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Summary 

In this study, agro-ecosystems suitable for potato are defined on a global scale using recently released 
detailed data sets on soil (5 x 5 arc minutes pixel grid) and climate (30 x 30 arc minutes pixel grid). 
The spatial distribution of the length of the growing season, potential tuber yield and water-limited 
yields of potato are established. Moreover, a detailed climatic characterisation for the regions South 
Asia and Indonesia is presented as well as a study of the ideal genotype (ideotyping) of potato for these 
selected regions. Finally, the crucial quality indicators are added of tuber dry matter concentration and 
tuber number as a function of climatic data of these selected regions. The potential of potato as a crop 
with a very efficient water use, and the impact of breeding for heat tolerant potato are discussed briefly. 

Keywords: potato, Solanum tuberosum, agro-ecosystems, GIS, zoning, ideotype, tuber yields, quality, 
dry matter concentration, tuber number, water use 



1. Introduction 

The potato chain management study carried out within the framework of the North-South program 
embodies two parts: the potato production and processing chain and the production and zoning part 
This study is an integral part of a research project on improved agricultural chain management with 
special emphasis on the production aspects. 

The presented work is an integral follow-up of the potato production and zoning study performed in 
1991 by Stol et al1. 

The potato production chain is a sequence of activities in which information is transferred between 
linked elements. The first step in the sequence is obviously the agro-ecological characterisation for 
potato production. Locations where potatoes can be grown are determined by matching the dimatic 
characterisation of the zone and the requirements of the potato crop. Potential and water-limited pro
duction levels were calculated for all identified areas. 

This information is needed to determine what kind of variety (genotype) is best suited (ideal) for the 
growing conditions: ideotyping. Lateness is the most important feature then because ideotyping means 
matching the length of the available growing season to the length of the growth cycle of the cultivar. 

Next phase in the chain is the production of seed and ware or processing potatoes. Here many cultural 
practices may be quantified and used to steer the next phase, processing that takes place after storage 
and transport. Examples are irrigation and nitrogen fertilisation that determine yield, size and dry mat
ter concentration. Other information may be handed on as well such as the regime of chemicals used 
{e.g. special labels or grown organically). 

Building on the global study additional work focused on ideotyping and on a more precise zonation of 
potato for two regions: South Asia and Indonesia. South Asia includes the following countries: Bhutan, 
Bangladesh, India, Nepal and Pakistan. The spatial and temporal effects of high temperature tolerance 
and increased temperature requirement are discussed. 

Shifts of the growing season as result of temperature tolerance and changed temperature requirement is 
of particular interest for the potato processing industry. Processes downstream the production chain, 
storage, transport, processing in factories, are linked to the very first activities of growing and harvest
ing potatoes. This study analyses the effect of small shifts in temperature tolerance and temperature 
requirement of cultivar on the suited zone for potato growth (sensitivity analysis). 

The objectives of this study, initiated by the North South programme, are: 
• To define agro-ecosystems for potato on a global scale using recent datasets on soil (FAO, 1996) 

and climate (Leemans & Cramer, 1991; Muller, 1996). 
• Establish the spatial distribution of the length of the growing season, potential production and 

water-limited production. 
• Provide a more precise climatic characterisation for two regions: South Asia and Indonesia. 
• Provide an ideotyping of potato for these selected regions. 
• Add quality indicators (tuber dry matter content and tuber number) to these selected regions. 

Global climatic data sets used are compared to a selection of local stations, and the consequences for 
the selection of temperature thresholds is briefly discussed. A world digital elevation map is used to 
compare with the calculated spatial patterns. 

Part of this integral follow-up is also reported in AB note 151 (Verhagen et ai, 1998) 



2. Approach 

The presented work is a follow-up of the potato production and zoning study performed in 1991 by 
Stol et al. The simulation model as used by Stol et al. (1991) was linked to a GIS environment. Updated 
global data sets and regional data sets were used which allowed a more detailed analysis. In fact, two 
separate, but closely related studies were carried out: 
1. An updated definition of agro-ecosystems for potato on a global scale using recent data sets on 

soil and climate. Henceforward we refer to this study as the 'Global study'. 
2. A more detailed additional study for two regions: South Asia and Indonesia. In this study, a more 

precised climatic characterisation was presented using regional data sets, and details on potato 
quality were included. Henceforward we refer to this study as the 'Regional study'. 

2.1 Database 

2.1.1 Climatic data 

Global weather data set 

Both for the global study and the regional study, we used long-term weather data from two sources. 
Leemans & Cramer (1991) published a 30 x 30 arc minutes pixel grid on a global scale with long-term 
average monthly data of cloudiness, temperature and precipitation. The degree of cloudiness was used 
to calculate solar radiation. As the model uses daily data as input, we needed to interpolate the monthly 
averages. For radiation and temperature this was a straight-forward procedure. For the distribution of 
precipitation an intermediate step was needed in the statistical distribution of the monthly total rainfall 
over the total number of days that it rained. These rainy days, however, are not mentioned in the data
bases of Leemans & Cramer (1991). Therefore they were derived from the number of rainy days of 
1272 meteorological stations compiled by Müller (1996) and subsequently translated to the 30 x 30' grid. 

Global soil data set 

The water availability used in the global study is based on the FAO soil map published on CD-ROM 
(FAO, 1996). This map classifies the soil types of the world based on a pixel grid of 5 x 5 arc minutes. 
We used three texture classes to determine the water holding capacity of the soil. Even within the small 
5 x 5 arc minute pixel several soil types may be present. Therefore water-limited yield was calculated 
using weather data from the 30 x 30 grid as a weighted average based on the relative proportion of each 
soil type per 5 x 5 pixel. 

Regional data set 

For the regional study, for the regions South Asia and Indonesia, we used additional information from 
the METEO database of Plant Research International. This contains two sources: first, the long-term 
Climatic Data from the FAOCLIM Global Weather Database (FAO, 1990); second: the Handbuch 
ausgewählter Klimastationen der Erde (Müller, 1987). 



2.1.2 Elevation data 

For the regional study, we used also the digital elevation model (DEM) GTOPO30, resulting from a col
laborative effort led by the staff at the U.S. Geological Survey's EROS Data Center in Sioux Falls, 
South Dakota, see Figures 1 and 2. Elevations in GTOPO30 are regularly spaced at 30 arc seconds 
(approximately 1 kilometre). 
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Figure 1. Elevation data Indonesia (meters above sea level). 
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Figure 2. Elevation data South Asia (meters above sea level). 



2.2 Methodology 
To allow comparison between the present study and the study of Stol et al (1991), we tried to use the 
same simple crop growth model as in 1991 as integrally as possible; for a detailed description of the 
model we refer to Stol et al. (1991). Some adaptations, however, were needed; these are presented 
below. 

2.2.1 Temperature tolerance levels for potato 

Stol et al (1991) defined the temperature window suited for potato growth as the period in which the 
daily minimum temperature is higher than 5°C and the daily maximum temperature is lower than 28°C. 
In the present study, these thresholds could not be used, as the new global dataset only contains daily 
mean temperature values and not the necessary daily minimum and maximum temperature vJues. 

For this reason, in the agroecological zone study potato production was defined between a lower 
threshold of an average temperature of 5 °C and an upper threshold of an average temperature of 
21°C. This selection was made via an iterative process using expert judgement of potato producing 
regions in the world. Next, in the ideotyping approach as part of the regional study, the same temperature 
window was used as a reference. 

In the regional study the effect of relaxing the upper temperature threshold on the growing season was 
explored using three upper temperature limits: 21, 24 and 27°C, the lower temperature threshold 
remained 5°C. The regional study focuses on tropical areas, hence loosening of the lower temperature 
thresholds was not considered. 

A certain amount of heat expressed in accumulated temperature (a temperature sum in day-degrees, 
d °C) is required to complete a growing season. The required temperature sum may vary strongly 
among varieties. Based on earlier work (van Keulen & Stol, 1995; Haverkort, 1990) the minimum 
threshold for the temperature sum, both in the global study and in the regional study, was set at 1250 and 
the maximum at 2000, with a base temperature of 2°C. 

2.2.2 Temperature-dependent LUE 

In the previous study (Stol et al, 1991), Light Use Efficiency (LUE) was not dependent on temperature. 
Now we accounted for this based on present ecophysiological knowledge2 (Kooman & Haverkort, 
1995). The base value of LUE is multiplied by a reduction factor TF, the value of which depends on 
the daily mean temperature as shown in Figure 3. 

2.2.3 Start of simulations under water-limited conditions 

In the previous study (Stol et al, 1991), soil water balances were calculated from eighty days before 
planting onward. In the present study we started running on the day of planting with a soil water con
tent of 80% of field capacity. This is based on the assumption that farmers after winter or after a dry 
period plant as soon as the field is neither too dry nor too wet. Obviously the model will make mistakes 
for areas where it never rains such as in deserts where 80% of field capacity will not be reached. 

Kooman (1995) also quantified a relationship between solar radiation and LUE but within the time frame available we could not include 
this in the present study. However, in a follow-up for potato this relationship can be quantified as follows (after Marcel van Oijen): 
LUE = LUE7 * EXP(-KST*PAR - 7) 
Where LUE7 = LUE (g MJ-' ) at average radiation levels in temperate climates (about 7 MJ nv2 d ') 
PARAM LUE7 = 3 
KST = extinction coefficient 
PARAM KST = 0.056 
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2.2.4 Texture class and moisture availability 

In the present study we only used texture classes to calculate the water holding capacity of the soil. 
As the FAO soil map only distinguishes three major soil texture classes, we took the data from these 
three classes from Stol et al. 1991 (Table 1). 

Figure 3. Reduction factor TF (see text) versus daily mean temperature. This factor accounts for the effect of 
temperature on LUE (light use efficiency). (Kooman & Haverkort, 1995). 

Table 1. Volumetric water content at field capacity and wilting point, and water holding capacity (cm m'). 

Water characteristic 
Soil type 

Coarse Medium Fine 

Field capacity 
Permanent wilting point 
Water holding capacity 

13 
4 
9 

32 
10 
22 

54 
44 
10 

2.3 Additional details for the regional study 
For the regional study two regions are selected. The first region is South Asia, comprising the following 
countries: Bhutan, Bangladesh, India, Nepal and Pakistan; the second region is the Indonesian archi
pelago. Two approaches are followed. The first approach uses the global climatic data sets (as pre
sented above) as basis for sensitivity analysis and ideotyping. 

In the first approach of the regional study, the effect of upper temperature threshold on the growing 
season is explored. As already specified before, three upper temperature limits are used: 21, 24 and 
27°C, the lower temperature threshold remains 5°C. The temperature requirement expressed in day-
degrees (d °C) determines the growth cycle of the cultivar. The upper threshold value is increased with 
steps of 200 d °C to a maximum of 2400 d °C to explore the effect on the growth cycle and potential 
spatial distribution of the cultivar. 



Based on the selection of temperature thresholds and temperature sums the following types are studied 
(Table 2). 

Table 2. Selected cultivar types. 

Maximum temperature threshold (°C) 
Length of maximum growing season (d °C) 

Reference (2000) Medium (2200) Long (2400) 

Reference (21) x x x 
Warm tolerant (24) x x x 
Heat tolerant (27) x x x 

For all types the following minimum thresholds are used: an average temperature of 5 °C and a length 
of growing season of 1250 d C. 

The second approach of the regional study uses regional weather station data for a precised zonation of 
current potato cultivars. For this approach, data from regional weather stations were taken as a refer
ence. In this regional data set, information on daily minimum temperatures and maximum temperatures 
was available; this allowed quantification of the relation between maximum temperatures and average 
temperature for each separate region. Next, this quantification was combined with the elevation data 
set and with data on quality in a calculation procedure. 

2.4 Calculation procedure 

2.4.1 Global data set 

Using the threshold values defined above, the end of the growing season and the temperature sum for 
each type are calculated using the routines described in Appendix II. 

Only when the temperatures requirements are met and the period is long enough to fit the minimum 
temperature sum (in all cases 1250 d °C) one or more growing season(s), to a maximum of three sea
son^), is/are defined. For the definition of each growing season the maximum temperature sum is the 
starting point of the calculation procedure; the minimum temperature sum is the lowest suited alterna
tive. Note that the growing season is calculated for a 365 days cycle, so three harvests in 365 days does 
not automatically mean that there are three growing seasons within one calendar year. 

For each season the end of the growing season and the total temperature sum are presented. 

The results are presented on maps, each pixel representing an area of 0.5 x 0.5 arc degrees. 

2.4.2 Regional data set 

The regional data set is only used in the regional study. From the available stations in the regional data set 
the relation between the yearly average of maximum temperature, average temperature and minimum 
temperature, versus the altitude was established. 
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2.4.3 Quality 

For the regional study, two simple relations between environment and potato quality were derived from 
Haverkort & Harris (1987). First: the dry matter content of tubers diminishes by 0.446% per °C tem
perature increase; second: the number of rubers per plant increases by 1.68 tuber per °C temperature 
increase. Base values were defined as 20% dry matter and 12 tubers, at 14 °C. These relations were 
linked to the relation between temperature and elevation derived from the regional data set. 

2.4.4 Elevation 

Three altitude levels were defined: low (< 650 m), medium (650-3000 m) and high (> 3000 m). 
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3. Results and discussion 

3.1 Global study: Agroecological zoning 
The calculations are shown here for the main potato season only. Where a second season is feasible, 
such as in the tropical highlands associated with the rainy seasons and in Mediterranean climates where 
a spring and an autumn crop can be grown, the results of the main season are depicted in the maps. 
Yields are represented as dry matter tons per hectare. Appendix I shows some statistics per region such 
as mean values, variance and skewness of distribution. 

The following maps have been constructed: 

South America: 
North America: 
North America: 
Meso America: 
Europe: 
Africa: 
Asia: 
Indonesia: 

potential yields and water-limited yields (Fig- 4) 
potential yields and water-limited yields (Fig- 5) 
Distribution of potato production in 1899, 1949 and 1990 (Fig. 6) 
water-limited yields (Fig. 7) 
potential yields and water-limited yields (Fig. 8) 
potential yields and water-limited yields (Fig. 9) 
potential yields and water-limited yields (Fig. 10) 
water-limited yields (Fig-H) 

3.1.1 Comments per region 

South America 

The Andean ecoregion, gene centre and origin of the potato, clearly has the highest potential yields of 
South America. In that area the highest yields are found well off the equator where the days are rela
tively long and cloudless assuring high levels of solar radiation. This area also coincides with very low 
yields when not irrigated because of the desert conditions prevailing here. The highest water-limited 
yields are encountered in the equatorial area of the Andies and the Mediterranean climate part of 
Argentina where winters are cool and rainy. In the potential production map the highest part of the 
Andean mountain range appears to be too cold to grow potatoes (Fig. 4). 
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Figure 4. Calculated potential (left) and water-limited (right) potato yield for South America. 


