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Abstract  

The rapidly growing global population emphasises the need for high-yielding, sustainable, 
yet nutritious food crops, which produce consistent yields under varying agricultural 
conditions. There are various critical research hypotheses that propose solutions for this 
scenario with some of the main focus areas being crop management and precision farming 
practices. Even though these practices are mainly focused on improving economic output, the 
further downstream effect is increased food security. The objective of this study was to 
determine the effect of genotype-environment interactions to identify possible regions where 
specific cultivars are better suited than others. Internal quality and external variable data 
gathering for this study stretched over 3 years (2016–2018) throughout South Africa on ten 
different plots. The Additive Main Effects and Multiplicative Interaction (AMMI) model was 
used to determine the reaction of cultivars/lines in each environment and display the stability 
of these genotypes in the different environments. The AMMI model showed that certain 
cultivars are more stable in varying geographical areas, i.e. they delivered consistent results 
irrespective of the external factors that they were exposed to. It was found that genotypes and 
environments that fell closer to the 0 mark on the X-axis and were therefore more stable were 
less likely to be influenced by external variables. 
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Introduction 

The changing agricultural landscape, together with shifting consumption patterns associated 
with an increase in diseases of lifestyle epidemics, has led to the need for changes in food 
production systems. These changes need to not only deliver sufficient energy, but also 
provide nutrients to sustain human health while taking sustainable outcomes into 
consideration. This is all in an attempt to sustain the rapidly growing global population 
emphasising high-yielding, sustainable, yet nutritious food crops that produce consistent 
yields under varying agricultural conditions (WHO 2018). Various critical research 
hypotheses have been proposed for this scenario. Some of the main themes which are being 
investigated are to improve crop management and precision farming practices (Tein 2009). 
However, these fairly ambitious plans are influenced by temporal variation, a lack of region-
specific focus and a lack of environmental auditing knowledge. Many countries are 
implementing general typology plans as developed internationally, especially in lower 
income areas, without considering country- and even region-specific variables. Even though 
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these generic plans do address and in some instances solve the negative issues, region-
specific scientific data is required to further improve and sustain these solutions (McBratney 
et al. 2005). 

Precision agriculture and region-specific agriculture are classified as modern farming 
practices that aim at improving production efficiency and rely on the mantra “what gets 
measured, gets managed”. Precision agriculture entails observing, measuring and 
subsequently responding to inter- and intra-field variations observed in crops. Even though 
these practices are mainly focused on improving economic output of farming practices, the 
additional downstream effect is increased food security (Walter, et al. 2017). Precision 
agriculture is also linked to achieving Goal 12—“responsible production and consumption”—
of the Sustainable Development Goals (SDGs) as adopted by the United Nations on 
September 25, 2015. These 17 goals aim to end poverty, protect the planet and ensure 
prosperity for all by 2030 (UNDP 2019). 

Responsible production entails input use efficiency in agriculture by means of region-specific 
agriculture to promote crops and cultivars that are ideally suited to specific environments and 
to achieve optimum yields and nutritional outputs (United Nations 2018) with an added 
benefit of consumer acceptance. The effect the climate change will have on future crops also 
needs to be considered especially taking rising temperatures into consideration (Raymundo, 
et al. 2018). Potato crop yields per unit area have shown noteworthy increases over the last 
20 years in South Africa. In 1990, 130 million 10-kg bags were produced on 63.000 ha, 
whereas in 2018, this figure rose to 240 million 10-kg bags, which were produced on 
52.000 ha (Potatoes South Africa 2019). Inappropriate crop management practices are, 
however, still common, leading to a decrease in possible yields, as well as having detrimental 
effects on the environment (Steyn 2016). With the threat of a rapidly growing population, 
optimisation of input use efficiency and yields is essential. The unpredictability of the 
agricultural sector, as well as the occurrence of unforeseen weather events, can have dramatic 
impacts on internal quality attributes of crops. 

South Africa has a diverse potato producing landscape with tubers being cultivated in 16 
different production regions spread all over the country (Franke and Sekoboane 2021). The 
unique South Africa landscape lends itself to production of potatoes running seamlessly 
throughout the winter and summer in different regions. Furthermore, due to rain-fed 
agriculture in some of the regions, potatoes are cultivated on dry land, while irrigation is 
necessary in other regions. 

Potato production regions are spread over vastly differing climatic regions (Franke et al. 
2013). These regions vary from Mediterranean climate in the south-western corner of the 
country to temperate areas to the interior plateau and subtropical climate in the northeast with 
a small part classified as desert in the northwest of the country (Steyn 2016). These varying 
climatic conditions solicit area-specific agricultural practices. 

Potatoes are a widely consumed international crop that plays a cardinal role in numerous 
countries food baskets. Therefore, evaluating and understanding the effect that climate 
change will have on the crop and the way in which it is produced are essential for future food 
security (Raymundo et al. 2018). Understanding current crop model results and genotype-
environment interactions provides researcher with information on what the effect of climate 
change may be. 
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In this study, the effect that external variables have on the internal quality attributes of 
potatoes with different genotypes on the South African market was investigated. It is 
hypothesised that specific cultivars may be more ideally suited to specific agricultural 
practices and, therefore, also specific geographical regions with regard to increased yield and 
quality. 

Objective  

The objective of this study was to determine the effect of genotype-environment interactions 
to identify possible regions where specific cultivars are better suited to grow than others. 

Methodology 

Data gathering took place over a 3-year period (2016–2018) across South Africa from ten 
different plots (Table 1). Figure 1 is a map of South Africa showing the different production 
regions from which potatoes were sourced for this study. All the tubers were planted as part 
of Potatoes South Africa’s workgroup project under the standardised agricultural practices 
(agronomic management) of the specific areas using randomised block designs (RBD). 

 
 
Fig. 1. Map of South African showing all the different production regions from which potatoes were 
sourced for this study 
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Table 1. Location, date of harvest, cultivars and agricultural practices (precipitation type) used 
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Fig. 2. AMMI for specific gravity of genotype-environment interactions 
 

 
 
Fig. 3. AMMI for dry matter of environment genotype-interactions (not significant) 

Potato Sampling Procedures 

At harvest, random samples of tubers were selected and packed into 10-kg brown bags by 
potato trial leader and transported to the laboratory within 12 h after harvest. Table 1 is a 
summary of the harvest areas and agricultural practices used for the tubers from this study. 
Tubers were kept in the bags at 21 °C for 6 days postharvest, prior to analysis to mimic 
market practices. On the day of analyses, each bag per cultivar was emptied into a container, 
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and mixed and tubers were randomly selected for the laboratory tests. Selected tubers were 
thoroughly washed with distilled water and allowed to dry on paper towels. 

Internal Quality Attributes 

Dry Matter Analysis 

Three randomly selected, fresh, “as is”, tubers from each cultivar from each production area 
were sent in a brown paper bag for dry matter analysis. These tubers were selected at random 
from the 10-kg bags as received from the farm. Dry matter was gravimetrically determined 
according to the AOAC (Association of Official Agricultural Chemists) 934.01 method at a 
SANAS (South African National Accreditation System)-accredited laboratory. Analyses were 
done in duplicate on the flesh and skin of each tuber. 

Dry matter content was seen as a more reliable method than gravimetric determination as it is 
a validated analytical method of evaluation. Dry matter is measured by drying a known wet 
weight of finely grated tuber, placing it in a drying oven to extract all the moisture from the 
flesh and then weighing it again to determine the total dry matter content (AOAC 2000). 

Specific Gravity Analysis 

Five tubers from each cultivar from each production area were individually analysed for 
specific gravity. Specific gravity was determined by weighing (washed and dried) tubers 
(flesh and skin) individually. This was followed by an underwater weighing where the tubers 
were individually placed in a net and submerged in water and weighed. Specific gravity was 
then calculated with the following equation (Eq. 1) (DAFF 2013): 

     (1)  

Chip Colour 

Chip colour analyses were done at the Institute of the Agricultural Research Council, 
Roodeplaat, South Africa. Chipping colour analyses were done using the Hunterlab method, 
using the UltraScan PRO, as described by the United States Department of Agriculture 
(USDA 1977). The test determines compliance with a specified fry colour. The South African 
potato industry standard for acceptable chip colour is set at 50 and higher. 

Longitudinal slices (approximately 1.3 mm in thickness) were cut from the centre portion of 
the potatoes. These were fried in oil at 185 °C for 100 s. A minimum of 40 slices were used 
for colour evaluation. Visual colour scoring was done on a scale of 1–10 of increasing dark 
colour with 1 denoting the lightest colour and 10 denoting the darkest colour with associated 
designations as shown in Table 2 (USDA 1977; Ezekiel et al. 2003). 
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Table 2. Hunterlab colour values corresponding to different chip colour scores (Ezekiel et al. 2003) 
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External Variables 

Marketing Index 

To determine the performance of the cultivars in terms of yield and quality, the yield, size 
distribution and class were used to calculate a marketing index at the average market prices 
the day of harvest. The yield, multiplied by the prevailing price determined by the size 
distribution and rating, gives the marketing index (Eq. 2). 

     (2)  

Weather Data 

Data used for rainfall and heat unit calculation was sourced from the Agricultural Research 
Council Agro-Meteorology Programme for weather stations. These weather stations are 
situated on more than 500 plots throughout South Africa and maintain an operational national 
agro-climate network database, as well as a climate databank (ARC 2019). Rainfall data as 
received from the weather station was summed over the growing period. 

Subsequently, heat units were calculated from the weather data using the set formula as 
described in horticulture guidelines (Eq. 3). A threshold value of 5.00 was used for potatoes 
(Worthington and Hutchinson 2005). 

      (3)  

Fertiliser 

Fertilisation practices and amount at the beginning, as well as throughout the planting cycle, 
were noted. Fertiliser application is area specific and data was obtained from each individual 
farmer on the amount of fertiliser that was applied during the growing period. Fertiliser is 
expressed as kg per hectare for nitrogen, phosphorus and potassium. 

Plants and Yield per Hectare 

Plants and yield per hectare were calculated using the following equations: 

        (4)  

  (5)  

  (6) 
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Table 3. Sizing guide for potatoes in South Africa (DAFF 2019) 
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Cultivar Class, Size and Waste 

Potato class and size were evaluated according to the guidelines supplied by the Department 
of Agriculture and Potatoes South Africa. Potatoes sizing is classified as shown in Table 3. 
Potatoes are scored in classes based on the absence of diseases and blemishes visible to the 
eye and the presence of quality factors as stipulated by specific end users (DAFF 2019). 

Statistical Analysis 

All data for the internal and external evaluations were captured on a spreadsheet. A one-way 
random block design (RBD) analysis using Fisher’s protected least significant differences 
(FPLSD) t-test at the 5% level of significance was used to separate means among cultivars 
for dry matter and specific gravity (Payne et al. 2012). 

The genotype-environment interaction was analysed using the AMMI model (Gauch 2013). 
The AMMI model is suitable for determining the reaction of cultivars/lines in an environment 
and displays the stability of these genotypes in different environments (Steyn et al. 1993). 
This model is explained by sums of additive and multiplicative terms which result from the 
singular value decomposition (SVD) or principal component analysis (PCA) of the 
interaction matrix (p < 0.01). The model had a two-way factorial design, with each treatment 
specified by a genotype and environment combination. If a cultivar or an environment has an 
Interaction Principal Component (IPC) score near zero, it has a small interaction; thus, it is 
stable in response. A cultivar or environment which lies further from zero is more sensitive to 
interactions and thus shows more variance (Smith and Smith 1992). 

In an attempt to elucidate the variance that is observed between cultivars and over production 
areas, an AMMI model was constructed to investigate the genotype-environment interaction 
for the internal characteristics (i.e. dry matter and specific gravity). For both of these 
characteristics, six different cultivars, namely Markies, Valor, Lanorma, Sifra, Taisiya and 
Mondial (Fianna was not included in this model as there were not enough relevant samples), 
were selected together with ten environments, i.e. Tom Burke, Petrusburg, Warden, 
Middelburg, Cedara, Ceres, Aurora, Pietersburg 2016, Pietersburg 2017 and Ugie 
(Bultfontein was not included in the model as there were not enough relevant samples). Each 
interaction was tested three times. 

The AMMI model was constructed using 20 variables: fertiliser (nitrogen, phosphorus, 
potassium), internal characteristics (dry matter, specific gravity, chip colour, sizing (baby, 
small, medium, large-medium, large), cultivar classes (1, 2, 3), heat units, plants per hectare, 
rainfall, yield in tons per hectare, marketing index, and waste. 

Results and discussion 

In Table 4, the specific gravity and dry matter means are compared for various cultivars over 
the production areas in which the different cultivars were grown and analysed at the 5% 
significance level. Significant differences were found for specific gravity between different 
cultivars in six of the ten production areas: Aurora (p = 0.040), Pietersburg 16 (p < 0.001), 
Petrusburg (p = 0.008), Cedara (p = 0.044) (arid), Middelburg (p = 0.023) and Warden 
(p = 0.002) (temperate). Significant differences were found for dry matter values between 
different cultivars in four of the ten regions, i.e. Aurora (p = 0.048), Pietersburg 16 
(p < 0.001), Ceres (p = 0.026) (arid) and Middelburg (p = 0.0.31) (temperate).  
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Table 4. Specific gravity and dry matter analysis of seven cultivars’ tubers over ten production areas by one-way random block design (RBD) analysis using 
Fisher’s protected least significant differences (FPLSD) t-test at the 5% level of significance

 
Superscript letters show significant differences over cultivars 

Roman numerals show significant differences over production areas  
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Fianna was the only cultivar that showed no significant difference between the various 
production areas for specific gravity (1.064–1.071) and dry matter (17.52–20.31%). All the 
other cultivars differed significantly over the various production areas for specific gravity and 
dry matter. No specific conclusions could be drawn as in both instances, with dry matter and 
specific gravity, half of the areas where significant differences were observed were in arid 
areas and the other half temperate, i.e. in different climatic regions. 

As specific gravity measurements are less complicated to obtain than dry matter values, this 
method is used more often as the chosen method of evaluation. Specific gravity is one of the 
most common methods used in the potato industry to determine the cooking and chipping 
quality of tubers. Specific gravity is a determining factor of textural properties and cooking 
quality (Potatoes South Africa 2019). 

Oregon State University developed a specific gravity and dry matter reference guide which 
indicates the relationship between specific gravity and dry matter. Specific gravity values 
most commonly fall in ranges between 1.055 and 1.095 with correlating dry matter values of 
between 16.5 and 24% (Oregon State University 2010). In a study conducted in Pakistan, the 
specific gravity of 32 different cultivars of potatoes was found to vary between 1.0343 and 
1.1443 (Abbas et al. 2011), which is a wider and higher range than the average values seen in 
European potatoes (1.045–1.085) (Anzaldua-Morales et al. 1992). A more recent study in 
Japan showed specific gravity values ranging from 1.055 to 1.110. The minimum value of the 
range is higher than that seen in Europe and Pakistan together with a higher top range value 
(Sato et al. 2017) as reported in van Niekerk et al. (2016). In the current study, specific 
gravity ranged between 1.040 and 1.080 and dry matter between 13.04 and 21.10%. This can 
be explained by the different cultivars and respective agricultural practices that are used in 
different countries (Daccache et al. 2012). 

As potatoes are sensitive to environmental conditions, international agricultural practices and 
genotypes cultivated differ, which leads to these variances seen in tuber internal quality 
characteristics (Hijmans 2003). A comparative study conducted in England and Wales found 
that soil types and water logging of soil had an impact on the crop yield and quality. It was 
also noted that the genotype-environment interaction has a significant influence of tuber 
quality and not just the agricultural practices used (Daccache et al. 2012). As shown above, 
specific gravity of tubers in Pakistan varies vastly, which can be due to the differing 
agricultural landscape and climatic regions. Soil salinity and lack of proper irrigation water in 
Pakistan are some of the main concerns for the potato industry and these known variables 
along with different climatic regions can be the cause of the vast difference seen in specific 
gravity values (Majeed and Muhammad 2018). Japan has four main cropping seasons, 
meaning it has winter and summer production necessitating cultivars that are adapted to the 
specific climatic conditions. As seen with South African potatoes, all of these variables can 
have an effect on the final product. Many of the tubers cultivated in Japan have European and 
American descent and were adapted to grow in specific conditions in Japan for improved 
yield. Similarities are seen in the specific gravity values of Japanese- and American-grown 
cultivars which may be due to their lineage (Deguchi et al. 2016). 

It is evident that the international potato fraternity have similar end goals; however, the 
agricultural practices used to achieve these goals need to be adapted and tailored to country-
specific conditions. Optimising potato production at a regional level ensures resource use 
efficiency and longevity of the production system and crop. 
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Starch is the main carbohydrate and also the major storage compound found in potatoes. 
Starch content is directly related to specific gravity and dry matter in tubers. According to 
Oregon State University, 60–80% of the dry matter is present as starch (Oregon State 
University 2010). A study conducted in South Africa in 2016 found that 67–74% of dry 
matter is present as starch (van Niekerk et al. 2016). Therefore, high-gravity or high-solid 
tubers are associated with high levels of starch. 

There is a significant difference in the distribution of dry matter throughout the flesh and skin 
of the tuber. Peeling, slicing and handling can have an effect on the dry matter content of a 
tuber. With this all taken into account, dry matter is still the best way to evaluate the total 
quantity of solids in a tuber (Thybo et al. 2004). The higher the dry matter content, the lower 
the water content, which will mean that such a potato has a higher specific gravity. Potatoes 
with a higher dry matter and low moisture content are mealy, and ideal for baking. Potatoes 
with a low dry matter and high moisture content are waxy and ideal for boiling (South 
African Department of Environment and Primary Industries 2000). 

Table 5 is a summary of all the data as captured over 3 years, ten environments/production 
areas and the tubers that had enough data entries for robust statistical analysis (Markies, 
Lanorma, Sifra, Valor and Taisiya). This table shows the minimum, maximum and mean 
values of all the variables that were measured. In total, 150 values were captured for each 
variable (Figs. 2 and 3) . 

The initial data showed that there was no significant genotype-environment interaction for the 
internal quality attribute of dry matter (p = 0.093) and it will, therefore, not be discussed any 
further (Fig. 3). Specific gravity had a genotype-environment interaction at a 0.0000004 level 
of probability, making it highly significant. 

Interaction Principal Component (IPC1) scores were calculated using data reported in Table 
5. IPC1 scores are the scores that identified significant interaction scores. Lower IPC1 scores 
show a cultivar or environment that is more stable, while higher IPC1 scores show cultivars 
or environments that are more sensitive. Figure 2 shows the graph plotting the IPC1 scores 
against specific gravity. Table 6 shows the mean specific gravity and IPC1 scores using the 
AMMI model. These are the values that were transposed into the graph in Fig. 2. Cultivars 
and environments plotted closer to the x-axis proved to be more stable than cultivars and 
environments that lay further away from this axis. The further the values are from the x-axis, 
the more sensitive they are. Values close to the y-axis had average specific gravity scores. 
Values to the right of the y-axis had higher specific gravity values on average, while cultivars 
and environments on the left side of the y-axis had lower than average specific gravity scores. 
Cultivars and environments that are stable are less likely to be influenced by external 
variables. External variables are more likely to have an effect on the internal quality 
attributes, i.e. specific gravity, of cultivars and environments that fall within the sensitive 
category. 
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Table 5. Summary of data as used in AMMI Model for all cultivars and environments/production areas 

 
*Values entered as % of total production region 
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Table 6. AMMI model for specific gravity showing ranked means and IPC1 scores 
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In Table 7, the AMMI score ranks are shown, together with the mean values for the following 
variables: plants per hectare, yield per hectare, marketing index, fertiliser, heat units and 
rainfall. Three separate environmental groups were identified from the AMMI ranks. The first 
group consists of Pietersburg 2016, Tom Burke, Warden, Ugie and Pietersburg 2017. In these 
five environments, Markies was the cultivar that consistently performed the best, i.e. obtained 
a rank of 1. Sifra was the most stable and scored the highest SG values when planted 
specifically in Aurora, Middelburg and Ceres. Mondial was the most stable with the highest 
SG values in Cedara and Petrusburg. 

Table 7. AMMI scores and variables for IPC1 

 

AMMI is a rank there is no unit associated. Plants per ha unit is per hectare. Yield is in ton/ha. Marketing index 

is a calculation that is described in Eq. 2. N, P and K is in kg/ha. Heat unit is a calculation that provides a unit as 

explained in Eq. 3. Rainfall is in mm 

From Fig. 2, it can be seen that the following were the most stable environments: Ugie, 
Warden, Pietersburg 2017, Tom Burke, Middelburg, Aurora and Ceres; and thus, these areas 
produced cultivars that had consistent results for specific gravity. Petrusburg and Cedara 
were sensitive to external variables, as well as Pietersburg 2016, which was the most 
sensitive environment. It was observed that although the locality was the same for the two 
environments, Pietersburg 2016 and 2017, the heat units during 2016 were numerically 
higher which could be responsible for the sensitivity of the area in 2016. Tubers planted in 
these sensitive production areas delivered inconsistent results for specific gravity. The most 
stable cultivar was Lanorma, followed by Valor and Sifra. These three cultivars were the 
most stable in all the environments delivering consistent values for specific gravity. Taisiya 
was a more sensitive cultivar. Markies was the most stable in Pietersburg 2016, Tom Burke, 
Warden, Ugie and Pietersburg 2017. However, when all the environments are considered, 
Mondial and Markies were the most sensitive cultivars. These cultivars did not have 
consistent specific gravity results. 

It must be noted that the one region, Warden, which was planted under dry land conditions 
did not perform significantly differently to production areas which made use of irrigation. 
This is in contrast to what was found in a study conducted in 2013 that found that tubers 
planted under dry land conditions differed significantly to tubers planted under irrigation. It 
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was found that tubers planted under irrigation tend to elicit more cultivar-specific 
characteristics, while tubers that were planted in dry land conditions tend to be similar in 
terms of textural properties (Booysen et al. 2013). Furthermore, rainfall patterns are 
notoriously hard to analyse and difficult to use for obtaining significant statistical 
correlations. Average rainfall is a relative concept as the average rainfall may stay the same 
but other factors such as higher temperatures, increased evapotranspiration rates and the 
lengths of dry spells all exert effects on the true water availability (South African Weather 
Services 2019). 

All climatic variables, be it individually or in combination, affect crop production and 
outcomes to some extent (Taylor 2018). As shown in Table 1, the production regions chosen 
fell over varying climatic regions according to the Köppen-Geiger climate classification map 
for South Africa (CSIR 2015). The grouping of the various production regions in the AMMI 
model had no correlation with climatic regions. This shows that climatic regions do not play a 
role in the textural properties but rather the specific internal and external variables. 

Conclusion and recommendation 

The textural properties of a potato are formed by a collection of variables, thus complicating 
the exact outcomes that a combination of external variables will have on the internal 
characteristics of the tubers. However, there are certain variables, such as heat units and 
water application, that affect quality parameters to a greater extent than other variables. 

Specific gravity, dry matter and chipping colour were three internal quality attributes, which 
were explored in this study. External factors that were measured did not have a noteworthy 
effect on chipping colour while specific gravity and dry matter differed significantly between 
cultivars and over production areas. 

This study showed that certain cultivars (Lanorma, Valor and Sifra) are less influenced by 
fluctuating agricultural and environmental conditions and thus deliver tubers of a more 
consistent quality irrespective of external factors. The internal quality attributes of cultivars 
Mondial, Taisiya and Markies were influenced to a greater extent by the external conditions. 

An overall finding was that the environment had a greater effect on the internal qualities of 
the tubers than the specific cultivar type. Contrary to existing literature, cultivars in this study 
are not the main predictor of internal quality attributes, but environmental factors appear to 
play the major role. This study shows that cultivar classification may not be the ideal way to 
classify potatoes as environment has a greater effect on textural properties than intrinsic 
cultivar characteristics. 

Textural classification needs to be done according to area/harvested specific tuber 
characteristics rather than only using cultivar as a predictor of culinary outcomes. 
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