluding
these few cases, the number of hot days above 30 °C started off at less than 10 days in the early 1960s but
increased drastically over the following years to the current level of about 35 days per growing season. The number
of hot days is expected to increase even further to more than 40 days per season by 2050. The number of very
hot days shows a similar increasing tendency over time and is expected to increase from one to two days per
season to more than 10 days by the end of the 90-year study period.

3.1.7 Mpumalanga Highveld

The Mpumalanga Highveld is known for night frost during winter months and moderate daytime temperatures in
summer due to the mid-altitudes of the region. Frost-sensitive crops such as potato are therefore usually planted
in August or September. This region started off with less than five hot days above 30 °C in 1960, which increased
gradually over time and is expected to end at more than 15 days per season by 2050 (Figure 3.8). However,
temperatures almost never reach 35 °C and even by 2050 this may only occur on a few rare occasions.
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Figure 3.8: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with an August planting date in the Mpumalanga Highveld production area

3.1.8 North-eastern Cape

The North-eastern Cape potato region is characterised by cool summers and very cold winters, with snow occurring
often in winter. The potato planting period usually starts in September and may continue until January, but the
most common planting months are September and October. In the early 1960s maximum daytime temperatures
only occasionally exceeded 30 °C, but currently up to 10 hot days per season may occur, which is expected to
increase to about 15 days in 2050 (Figure 3.9). Temperatures never exceeded 35 °C in the past and it seems as
if the same trend is expected up to the middle of the current century.

Final report: Climate change effects on potato yield and water use efficiency Page 18

)

potatoes
aartappels SA



30 -

>300C
=

Q

E 25 - ®>350C
4]

v

[-1:]

£

g 20
[T

18]

=

e 151
v

o

m

=]

s 10 -
]

£

E
=

0 -esesesionsssoESISNORINSEINsRO0ROI0SRORERIRONORsRsEo0N0Rssinesesessessesssasedsss®S,

1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Figure 3.9: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with a September planting date in the North-eastern Cape production area

3.1.9 Northern Cape

This potato region falls in a semi-arid part of the country, with hot summers and cold winters. There are two distinct
potato planting periods: the first period is in August/September and the second in January. The latter is the most
popular planting time, as growers try to avoid growing potatoes during the hottest summer months. However, with
a January planting date crops are often exposed to hot temperatures early in the growing season, while there is
also a risk of frost late in the growing season (from April onwards). As a result, potato yields are often suppressed
by these climate extremes in the region.

Figure 3.10 illustrates that in 1960 already, potato crops were often exposed to more than 60 days per season with
daytime temperatures above 30 °C, which is expected to increase to almost 80 days per season by 2050.
Furthermore, the number of very hot days (>35 °C) is expected to increase from about 10 days to 20-30 days per
season over the same 90-year period. This suggests that by 2050 potatoes will most likely suffer from heat stress
on almost every single day of their growing season if the current planting time is retained.

Final report: Climate change effects on potato yield and water use efficiency Page 19

)

potatoes
aartappels SA



100
>300C

90
® >350C
80

70 A
60 -
50 A
40 - L]

30 - [ ]
[ ] e

20 -+ L] ° w® © ® %. .. Y o
10 % @ o™ o, °,° .. . Pee o o,, °

0 - e O ﬂl ’ ..... .... P ... ° .. ® e®

1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Number of days in the growing season

Figure 3.10: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with a January planting date in the Northern Cape production area

3.1.10 North West Province

This region is exposed to hot summers and cold winters, similar to the Northern Cape. The main planting period is
from August to September, with some growers extending planting to the middle of October. The second planting
period is from mid-January to mid-February.
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Figure 3.11: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with an August planting date in the North West production area

According to Figure 3.11 and Figure 3.12 this region has already experienced about 60 hot days (>30 °C) during

both planting periods in the 1960s and this is expected to increase to about 80 days per growing season by 2050.
Initially, only the August planting period experienced some very hot days (>35 °C), but by 2050 both planting
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periods are expected to experience about 30 such very hot days in a growing season. Potato crops may therefore
experience heat stress almost throughout the growing season.
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Figure 3.12: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with a January planting date in the North West production area

3.1.11 South-western Free State

This region has warm to hot summers and cold winters. Potatoes are usually planted from August to September,
with the crop growing into summer. Similar to other regions, the number of days with maximum temperatures
reaching 30 °C has also showed an increasing tendency over time, starting from a maximum of about 20-30 days
per season in 1960, up to around 50 days by 2050 (Figure 3.13). Similarly, the number of very hot days above 35
°C will rise from only about two days per season to about 15 days by 2050.
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Figure 3.13: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with an August planting date in the South-western Free State production area

3.1.12 Western Free State

The Western Free State region has a similar climate to the South-western Free State, with cold winters and warm
to hot summers. Potatoes are planted from November through to mid-February.
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Figure 3.14: Number of hot days (maximum temperatures >30 °C and >35 °C) during a potato growing
season with a January planting date in the Western Free State production area

For purposes of his study, a mid-January planting date, when the largest area is planted, was used. From Figure
3.14 it is clear that in the early 1960s there were already about 40 hot days (>30 °C) during the potato growing
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season, which gradually increased over time and is expected to reach about 70 days per season by 2050. The
number of very hot days (>35 °C) also increases from about one day to around 30 days by 2050.

3.2 Climate change effects on potential yield and water use efficiency

Crop growth and production are directly dependent on suitable conditions during the growing season. Potato
growth, water use and production responses to future climatic conditions will depend primarily on how the
availability of solar radiation and rainfall, as well as prevailing temperatures during the growing period, will change
over time.

There is a direct correlation between total dry matter production and the fraction of solar radiation that is intercepted
and accumulated by the crop canopy over the growing season. Solar radiation levels are expected to decline
slightly (-0.2% on average) in most regions, but the decline is so small that the final effect on yield potential will
probably be negligible. Concerning rainfall, there is also no clear trend in seasonal rainfall patterns over time.
Although many researchers expect rainfall to become more erratic across Southern Africa, forecasts suggest the
total annual rainfall amounts may not change drastically over the study period. Since almost all potato crops in the
12 studied regions are irrigated, it may therefore be assumed that in future sufficient water will still be available for
collection and irrigation. Therefore, the change in rainfall distribution should not drastically affect potato growth and
yields in most regions.

Since radiation and rainfall changes may not have a drastic effect on future potato growth and productivity, changes
in temperature over time will probably be the most determining factor for successful potato production. The number
of frost or hot days during the cropping period can be especially detrimental to crop survival and growth. Potato is
a temperate crop that prefers moderate temperatures. Potatoes cannot withstand night-time temperatures below
0 °C (frost conditions), while the crop suffers from heat stress if temperatures rise above 30 °C. When daytime
temperatures peak above 35 °C, photosynthesis completely ceases and no growth occurs (Haverkort et al., 2015).
Temperatures also directly affect the accumulation of thermal time and therefore the rate of plant growth and
development. The length of the frost- and heat-free periods therefore dictates the length of suitable growing period,
and therefore directly affects the yield potential of a region. The long-term climate forecasts suggest that over the
90-year study period, minimum and maximum air temperatures are expected to increase in all 12 potato production
regions. The increase in especially maximum temperatures may be detrimental to future potato growth, production
and quality. The final effect of temperature changes on crop growth and yield will depend on current temperatures
and the degree of expected changes in each region.

Simulated fresh tuber yield, water use efficiency (WUE), evapotranspiration (ET), and precipitation deficit in 1961
and 2050, as well as the annual change for each parameter estimated through linear regression analysis between
years and simulated values, are presented in Table 3.2. For all regions and current planting dates, model
simulations of potential tuber yields show a yield increase over the 90-year period. A similar trend was reported in
the earlier study conducted for the Sandveld, Eastern Free State and Limpopo regions of South Africa (Haverkort
etal., 2013). The yield increases can be ascribed to the positive response of C3 crops, such as potato, to increases
in CO, concentration of the atmosphere (increase from about 350 ppm in 1960 to an expected 550 ppm by 2050).
Several CO; enrichment studies across the world have shown that potato yields will increase by 28 — 45 % with
the above-mentioned increase in CO; level (Haverkort et al., 2013). This positive yield response of especially root
and tuber crops is due to the so-called CO; fertilisation effect. However, the rate of yield increase over time will
differ substantially among the 12 regions (Table 3.2).
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Table 3.2:  Annual fresh yield, water use efficiency (WUE), evapotranspiration (ET), and precipitation deficit in 1961 and 2050 and the annual change therein,
estimated through linear regression analysis between years and simulated values

Site / planting Fresh yield (t ha") WUE (g I ET) Evapotranspiration (mm) Precipitation deficit (mm)
month 1961 2050  Ayr! 1961 2050 Ayr! 1961 2050  Ayr! 1961 2050 Ayr!
Ceres / Oct 550 732 0.21 6.5 8.9 0.03 848 827 0.2 457 440 -0.2
EC / March 36.0 508 0.16 8.2 12.5 0.05 438 409 0.3 17 -2 0.2
EC/Aug 639 883 027 115 12.9 0.06 554 522 04 154 147 -0.1
GT/ Aug 540 80.8 0.30 11.7 17.2 0.06 464 476 0.1 11.7 17.2 0.1
SCape / Aug 517 738 0.25 11.7 18.1 0.07 434 404 0.3 223 182 0.5
KZN / Aug 396 520 014 8.7 115 0.03 452 449 0.0 170 179 0.1
Loskop / June 373 5867 0.21 11.6 171 0.06 317 329 0.1 268 288 0.2
MP / Aug 536 895 040 12.1 19.0 0.08 445 479 0.4 156 198 0.5
NEC / Sep 388 642 0.28 8.7 14.6 0.07 426 434 0.1 124 113 -0.1
NC/Jan 610 671 0.07 10.0 11.9 0.02 610 570 -0.4 384 325 -0.7
NW / Jan 604 671 0.07 10.3 12.2 0.02 583 555 -0.3 340 295 -0.5
NW / Aug 605 626 0.02 9.2 9.7 0.00 653 643 -0.1 518 501 -0.2
SWFS/ Aug 553 80.3 0.28 10.5 14.3 0.04 527 565 0.4 385 413 0.3
WFS / Jan 56.6 68.1 0.13 9.6 11.7 0.02 586 581 -0.1 358 330 -0.3
Unweighted
average of all 517 696 0.20 10.0 13.7 0.04 524 517 -0.1 252 245 -0.1
observations
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Figures 3.15 to 3.18 summarise the simulated fresh tuber yields and WUE per region in 1961 and 2050. Although
the magnitude of increases in tuber yield and WUE vary, it is clear that improvements are expected in all regions.
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Figure 3.15: Simulated fresh tuber yields per region in 1961 and 2050
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Figure 3.16: Simulated water use efficiency (WUE) per region in 1961 and 2050
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Water use efficiency (WUE) is a function of both crop yield and water use (ET). According to Table 3.2, simulated
ET values over the growing season are not expected to change substantially over the 90-year study period for all
the regions, despite increasing temperatures. This can be explained by the fact that higher atmospheric CO,
concentrations have been shown to result in higher stomatal resistance (smaller stomata apertures)
(Schapendonk, Van QOijen, Dikstra, Pot, Jordi & Stoopen, 2000), resulting in lower transpiration rates. This makes
the plant more efficient in terms of water use, but unfortunately also results in less evaporative cooling and therefore
more heat stress, especially in hot environments.

Precipitation deficits give an indication of the irrigation amounts needed in addition to rainfall received during the
growing season. As a result of the fact that ET is expected to decline, the precipitation deficits increase only
marginally, or even decline for some regions, which implies that if the available water is maintained, sufficient water
should still be available for irrigation in most regions. The regions with the highest precipitation deficits by 2050 will
be North West (August planting; 501 mm), Ceres (440 mm), South-western Free State (413 mm), Northern Cape
(325 mm) and Western Free State (330 mm).

3.2.1 Regions with highest annual yield and WUE increases

Figures 3.17 to 3.28 present the simulated potential fresh tuber yields and WUE over the period 1961 to 2050 of
regions with highest annual yield increases, assuming the current planting dates per region are retained.

Mpumalanga Highveld, Gauteng, Eastern Cape (August planting), North-eastern Cape, Southern Cape and South-
western Free State fall into this group of regions with the highest simulated annual yield increases (0.25-0.4 t ha™’
yr'). Mpumalanga Highveld, Eastern Cape (August planting), Gauteng and South-western Free State are also the
regions with highest predicted final yields (80.3 — 89.5 t ha'') by 2050. These are not necessarily the regions with
the lowest annual temperature increases, but generally they are currently the coolest regions, and the ones with
the lowest forecasted mean maximum temperatures by the year 2050 (Table 3.1). These regions also show the
lowest increase in number of hot (>30 °C), and especially very hot (>35 °C) days per growing season. The
mentioned regions generally fall in the central to eastern parts of the country and either border the Indian Ocean
or have mid to high altitudes. For the coastal regions, temperatures are moderated by the effect of the ocean, while
higher altitude areas are usually cooler in general.

Since crop water use is not expected to change substantially, WUE changes over time are mainly a function of
changes in yield, and as a result the trends in WUE are similar to those for yields (Figures 3.15 - 3.26). The WUE
of all regions is expected to improve (Table 3.2), with the highest WUE increments per year forecasted for the
same regions with the highest yield increases mentioned above. The highest final WUE by 2050 is expected for
the Mpumalanga Highveld, Southern Cape (August planting) and Gauteng.
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Figure 3.17: Simulated potential fresh tuber yields for the Mpumalanga Highveld region over the period
1960 to 2050, assuming the current August planting date is retained
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Figure 3.18: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the
Mpumalanga Highveld region over the period 1960 to 2050, assuming the current August
planting date is retained
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Figure 3.19: Simulated potential fresh tuber yields for the Gauteng region over the period 1960 to 2050,
assuming the current August planting date is retained
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Figure 3.20: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the Gauteng
region over the period 1960 to 2050, assuming the current August planting date is retained
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Figure 3.21: Simulated potential fresh tuber yields for the Eastern Cape region over the period 1960 to
2050, assuming the current August and March planting dates are retained
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Figure 3.22: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the Eastern
Cape region over the period 1960 to 2050, assuming the current August and March planting
dates are retained
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Figure 3.23: Simulated potential fresh tuber yields for the North-eastern Cape region over the period
1960 to 2050, assuming the current September planting date is retained
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Figure 3.24: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the North-
eastern Cape region over the period 1960 to 2050, assuming the current September planting
date is retained
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Figure 3.25: Simulated potential fresh tuber yields for the Southern Cape region over the period 1960 to
2050, assuming the current August planting date is retained
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Figure 3.26: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the
Southern Cape region over the period 1960 to 2050, assuming the current August planting
date is retained
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Figure 3.27: Simulated potential fresh tuber yields for the South-western Free State region over the
period 1960 to 2050, assuming the current August planting date is retained
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Figure 3.28: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the South-
western Free State region over the period 1960 to 2050, assuming the current August
planting date is retained
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3.2.2 Regions with lowest annual yield and WUE increases

The six regions with lowest expected yield increases (0.02-0.21 t ha-' yr') are Ceres, Loskop Valley, Eastern Cape
(March planting), KwaZulu-Natal, Western Free State, Northern Cape and North West (both August and January
plantings). Figures 3.29 to 3.40 illustrate the expected changes in yields per region over the 90-year study period.
Most of the regions in this category are also the ones with the highest seasonal mean maximum temperatures by
2050 and they are also expected to have the highest number of hot and very hot days during the summer growing
season. These regions are mostly located at low altitudes, resulting in higher mean maximum temperatures during
the summer months. The expected higher temperatures will result in more crop heat stress, counteracting the
positive effects of higher CO; levels. The lower yield increases in these regions can therefore be directly related to
the expected higher temperature increases and more severe heat stress. The exceptions are the Eastern Cape
March planting and KwaZulu-Natal, where high temperature is not the most important yield-limiting factor. In the
Eastern Cape (March planting), the crop grows into winter, with lower radiation levels becoming the limiting factor
that prevents further yield increases. Similarly, in the KwaZulu-Natal Midlands, solar radiation is probably more
limiting than high summer temperatures due to the high level of cloudiness in the region (Steyn, Franke, Van der
Waals & Haverkort, 2016).

North West (both August and January plantings), Northern Cape, Western Free State, Ceres and KwaZulu-Natal
showed the lowest annual increase in WUE and generally also the lowest final WUE values by the year 2050.
Once again, since crop water use is not expected to change much over time (Table 3.2), changes in WUE are
mainly driven by yield and as a result, the WUE trends follow similar trends to yield changes (Figures 3.27-3.38).
Although the WUE of all the regions mentioned above is expected to improve (Table 3.2), the rate of WUE increase
is substantially lower for the regions that fall into this group. The lowest WUE by 2050 is expected for Ceres (8.9 ¢
[ ET), North West (August planting, 9.7 g I' ET), KwaZulu-Natal (11.5 g I' ET), Western Free State (11.7 g I'' ET)
and Northern Cape (11.9 g I'' ET). WUE is especially low where crops are grown during the hottest summer
months, when atmospheric evaporative demand (ETo) and precipitation deficits are at their highest (325 — 501 mm
per season) (Table 3.2).
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Figure 3.29: Simulated potential fresh tuber yields for the Ceres region over the period 1960 to 2050,
assuming the current October planting date is retained
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Figure 3.30: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the Ceres
region over the period 1960 to 2050, assuming the current October planting date is retained
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Figure 3.31: Simulated potential fresh tuber yields for the Loskop Valley region over the period 1960 to
2050, assuming the current June planting date is retained
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Figure 3.32: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the Loskop
Valley region over the period 1960 to 2050, assuming the current June planting date is
retained
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Figure 3.33: Simulated potential fresh tuber yields for the KwaZulu-Natal region over the period 1960 to
2050, assuming the current August planting date is retained
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Figure 3.34: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the
KwaZulu-Natal region over the period 1960 to 2050, assuming the current August planting
date is retained
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Figure 3.35: Simulated potential fresh tuber yields for the Western Free State region over the period
1960 to 2050, assuming the current January planting date is retained
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Figure 3.36: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the Western
Free State region over the period 1960 to 2050, assuming the current January planting date
is retained
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Figure 3.37: Simulated potential fresh tuber yields for the Northern Cape region over the period 1960 to

2050, assuming the current January planting date is retained
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Figure 3.38: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the Northern
Cape region over the period 1960 to 2050, assuming the current January planting date is
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Figure 3.39: Simulated potential fresh tuber yields for the North West region over the period 1960 to
2050, assuming the current August and January planting dates are retained
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Figure 3.40: Simulated water use efficiency (WUE, based on potential fresh tuber yields) for the North
West region over the period 1960 to 2050, assuming the current August and January
planting dates are retained
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3.2.3 Variability in annual yield and WUE increases

Table 3.3 and Figures 3.41 to 3.42 present the standard deviation (SD) values for simulated yield and water use
parameters, which give an indication of year-to-year variability in fresh yield, water use and WUE. Lowest variability
(or highest stability) in yield and WUE by 2050 is expected for the Eastern Cape (March and August planting),
KwaZulu-Natal, Southern Cape, Ceres, Eastern Cape (August planting), Gauteng and Mpumalanga Highveld. With
a few exceptions, these are generally also the regions with highest annual yield increases and final yields. The
North-eastern Cape is one exception, where high variability and occasional low yields (Figure 3.24) are caused by
frost damaging the crop. In future there will be less frost, which means more stable yields.

Highest variability (or lowest stability) in yield and WUE by 2050 are expected for the North-eastern Cape, Western
Free State, North West (both August and January plantings), South-western Free State, Northern Cape and
Loskop Valley. With a few exceptions (e.g. North-eastern Cape), these are generally also the regions with lowest
annual yield increases and final yields.
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Figure 3.41: Standard deviation in simulated fresh tuber yields per region in 1961 and 2050
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Figure 3.42: Standard deviation in simulated water use efficiency (WUE) per region in 1961 and 2050
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Table 3.3:  Standard deviation indicating the simulated variability in fresh yield, water use efficiency (WUE), evapotranspiration (ET), and precipitation
deficit in potato production in the periods 1961 — 1990, 1991 — 2020, and 2021 - 2050

Site / planting Fresh yield (t ha") WUE (g I ET) Evapotranspiration (mm) Precipitation deficit (mm)
month 1961- 1991-  2021- 1961-  1991-  2021- 1961- 1991-  2021- 1961- 1991- 2021-
1990 2020 2050 1990 2020 2050 1990 2020 2050 1990 2020 2050
Ceres / Oct 24 2.8 49 04 0.5 0.8 31 43 43 38 33 50
EC / March 1.9 1.8 24 0.6 0.6 1.0 34 25 31 109 106 120
EC/Aug 2.5 29 5.0 0.6 0.6 1.3 29 22 23 122 76 91
GT/ Aug 55 4.4 5.6 0.6 0.9 1.7 43 37 37 78 76 61
SCape / Aug 2.7 2.9 4.5 0.6 0.6 1.2 23 18 22 90 62 76
KZN / Aug 2.9 3.5 3.8 1.0 1.3 1.2 47 45 31 89 80 58
Loskop / June 7.0 14.2 8.3 1.9 4.2 2.7 33 37 20 38 41 26
MP / Aug 94 5.3 6.3 1.1 0.8 1.6 46 37 28 77 79 52
NEC / Sep 15.8 19.3 1.7 2.8 3.3 1.7 85 97 59 96 80 83
NC / Jan 6.2 9.6 94 1.0 1.7 2.0 36 44 37 84 55 88
NW / Jan 7.3 10.8 10.8 1.0 1.7 2.1 41 45 34 66 61 77
NW / Aug 6.9 11.3 11.4 1.4 1.7 1.9 42 34 31 56 42 44
SWFS / Aug 10.6 8.5 10.1 1.6 1.6 1.9 59 40 30 64 65 o4
WFS / Jan 7.6 12.8 12.1 1.1 2.0 2.3 46 55 46 80 81 105
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Chapter 4:

RESULTS AND DISCUSSION: ADAPTATION POSSIBILITIES

The forecasts for future potato water use, yield and water use efficiency (WUE) are based on the current status
quo regarding the production practices in each region. Potato growers are, however, likely to make adjustments to
their practices in order to cope with changing conditions in each production region. Chapter 3 suggests that rising
temperature is the main environmental factor that will in future affect potato growth, yield and WUE most in
Southern Africa. Growers may deploy various strategies to adapt to the changing conditions, such as selecting a
different cultivar, or changing cultivation and production practices. The adjustment of planting dates is probably the
simplest and most effective adjustment that growers can make to avoid or limit periods of unfavourable
temperatures during the growing season. This chapter investigated how the number of warm (Tmax > 30 °C) and
hot (Tmax > 35 °C) days per month increases over time in all regions, and what the effect thereof on the yields
and WUE will be if potatoes are planted in different months of the year. These simulations were done for three 20-
year periods, referred to as past (1961-1980), current (2001-2020) and future (2030-2049).

The incidence of warm (Tmax > 30 °C) and hot (Tmax > 35 °C) days per month increases with time in all regions.
This will of course result in an increase in total number of hot and warm days during a 120-day growing season,
particularly when planting occurs in spring or summer. Results are grouped according to regions with similar
adaptation possibilities to future temperature conditions in each region.

4.1 Regions where heat stress can be mitigated through adaptation in planting dates
4.1.1 Mpumalanga Highveld

The highest yield potential for this region is currently realised when the crop is planted in October and November
(Figure 4.3). This planting date ensures maximum interception of solar radiation, while avoiding unfavourably high
temperatures later in summer (Figure 4.1). With an expected increase in the incidence of warm (Tmax > 30 °C)
and hot (Tmax > 35 °C) days per month in future summers (Figure 4.1), the optimal planting time with highest yield
potential shifts slightly earlier to September and October (Figure 4.2), although yields increase substantially for all
planting dates, even in winter when frost will be less severe (Figure 4.3), but does not disappear completely.
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Figure 4.1: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
Mpumalanga Highveld region for past (1961-1980), current (2001-2020) and future (2030-
2049) periods
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Figure 4.2: Number of days with frost (Tmin < 0 °C) per month in the Mpumalanga Highveld region for
past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.3: Simulated potential yields of potatoes for the Mpumalanga Highveld region as affected by
the month of planting for past (1961-1980), current (2001-2020) and future (2030-2049)

periods

Highest WUE is currently achieved when planting occurs during July and August, while in future the highest WUE
will be attained if planting is shifted a month earlier (June — July) (Figure 4.4). Although these are not the ideal
planting months for optimum yields, as plants will suffer from cold stress, the cooler early summer conditions result
in lower atmospheric evaporative demand (ETo), which brings down crop water requirements and increases WUE
substantially. The best compromise for this region will be to plant as early as possible in the suitable window for
optimum yields, which is August to September.
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Figure 4.4: Simulated water use efficiency of potatoes for the Mpumalanga Highveld region as affected
by the month of planting for past (1961-1980), current (2001-2020) and future (2030-2049)

periods
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4.1.2 Gauteng

The most suitable months for optimum yields in this region are currently when potatoes are planted in September
to October (Figure 4.7), which allows for maximum radiation interception in summer. Similar to the situation in
Mpumalanga, the optimal plant date in future shifts slightly earlier to September, due to earlier warming up in
spring, while heat stress during mid-summer is limited (Figure 4.5). Yields will generally in future increase for all
months of planting, but more so for early spring planting dates (Figure 4.7). Frost risk in Gauteng will decrease
substantially in future, but occasional frost damage will still occur (Figure 4.6).
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Figure 4.5: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
Gauteng region for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.6: Number of days with frost (Tmin < 0 °C) per month in the Gauteng region for past (1961-
1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.7: Simulated potential yields of potatoes for the Gauteng region as affected by the month of
planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

Currently the highest WUE is achieved with a June to July planting date due to lower ETo values in spring and
early summer (Figure 4.8). The optimal planting period for best WUE in future shifts one month earlier to May and
June due to the lower frost risk, although potential yields are quite low at these planting dates. The most optimal
planting date for both high yield potential and high WUE will thus probably be around August.
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Figure 4.8: Simulated water use efficiencys of potatoes for the Gauteng region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

4.1.3 Loskop Valley

In the Loskop Valley the highest yield potential can currently be achieved when potatoes are planted from January
to February (Figure 4.11). Although this differs from the actual situation in this region, with growers usually planting
in winter, a mid-summer planting ensures high radiation interception and also escapes most of the mid-summer
heat.
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The most popular current actual planting date of May to June is preferred to fetch good prices at harvest in early
summer, when volumes on the markets are usually lower. In future the highest yield potential could be achieved
with a January to March planting, which would ensure that most of the high mid-summer temperatures are avoided,
while the winter frost risk will be much lower (Figures 4.9 - 4.10), allowing slightly later planting.
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Figure 4.9: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
Loskop Valley region for past (1961-1980), current (2001-2020) and future (2030-2049)
periods
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Figure 4.10: Number of days with frost (Tmin < 0 °C) per month in the Loskop Valley region for past
(1961-1980), current (2001-2020) and future (2030-2049) periods

Although yield potential is lower, the highest WUE can currently be achieved when planting is done in June and
July as a result of the cooler early summer and lower ETo values (Figure 4.12). In future the ideal planting date to
achieve highest WUE will shift earlier to April, but this is not the ideal planting time for high yields. A March planting
date will in future give the best combination of high yield and high WUE.
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Figure 4.11: Simulated potential yields of potatoes for the Loskop Valley region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Simulated water use efficiency of potatoes for the Loskop Valley region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

Similar to the Mpumalanga Highveld, the optimum current planting months for highest yield potential at Ceres are
October to November, when crops can accumulate most solar radiation during summer (Figure 4.15). Frost or
snow that will kill potatoes during the winter months will remain a high risk in future (Figure 4.14). The optimal
planting window will in future be extended one month earlier, from September to November, as a result of earlier
warming in spring (Figure 4.13).
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Highest WUE s currently achieved for August to September plantings, although there is not a sharp decline in
WUE for later plantings up to December (Figure 4.16). August to September will remain the most optimal planting
months for highest WUE in future, while plantings later in summer will result in a drop in WUE due to higher
expected temperatures, with accompanying higher ETo. A September planting date will give the best compromise

between high yield and WUE.
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Figure 4.13: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
Ceres region for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.14: Number of days with frost (Tmin < 0 °C) per month in the Ceres region for past (1961-1980),
current (2001-2020) and future (2030-2049) periods
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Figure 4.15: Simulated potential yields of potatoes for the Ceres region as affected by the month of
planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.16: Simulated water use efficiency of potatoes for the Ceres region as affected by the month of
planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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4.2 Regions where current planting dates will remain optimal in future

4.2.1 Eastern Cape

In the Eastern Cape region, the highest yield potential can currently be achieved when potatoes are planted in
October (Figure 4.18). Crops can thus accumulate maximum solar radiation during summer, while heat stress is
limited due to the generally cooler climate of this high-altitude region. In future, yields are expected to increase
almost equally for all months of planting, while the optimum month for highest yield potential remains the same
(October). This can be ascribed to the fact that temperatures are not expected to increase drastically in future, and
therefore the number of hot days will also not increase considerably due to the moderating effect of the nearby
Indian Ocean (Figure 4.17).

0.7 - —4— 1961-1990
—8—1991-2020
0.6 - —— 20212049

0.5 -
0.4 4

0.3

No. of days>30°C

0.2 4

0.1 1

T T 1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec

Figure 4.17: Number of warm (Tmax > 30 °C, left) days per month in the Eastern Cape region for past
(1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.18: Simulated potential yields of potatoes for the Eastern Cape region as affected by the month
of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.19: Simulated water use efficiency of potatoes for the Eastern Cape region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

For this region, August to September planting dates will currently ensure the highest WUE (Figure 4.19). In future,
the optimal planting date for highest WUE will shift one month earlier (July — August), although there will be little
variation in WUE between planting dates throughout the year. This can once again be ascribed to the moderating
effect of the nearby ocean. October will remain the most optimal month for high yield and WUE.

4.2.2 Southern Cape

The Southern Cape is a summer production region, and highest yield potential is currently achieved when potatoes
are planted from October to November, when most solar radiation can be intercepted in summer (Figure 4.21).
Temperatures are generally favourable for potato production, and low solar radiation levels due to cloudiness are
the main factor limiting yield in the area (Steyn et al., 2016). Although this will probably remain the case in future,
yields are expected to increase for all planting months due to the CO- fertilisation effect, but especially so for
October and November plantings.
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Figure 4.20: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
Southern Cape region for past (1961-1980), current (2001-2020) and future (2030-2049)
periods
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As a result of the moderate climate and generally low ETo values for this region in summer, the highest WUE is
currently achieved for August and September planting dates (Figure 4.22). These will remain the optimal planting
months for the highest WUE, although planting in any month between August and January will give acceptable
WUE values. An October planting date will give the optimal combination of high yield and WUE.
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Figure 4.21: Simulated potential yields of potatoes for the Southern Cape region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.22: Simulated water use efficiency of potatoes for the Southern Cape region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

Final report: Climate change effects on potato yield and water use efficiency Page 54

)

potatoes
aartappelsSA



4.2.3 North-eastern Cape

A considerable proportion of production in this region is still under dryland conditions. Cold winters and
predominantly summer rainfall restrict production to summer, when the climate is generally cool due to the high
altitude (Figures 4.23 — 4.24). Currently the highest yield potential is achievable when potato crops are planted in
October and November (Figure 4.25). The situation is expected to remain the same in future, with substantial yield
increases expected for planting in summer, while winter frost will still prevent production during winter (Figure

4.24).
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Figure 4.23: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
North-eastern Cape region for past (1961-1980), current (2001-2020) and future (2030-

2049) periods
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Figure 4.24: Number of days with frost (Tmin < 0 °C) per month in the North-eastern Cape region for
past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.25: Simulated potential yields of potatoes for the North-eastern Cape region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

Currently the highest WUE is obtained when potatoes are planted in October, when highest yields are possible
(Figure 4.26). In future it is expected that the most optimal planting month for highest WUE will advance by one
month to September as a result of earlier warming in spring. The best compromise between highest yield and WUE
will in future still be achieved with an October planting date.
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Figure 4.26: Simulated water use efficiency of potatoes for the North-eastern Cape region as affected by
the month of planting for past (1961-1980), current (2001-2020) and future (2030-2049)
periods
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4.2.4 KwaZulu-Natal

This region encompasses a wide range of altitudes and microclimates and as a result it is difficult to cover these
with one set of simulations making use of the long-term weather data from one location. The presented yield and
WUE simulations are most representative of the KwaZulu-Natal Midlands and the situation may differ for the high
altitudes (similar to the North-eastern Cape) and lowlands.

Low radiation level due to cloudiness is the most limiting factor to yield in the KZN Midlands (Steyn et al., 2016)
and therefore the highest yield potential for this region can currently be achieved with October to December planting
dates, when most radiation is intercepted by the crop (Figure 4.29). This will remain the same in future.
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Figure 4.27: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the

KwaZulu-Natal region for past (1961-1980), current (2001-2020) and future (2030-2049)
periods
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Figure 4.28: Number of days with frost (Tmin < 0 °C) per month in the KwaZulu-Natal region for past
(1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.29: Simulated potential yields of potatoes for the KwaZulu-Natal region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

Highest WUE can currently be achieved when planting occurs in June to July, due to the cooler early summer and
lower ETo values (Figure 4.30). Although yields are quite low at these planting dates due to too low radiation levels
and frost risk (Figure 4.28), these will remain the optimal planting dates for high WUE in future. A September
planting date will in future give the best compromise between high yield and WUE.
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Figure 4.30: Simulated water use efficiency of potatoes for the KwaZulu-Natal region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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4.3 Regions with limited possibilities for adaptation to avoid heat stress

The four regions discussed below are all summer potato production areas with winter frost in the central to western
parts of the country. Future climate forecasts suggest higher summer temperatures for all these regions, which will
result in more heat stress to potato crops. Furthermore, although temperatures are forecasted to increase, winter
frost is not expected to disappear completely, which limits the possibility of adapting planting dates to avoid or
escape heat stress during the growing season. Therefore, although yields are expected to generally increase as a
result of the CO; fertilisation effect, this will be counteracted by the negative effects of heat stress, and yield
increases will be moderate to low, compared to the other cooler regions of the country discussed above.

4.3.1 South-western Free State

The highest yield potential for the South-western Free State region is currently possible when the potato crop is
planted between September and October, although planting may continue until January, with good yields still
possible (Figure 4.33). Early summer planting dates ensure that the crop can utilise the long days in order to
intercept maximum radiation during summer, resulting in the highest yields. The situation will remain the same in
future, with highest yield potential still achievable for September to October plantings. Rising temperatures will
lower frost risk and reduce cold stress (Figure 4.32), allowing for slightly earlier planting in August. Winter frost will,
however, not disappear completely, making plantings later than January (to avoid high mid-summer temperatures)
risky.

Currently, the highest WUE can be attained with July to August planting dates (Figure 4.34), although yields with
these planting dates (especially July) are substantially lower due to frost risk and low temperature stress. July to
August remain the best planting months for highest WUE in future. While a September planting date may in future
result in the highest yields, it will require at least 25% more water per unit of potato produced (water use penalty)
as aresult of higher evaporative demand. An August planting date will give the best combination of high yields and
WUE.
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Figure 4.31: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
South-western Free State region for past (1961-1980), current (2001-2020) and future (2030-
2049) periods
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Figure 4.32: Number of days with frost (Tmin < 0 °C) per month in the South-western Free State region for past
(1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.33: Simulated potential yields of potatoes for the South-western Free State region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.34: Simulated water use efficiency of potatoes for the South-western Free State region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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4.3.2 Northern Cape

The Northern Cape currently has two suitable planting periods when yield potential is highest, namely August to
September, as well as January (Figure 4.37). Both these planting periods allow for high radiation interception, while
avoiding most of the mid-summer heat (Figure 4.35). In future higher temperatures will reduce frost risk and cold
stress to the crop (Figure 4.36), but not sufficiently enough to allow for significant changes in planting dates. As a
result, the optimum planting window will remain virtually the same, with only moderate yield increases expected
for all planting dates due to higher heat stress.
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Figure 4.35: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
Northern Cape region for past (1961-1980), current (2001-2020) and future (2030-2049)
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Figure 4.36: Number of days with frost (Tmin < 0 °C) per month in the Northern Cape region for past
(1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.37: Simulated potential yields of potatoes for the Northern Cape region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

Highest WUE can currently be attained for June to July plantings due to lower atmospheric evaporative demand
early in spring and summer (Figure 4.38). The yield potential is low, however, especially for a June planting, when
frost and cold stress are almost guaranteed (Figure 4.36). The scenario will remain similar in future, with highest
WUE (but much lower yield) in June. Mid-July to August plantings should in future result in the best compromise
between high yield and WUE. January to February plantings will give similar yields, but slightly lower WUE due to
higher autumn temperatures.
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Figure 4.38: Simulated water use efficiency of potatoes for the Northern Cape region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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4.3.3 Western Free State

Currently the yield potential is highest when planting occurs any time between September and December (Figure
4.41). During this planting window most radiation is intercepted, but currently crops are already experiencing some
heat stress (Figure 4.39). In future, yields are expected to increase slightly for most planting dates due to the CO;
fertilisation effect, except for April and May plantings, when the crop may still face frost damage (Figure 4.39).
August to January planting dates will give high yields, with September having the highest yield potential. There will
thus be limited possibility to manoeuvre planting dates to avoid the mid-summer heat, resulting in more heat stress
that will suppress yields.
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Figure 4.39: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the
Western Free State region for past (1961-1980), current (2001-2020) and future (2030-2049)
periods
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Figure 4.40: Number of days with frost (Tmin < 0 °C) per month in the Western Free State region for
past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.41: Simulated potential yields of potatoes for the Western Free State region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods

July and August plantings will currently ensure highest WUE as a result of the cooler early summer and lower ETo
values (Figure 4.42). This optimal window will in future shift slightly earlier, from June to August, although a June
planting date will not be feasible due to the low yield potential (as a result of high frost risk). An August planting
date will ensure the best combination of high yields and high WUE, with a January planting the second best option.
The current November planting practised by growers will give the lowest WUE of all planting dates in the optimal
planting window period (August to January) and will require growers to use up to 60% more water to produce a ton
of potatoes than an August planting date, and 30% more than a January planting.
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Figure 4.42: Simulated water use efficiency of potatoes for the Western Free State region as affected by
the month of planting for past (1961-1980), current (2001-2020) and future (2030-2049)
periods
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4.3.4 North West

In the North West region, potatoes are produced during the hot summer months, and currently highest yield
potentials can be achieved if potatoes are planted from August to September (Figure 4.45) or from December to
January. At these planting dates high levels of solar radiation can be intercepted, while the crop can escape the
most severe mid-summer heat.

August and January will in future give the highest yield potentials (Figure 4.45). There is very limited opportunity
to postpone planting dates in autumn in order to avoid heat stress due to the fact that winter frost will still occur in
future (Figures 4.43 — 4.44). Although increasing atmospheric CO, levels will have a positive effect on
photosynthesis, this will be strongly counteracted by higher respiration rates due to more heat stress, resulting in
only slight yield increases at cooler planting dates between now and 2050 (Figure 4.45).
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Figure 4.43: Number of warm (Tmax > 30 °C, left) and hot (Tmax > 35 °C, right) days per month in the North
West region for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.44: Number of days with frost (Tmin < 0 °C) per month in the North West region for past (1961-
1980), current (2001-2020) and future (2030-2049) periods
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Currently the highest WUE is attainable for June to July, as well as January planting dates (Figure 4.46). June and
July will still give high WUE in future due to lower ETo early in spring, but a June planting will give low yields (due
to frost and cold stress). The best combination of high yields and WUE can be reached when the crop is planted
in July to August, followed by a January planting as second best option. A January planting date will require about
50% more irrigation water to produce a ton of potatoes than a July planting date.
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Figure 4.45: Simulated potential yields of potatoes for the North West region as affected by the month of
planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Figure 4.46: Simulated water use efficiency of potatoes for the North West region as affected by the
month of planting for past (1961-1980), current (2001-2020) and future (2030-2049) periods
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Chapter 5
SUMMARY AND CONCLUSIONS

Potato is a crop that responds strongly positively to the fertilising effect of increasing CO; levels. While most staple
crops such as maize, wheat and rice only respond marginally to rising CO: levels, potato is expected to grow 28.5%
faster and use 11% less water if CO; levels increase from 360 ppm (year 2000) to 550 ppm (2050). These figures
have been confirmed by various studies. Only cassava is expected to show an even greater response to rising
CO; levels. The figures do not, however, take into account the impact of changing temperatures on potato yields.
Where potato is grown in an already hot environment, increasing temperatures will intensify heat stress and reduce
yields, despite the positive effect of rising CO> levels. In relatively cool environments, rising temperatures will
enhance the beneficial impact of rising CO;, levels on yield, leading to even higher yield increases than what can
be expected from increases in CO; levels alone. In areas where frost is a risk to potato production, rising
temperatures are likely to reduce the risk of frost, which improves yield stability. In relatively hot environments, on
the other hand, an increased incidence of heat waves will negatively affect yield and yield stability.

Regarding the possibility of adapting to climate change, potato production regions can be divided into three groups.
The first group represents regions where planting dates can be adapted to escape heat stress and include the
Mpumalanga Highveld, Gauteng, Ceres and Loskop Valley. Yields and WUE are generally expected to improve
substantially in future for the latter regions. For the second group of regions the current planting dates will probably
still be the most beneficial in terms of high yield and WUE, and include the Eastern Cape, Southern Cape, North-
eastern Cape and KwaZulu-Natal. Also in these regions, yields and WUE are generally expected to increase. The
last group represents regions where potato is already growing in a hot environment and where increases in
temperature are expected to be higher than in the coastal regions. This group includes the South-western Free
State, Northern Cape, Western Free State and North West. Although higher temperatures will reduce frost risk and
cold stress to the crop, frost will not completely disappear, leaving little opportunity to shift planting dates in order
to escape heat stress. As a result, the optimum planting window will remain virtually the same. Increasing
atmospheric CO; levels will have a positive effect on photosynthesis, but this will be counteracted by higher
respiration due to more heat stress, resulting in only slight yield increases towards 2050.

Optimum planting dates for highest yields do often not coincide with the highest WUE, and crops may require up
to 60% more water per unit of potato produced due to the higher evaporative demand during the hotter summer
months. There is thus often a high water use penalty to achieve the highest yields. Growers are therefore advised
to select planting dates that will give the best compromise between high yields and WUE, which is generally
achieved by planting summer crops as early as possible in the optimum spring planting window. In conclusion, the
future effects of climate on potato crops will depend strongly on the production region. Some regions will benefit
strongly in terms of yield and WUE, while especially the western inland regions will become less favourable for
potato production.

Any study predicting the future impact of climate change on crop production depends on a number of assumptions.
Firstly, global circulation models use predicted levels of CO, and other greenhouse gases, while future emissions
of these gases depend on factors such as economic growth and worldwide efforts to curb greenhouse gas
emissions. Global circulation models themselves are imperfect and while these models appear fairly robust in
predicting future average temperatures, they are not that good at estimating future rainfall and the occurrence of
extreme events. Changes in future rainfall may affect the amount of water available for potato production (which
was not assessed in this study), while extreme events are generally detrimental to crop production. Lastly, crop
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models generally simulate potential or water- or nutrient-limited yield, but not the actual yield achieved by farmers.
In areas where climate change offers opportunities to improve yield and/or WUE in future, these benefits will only
be realised if farmers can also adapt other crop management practices. For instance, warmer temperatures will in
many cases result in a higher pressure of potato pests and diseases, requiring additional control measures (Van
der Waals, Kriiger, Franke, Haverkort & Steyn, 2013). In addition, higher yields enabled by climate change will
only be realised if farmers adapt nutrient management accordingly.
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