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Abstract 
Quinoa is a very important food crop in the Andes, recently attracting attention because of its 

high nutritional value and strong growth potential under harsh conditions. In order to be able to 

formulate guidelines for on farm management and to increase the nowadays marginal yields, the 

agroclimatology of the Bolivian altiplano was studied and the Ky approach for regional quinoa 

yield simulations (Doorenbos & Kassam, 1979; Kipkorir, 2002) was tested in this research.   
 

Mean monthly reference evapotranspiration (ET0) was estimated with the FAO-Penman-

Monteith equation on basis of minimum and maximum temperature data for 18 altiplano 

meteorological stations and subsequently interpolated in a GIS environment. ET0 values clearly 

increase from north to south-west. The analysis of the onset of the rainy season was focused on 

the selection of a ready-to-use field criterion. Different criteria were tested with by simulating the 

soil water balance for quinoa with the software package BUDGET (Raes, 2003) for 5 locations in 

the Bolivian altiplano. The criteria were evaluated on basis of the relative transpiration (Ta/Tpot) 

in the first 30 growing days and during the complete growing season. A newly developed onset 

criterion (cumulative rainfall amount of 28 mm in 4 days) is selected, although differences 

between criteria were only significant in northern locations. On average, the rainy season starts at 

the beginning of November in the northern altiplano and at the end of November in the 

southern part. The combination of the onset dates with cessation dates and subsequent frequency 

analyses yielded continuous length of growing period (LGP) maps, which show a clear decreasing 

trend towards the south-west. An agronomical dry spell analysis with the model BUDGET 

indicated a very high water input efficiency (WIE; ETa/P) for quinoa in the altiplano and a very 

low rainy season quality (seasonal ETa/ETc) with a decreasing north to south-west trend. Dry 

spells during the flowering and yield formation stage were the main causes of yield loss (30 to 70 

% relative yield loss). Combination of the LGP, the seasonal relative evapotranspiration for 

quinoa and frost risk as indicators yielded a GIS based, ready-to-query, agronomical suitability 

library for quinoa in the Bolivian altiplano.  
 

In the second part of this research, the performance of the adapted multiplicative Ky approach in 

combination with the soil water balance model BUDGET to simulate regional quinoa yields was 

assessed. With the Ky approach, relative yields are estimated on basis of plant water stress 

through a so-called yield response factor. With crop characteristics provided mainly by Garcia 

(2003), 23 quinoa cropping years were simulated for Patacamaya and compared with observed 

yield data. Initial model runs gave unsatisfying results. The introduction of a lumped correction 

factor on the LAI in the model to reduce the potential transpiration (Tpot) when plants suffer 

from water stress, gave significantly better, though unsatisfying results. This might be the result 

of a poor reference base (regional yields versus point climatic input date), or extraordinary quinoa 
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crop characteristics. It seems that a certain base yield is always guaranteed thanks to the ample 

drought resistance mechanisms of quinoa. By selecting a relatively low factor for LAI adjustment 

and by assuming a base yield of 0.4 ton/ha, the response of quinoa to water stress could be 

relatively well simulated.  

In order to increase quinoa yields under the harsh growing conditions of the Bolivian altiplano, 

where water supply is limited, deficit irrigation will be a valid option. To be able to give 

management guidelines for this practice, a dynamic and crop specific modeling approach is 

required. 

_____________________________________________________________________ 
Keywords: Quinoa, Chenopodium quinoa Willd., altiplano, Bolivia, agroclimatology, onset of the rainy season, 

dry spell, agronomical suitability mapping, water productivity modeling, yield response factor, Ky approach, 

BUDGET. 
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1 Introduction 
Quinoa is an important food crop in the Andes for thousands of years (Jacobsen, 2003). 

The renewed interest in this crop is among others due to its high nutritional value and its 

strong growth potential under the extreme conditions of drought, frost and soil salinity 

(Jacobsen & Mujica, 1999). The harsh crop growth conditions in the Bolivian altiplano 

nevertheless still cause important productivity restraints for this crop (Garcia, 2003; 

Garreaud et al., 2003).  
 

The general hypothesis is that a sound and detailed agroclimatic database for quinoa in 

the Bolivian altiplano, together with accurate crop specific water productivity modeling 

will be helpful for the formulation of on-farm advice. As such, crop yields might increase 

in a sustainable way.  
 

The objective of this thesis research is to 

 Develop decision criteria for planting dates of quinoa throughout the Bolivian 

altiplano with the help of soil water balance simulations.  

 Assess agroclimatic growth limiting factors for quinoa like reference 

evapotranspiration, length of growing period, dry spells and frost risk, with the help 

of a water balance model. 

 Summarize the agroclimatic information in a ready-to-query GIS database. 

 Model seasonal rainfed quinoa yields with the adapted, multiplicative Ky approach 

(Doorenbos & Kassam, 1979; Kipkorir, 2002) and the soil water balance model 

BUDGET (Raes, 2003) and study ameliorations for this yield modeling approach.  
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The possible benefits of the research can be summarized as follows: 

 Optimal planting dates can assist decision makers in timing of farm operations and 

the choice of cultivars. A quinoa productivity increase can be the consequence of the 

reduced risk of planting too early or too late.  

 Spatially covering agroclimatic information (GIS) for quinoa, is a useful tool for local 

risk assessments and cultivar selection. Future regional yield modeling can be done 

with this database as continuous modeling input.  

 Yield modeling for quinoa can give insights in critical crop growth stages for a crop 

that is supposed to increase food security in the Andean region in the 21st century.  

 With accurate yield modeling, good on farm guidelines for deficit irrigation of quinoa 

can be developed in the future, which can increase the nowadays marginal yields.  
 

General structure of the thesis 

 The thesis starts with a brief overview of the Bolivian altiplano and the crop quinoa 

(Chenopodium quinoa Willd.).  

 In the next chapter, the analysis of the onset of the rainy season will be a major 

monograph. Furthermore, spatially covering reference evapotranspiration, frost risk 

and dry spell analyses will be carried out. In a conclusive paragraph, all the derived 

agroclimatic information is summarized in a quinoa suitability map for the Bolivian 

altiplano.  

 The chapter on quinoa yield modeling assesses the performance of the multiplicative 

Ky approach to yield modeling (Doorenbos & Kassam, 1979; Kipkorir, 2002) in 

combination with the soil water balance model BUDGET (Raes, 2003) to model 

regional quinoa yields. A correction factor on the LAI is introduced and tested upon 

its effectiveness.  

 Future research recommendations are presented in chapter 5.  

 Conclusions and advices are formulated in a last chapter.  
 

Most of the statistics in this thesis are done with the SPSS statistical software package. 

Spreadsheet based research is done in Microsoft excel. The GIS used is ArcView with the 

extensions Spatial Analyst and Areal Rain. The DIVA GIS is used in a few cases, mostly 

for data acquisition (CIP, 2002). Frequency analyses are performed with the RAINBOW 

software package (Raes et al., 1996) and water balance simulations and yield modeling 

with BUDGET (Raes, 2003). 
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2 General study characteristics 
2.1 The Bolivian altiplano 

The Bolivian altiplano is a vast basin lying between the Royal Cordillera and the Western 

Cordillera. It is a series of plateaus, whose altitudes vary from 3700 to 4100 m, and a 

secondary mountain range whose summits can reach up to 5000 m. The altiplano covers 

an area of nearly 100 000 km² and is home to over a quarter of the rural population of 

Bolivia (Vacher, 1998; Garcia, 1999). Since pre-colonial times, this region is the most 

important agricultural zone in Bolivia although climate and soil types put severe 

constraints on crop production in this area. Bolivia itself has a Human Development 

Index (HDI) of 0.584 on a scale of 0 to 1, which is the lowest value for Southern 

America (UNDP, 1996). Figure 2-1 gives the location and the topography of the Bolivian 

altiplano. Figure 3-1 presents the altiplano topography in more detail.  
 

The behavior of rainfall in the altiplano is monomodal, concentrated in the Austral 

summer months October to April. The three main climatic factors influencing the rainy 

season are the Inter Tropical Convergence Zone (ITCZ), the presence of Lake Titicaca 

and the El Niño Southern Oscillation (ENSO). The ENSO causes huge interannual 

rainfall and evapotranspiration differences, which puts an extra risk on crop production 

(Vuille, 1999; Garreaud et al., 2003).  

 



 

 4

 

Figure 2-1: Location and topography of the Bolivian altiplano (adapted from CIP, 2002) 

 

Figure 2-2 presents an interpolated map of the mean annual rainfall in the Bolivian 

altiplano. The interpolation was done in ArcView and is based on 36 meteorological 

stations, each with an average data record of about 30 years (Box 3-1). Note the point 

anomalies in the total rainfall map, indicating possible problems in the estimation of 

regional yields based on meteorological point data (chapter 4). The decreasing mean 

annual rainfall from north to south-west is clear from this figure. Figure 2-3 indicates the 

poor quality of the rainy season in the Bolivian altiplano. The main part of the rainy 

season occurs in the months December to March. Monthly rainfall almost never reaches 

monthly evapotranspiration. Detailed agroclimatic information will be derived in chapter 

3.  

 

Elevation (m) 
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Figure 2-2: Average yearly rainfall in the Bolivian altiplano.  

 

Apart from the low and irregular (as well spatially as temporarily) rainfall amounts, frost 

is also an important constraint for agricultural production in the altiplano (Vacher, 1998). 

Given that also the soils are often shallow, highly saline and have a low water retaining 

capacity (FAO, 1997), the altiplano proves to be a very harsh crop production 

environment.  
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Salinas de G. Mendoza 

Figure 2-3: Mean monthly ET0 (line) and precipitation (bars) for a northern (El Belen), 

central (Patacamaya) and southern (Salinas de G. Mendoza) altiplano location 

 

2.2 Quinoa: a crop with extraordinary growth potential 
Quinoa (Chenopodium quinoa Willd.) is a traditional Andean pseudocereal increasingly 

attracting attention because of its adaptability to unfavorable soil and climatic conditions. 

It has been cultivated in the Peruvian and Bolivian Andes for more than 7000 years 

(Garcia, 1999). Quinoa has a very high nutritional value. Apart from the high protein 

content, the grains are also rich in vitamins and minerals. The crop has been selected by 

the FAO as one of the main crops to play a major role in assuring food security in the 

21st century because of this high nutritional value and its extreme resistance to adverse 

climatic conditions. The great potential of this crop has not yet been fully exploited, 

mainly because of the lack of research on sustainable cropping systems and on 

management of biotic and abiotic constraints to production (Jacobsen et al., 2003). A 

water productivity model for quinoa would permit to do scenario analyses and study 
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sustainable ways to increase the production, e.g. by means of deficit irrigation (Garcia, 

2003).  
 

Several mechanisms related to drought resistance seem to be present in quinoa, including 

drought escape, tolerance and avoidance. Drought escape appears as a prolongation of 

the growth cycle as a response to droughts in early vegetative stages and as an early 

maturing in response to drought stress in later growth stages (Jacobsen & Mujica, 1999; 

Jacobsen et al., 2003). Quinoa tolerates drought mainly through tissue elasticity and low 

osmotic potential. The plant also avoids negative effects of drought through its (variably) 

deep dense root system, reduction of its leaf area by leaf dropping, special vesicular 

glands, small and thick walled cells preserving turgor even at severe water losses and 

dynamic stomatal behavior (Jensen et al., 2000). Although quinoa performs such a wide 

variety of drought resistance mechanisms, lower grain yields are mostly reported due to 

water stress, except for moderate droughts in initial growth phases which provoke a 

certain hardening (Bosque Sanchez et al., 2003). In this way, minor water applications 

during sensitive growth stages can increase yields significantly (Garcia, 2003).  
 

Quinoa has demonstrated the ability to accumulate salt ions in its tissues in order to 

control and adjust leaf water potential. This enables the plants to maintain cell turgor and 

limit transpiration under saline conditions, avoiding physiological damage from drought 

and thus potential death (Jacobsen et al., 2000; Jacobsen et al., 2003). There are significant 

differences in salt tolerance among different cultivars. It is demonstrated that for most of 

the cultivars, production is higher under moderately saline conditions than under non 

saline conditions, indicating that quinoa can be classified as a facultative halophyte 

(Bosque Sanchez et al., 2003).  
 

Special cell characteristics make that quinoa tolerates ice formation in the cell walls and 

the subsequent dehydration of the cells without suffering irreversible damage up to a 

certain extent. Moreover, a high content of soluble sugars also implies extra frost 

tolerance through a significant reduction in freezing temperature and mean lethal 

temperature (Jacobsen et al., 2003). When comparing sensitivity to frost in different 

growth phases, quinoa is most vulnerable during the flowering stage, which was also true 

for drought stress.  
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Figure 2-4 depicts an average cropping cycle for quinoa with an indication of what is 

defined as the sensitive window (SW) in this study. Possible large differences between 

cultivars should be kept in mind. 

 
Crop cycle (160 days) 

Initial 
(15) 

Crop development  
(50) 

Mid-season  
(50) 

Late season  
(45) 

Establ. 
(15) 

Early vegetative 
(25) 

Late vegetative 
(25) 

Flowering  
(40) 

Yield formation 
(35) 

Ripening 
(20) 

   SENSITIVE WINDOW  

 1 15 40 65 105 140 160 
       

Figure 2-4: Average cropping cycle of quinoa in the Bolivian altiplano (adapted from 

Garcia, 2003) 
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3 Agroclimatic study for quinoa 
3.1 Introduction 

The altiplano is one of the least favored production environments in the Andes. Drought 

and low temperatures combined with the low natural fertility often result in poor yields. 

Together with potato, quinoa is the main crop cultivated under rainfed conditions 

(Garcia, 2003). Given the importance of the climatic pattern for agriculture, reference 

evapotranspiration, seasonal rainfall regime and other agricultural risks are assessed in 

this chapter with a special focus on the crop quinoa.  
 

Mean monthly rainfall and mean monthly minimum and maximum temperatures were 

available for respectively 36 and 18 meteorological stations in the Bolivian altiplano. For 

five of them (Table 3-1), also daily rainfall data were available.  Their location is indicated 

in figure 3-1 on a generated topographic map of the Bolivian altiplano. Garcia (2003) 

proved that the daily rainfall records didn’t show any significant trends (inhomogeneities) 

in time.  

Table 3-1: Geographic location of the analyzed stations in the Bolivian altiplano 

Station Latitude  Longitude Altitude 
(m.a.s.l.) 

Data 
availability 

El Belen 16°04’ S 68°40’ W 3820 1949-1999 
Viacha Basica 16°41’ S 68°18’ W 3830 1965-1999 
Patacamaya 17°15’ S 67°57’ W 3789 1945-1999 
Oruro 17°58’ S 67°05’ W 3708 1943-1990 
Salinas de G. 
Mendoza 

19°38’ S 67°41’ W 3680 1947-1985 
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Figure 3-1: Location of the 5 discussed meteorological locations (adapted from CIP, 2002) 

 

3.2 Methodology 

3.2.1 Reference evapotranspiration 

In this paragraph, mean monthly reference evapotranspiration (ET0) is calculated for 18 

meteorological stations on basis of mean monthly minimum and maximum temperature 

data. The calculated ET0 values were entered and interpolated in the GIS package 

ArcView to generate continuous ET0 maps for the Bolivian altiplano (Box 3-1). 
 

Reference evapotranspiration (ET0) is a very important agroclimatic factor when 

considering soil water balances and crop water productivity. Evapotranspiration is the 

quantity of water lost by a soil through soil evaporation (E) and crop transpiration (T) 

during a certain period of time [mm/day]. Reference evapotranspiration is the 



 

 11

evapotranspiration from a well watered vegetative reference cover without any 

nutritional, physiological or pathological limitations. In this way, ET0 only reflects 

climatic parameters.  
 

Using a crop coefficient Kc, crop specific water requirements or crop evapotranspiration 

(ETc) can be calculated. This is a key element in the soil water balance model BUDGET 

(§3.2.2.3): 
 

0cc ETKET *=  [mm/day] Eq. 3-1

 

The standard calculation method for ET0 is the FAO Penman-Monteith method (Allen et 

al., 1998). This calculation procedure was validated for the Bolivian altiplano during the 

growing season by Garcia (2003) and Garcia et al. (2004). It was the first validation of this 

calculation procedure for high altitudes (4000 m.a.s.l.).  
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Eq. 3-2

With: 

 Rn net radiation at the crop surface [MJ m-2 day-1] 
 G soil heat flux density [MJ m-2 day-1] 
 Tmean mean daily air temperature at 2 m height [°C] 
 u2 wind speed at 2 m height [m s-1] 
 es saturation vapor pressure [kPa] 
 ea actual vapor pressure [kPa] 
 es-ea saturation vapor pressure deficit [kPa] 
 ∆ slope of the vapor pressure curve [kPa °C-1] 
 γ psychrometric constant [kPa °C-1] 
 

Necessary inputs are solar radiation, minimum and maximum temperature, air humidity 

and wind speed. Nevertheless, Allen et al. (1998) presented useful methods to estimate 

ET0 on basis of limited input data. The most severe case, faced in this study, is that only 

Tmin and Tmax are available. In this case, all the inputs are estimated on basis of Tmin and 

Tmax. The exact calculation procedure for this situation can be found in Allen et al., 1998 

(p.58-64) . In summary, it can be said that 

 Average windspeed u2 is empirically estimated at 2 m/s.  

 Solar radiation is estimated by the Hargreaves radiation formula linking it to 

extraterrestrial radiation using the temperature difference (Allen et al. 1998; p.60). 

 Saturated vapor pressure (es) is estimated on basis of Tmin and Tmax,  
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 Dewpoint temperature (Tdew) is estimated by Tmin to calculate the actual vapor 

pressure (ea).  
 

Garcia (2003) reported that Tdew was well approximated by Tmin during the growing 

period for northern locations in Bolivia. In Southern locations though, Tdew was on 

average 3°C lower than Tmin (Garcia et al., 2004). This possible irregularity for ET0 

estimations on basis of limited data was also reported by Allen et al. (1998) for dryer 

regions were the air might not be saturated when its temperature is at minimum. In the 

developed calculation spreadsheets, the correction [Tdew = Tmin-3°C] was therefore 

applied for locations with a latitude of 17°15’ or more South (estimated limit on basis of 

Garcia (2003), chapter 3).  
 

The Penman-Monteith ET0 calculation technique was performed in spreadsheets 

together with the above mentioned techniques to estimate missing meteorological data. 

The mean monthly ET0 values for the main growing season months (October until April) 

were then entered in the GIS package ArcView. They were spatially interpolated using an 

Inverse Distance Weigthed technique with 6 neighbours (IDW). The scientifically more 

correct Splines interpolation technique performed severe undershoots and was therefore 

not retained in this case. Only for the more densely monitored northern part of the 

altiplano, the Splines technique could be applied for future research (Geerts, 2004; 

external investigation; Box 3-1).  
 

From the calculated mean monthly reference evapotranspiration, mean 10-day values can 

be estimated as follows (Gommes, 1983): 
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Eq. 3-3
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Eq. 3-4
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Eq. 3-5

 

In the soil water balance model BUDGET (Raes, 2003) these 10-day averaged estimates 

are further interpolated to obtain daily estimates with a procedure presented by Gommes 

(1983) 
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Box 3-1: Climatic interpolation techniques in GIS (Geerts, 2004) 

 

In generating continuous climatic data from point observations and calculations, the 

performance of the interpolation techniques is of key importance for the correctness of 

the predicted values in unsampled areas.  
 

From the DIVA GIS package (CIP, 2002), different high resolution maps of Bolivia were 

imported in ArcView (30 arc seconds, 0.82 km² cell size). Mean monthly rainfall data of 

36 altiplano meteorological stations were subsequently entered as point themes. To test 

the quality of interpolation methods, 8 stations were stratified randomly left out and the 

interpolation was done on basis of 28 stations. In the 8 omitted points, predicted and 

observed rainfall was compared for the different interpolations. The following four 

interpolation methods were studied.  

Inverse distance weighted (IDW) 

The value at an unsampled point is approximated as a weighted average of values at 

points within a certain cut-off distance or from a number of m of the closest points. 

Values are weighted according to the mutual distance between the sampled and 

unsampled point.  

Splines 

This technique is based on the assumption that the interpolation function should pass 

through the data points and at the same time should be as smooth as possible. A 

piecewise polynomial is used to provide a series of patches resulting in a surface that has 

continuous first and second derivatives.  

Arealrain.avx (Thiessen polygons) 

This Arcview extension is based on Thiessen polygonning. Thiessen 

polygons define individual areas of influence around each 

observation point in a way that the polygon boundaries are 

equidistant from the neighboring points. The value in the central 

observation point is then assigned to the complete polygon. This 

technique is especially suitable for minima and maxima 

interpolations and the calculation of areal averages. In the latter 

case, each value is weighed according to the size of its Thiessen 

polygon. 
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DIVA GIS intern interpolation (CIP, 2002) 

This GIS package has an intern climatic interpolation method, namely trivariate splines 

with high tension. The Andean topography is used as a third influencing variable, 

together with the rainfall and the atmospheric circulations. This technique is a black box 

in the package and not transferable to other GIS packages.  

 

Testing of the interpolation techniques indicated the relatively good quality of all the 

techniques. Goodness of fit R² values were 0.921, 0.922, 0.888 and 0.931 for the IDW, 

Splines, Thiessen and DIVA interpolation techniques respectively. Splines interpolation 

showed severe undershoots in areas with a relatively low sample density. The IDW 

performed better in these areas. The DIVA interpolation is an internal, non transferable 

technique and was therefore not selected. The Splines technique was used in case of 

relatively equally distributed sample points, otherwise the IDW technique was preferred 

to interpolate climatic data in this study.  
 

3.2.2 Onset of the rainy season for quinoa  

Rainfed agriculture is mainly affected by the behavior of seasonal rainfall. The exact 

timing of sowing and the selection of varieties with proper growing season length can 

increase rainfed productivity a lot (Stewart, 1990). Up till now, quinoa production in the 

Bolivian altiplano was mainly rainfed. Although this crop presents a lot of defense 

mechanisms to avoid and survive water stress, a proper growing season analysis can give 

guidelines to increase its yields substantially. Timing of fertilizer application, pest or 

disease control and post harvest activities also require a good knowledge of the seasonal 

rainy season pattern (Sithole, 2003).  
 

This chapter deals with the selection of a sound on site criterion to determine the onset 

of the rainy season. This investigation is done with a soil water balance model to 

guarantee optimal use of soil moisture. With the selected criterion, regional onset dates 

can be determined and advised to farmers. Determination of the cessation of the rainy 

season and combining this with the onset analysis permitted to estimate the Length of 

Growing Period (LGP) for different locations. The meteorological stations for which the 

onset criteria were tested and the length of their daily rainfall records can be found in 

table 3-1. Figure 3-2 gives a summary of the applied methodology for the complete 

growing season analysis.  



 

 15

 

Figure 3-2: Flowchart of the performed onset and LGP analysis  

 

Selection of best 
onset criterion 

Frequency analysis on 
cessation dates 
(RAINBOW) 

Determination of LGP, 
frequency analysis and 

GIS interpolation 

Defining onset search 
windows (probability 

on a wet day) 

Selection of 8 onset 
criteria  

(5 existing; 3 new) 

Determination of 
cessation dates 

(Stern et al., 1982) 

Onset dates according to 8 
criteria for 5 meteorological 

stations (spreadsheets) 

Water balance simulations with 
BUDGET for quinoa with 

sowing dates provided by the 
different criteria 

Quinoa crop data 

Soil information 

ET0 data 

Daily rainfall 

REGIONAL 

GUIDELINES

Evaluation of the onset criteria on 
basis of mean Tact/Tpot during the 

first 30 growing days and during the 
complete growing season 

Frequency analysis on the 
onset dates provided by this 

criterion (RAINBOW) 



 

 16

3.2.2.1 Evaluated onset criteria 

All the criteria investigated in this chapter are real time onset criteria. This means that no 

extra rule for false starts is added (e.g. no dry spell longer than 8 days in the 30 days 

following the onset). These kinds of criteria are only useful for retrospective analysis. In 

this study, it is attempted to select a sound criterion that can be used during the year to 

decide on which day quinoa should be sown to guarantee a high probability on a proper 

germination and initial survival of the crop. The evaluated onset criteria are all based on a 

cumulative amount of rainfall that should be met in a certain time period. Table 3-2 

presents the eight onset criteria tested in this study.  

Table 3-2: Specifications of the evaluated onset criteria 

Criterion ID Cumulative rainfall 
(mm) 

Period 
(days) 

Author  

Crit1 30 10 Stewart (1990) 
Crit2 20 7 Sivakumar (1988) 
Crit3 20 3 Stern et al. (1982) 
Crit4 20 2 Davey et al. (1976) 
Crit5 >1/2 (ET0 ,10day) 10 FAO 
Crit6 28 4 New 
Crit7  22 4 New 
Crit8 18 4 New 
 

Onset criterion 6, 7 and 8 are developed in this study and based on a simple water 

balance calculation for soils in the Bolvian altiplano. The methodology for this criterion 

development is adapted from Sithole (2003) and Raes et al. (2004). From the integration 

of the digital soil maps of FAO (1997) in the GIS package ArcView, predominant 

textural soil classes for the Bolivian altiplano were deduced. Most of the soils belong to 

textural class II and III, being medium and fine textured soils. Necessary cumulative 

precipitation to achieve a filling of the soil’s TAW (for the top 0.20 m topsoil) is 31 mm 

on average for these soils (Table 3-3). Incorporating a 20% estimate for ineffective 

rainfall (run off & direct evaporation), this becomes 37 mm (Pcumul, adj).  
 

For criterion 7, the necessary cumulative precipitation quantity is arbitrarily taken as 60% 

of the cumulative precipitation amount to fill the topsoil’s TAW, i.e. 22 mm. For 

criterion 6, the cumulative precipitation amount is taken as 75% of the topsoil’s TAW 

which is 28 mm. The cumulative precipitation quantity for criterion 8 is arbitrarily set at 

18 mm, which is 50% of the cumulative precipitation to fill the top 20 cm TAW. The 
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hypothesis was that criterion 8 might serve as an onset criterion for dryer regions in the 

altiplano.  
 

Notice that the cumulative water quantities from criteria 6, 7 and 8 all lie above the 

critical soil water content for quinoa in the top soil. Taking a depletion factor for no 

water stress (p) for quinoa of 0.61 (Garcia, 2003) (see also § 4.2.1), the critical soil water 

content in the average altiplano topsoil (20 cm) is:  
 

θcrit = TAW – RAW = TAW – p * TAW = 37 – 0.61 * 37 = 14 mm Eq. 3-6

 

with TAW the total available water content (water content between wilting point and 

field capacity), RAW the readily available water content, θcrit the critical soil water content 

and p the depletion factor for no water stress. Soil water quantities lower than θcrit cause 

plants to start suffering from water stress. In this way, criteria 6, 7 and 8 all assure a 

sowing of quinoa in a topsoil with enough water to prevent the young crops from 

suffering from water stress in the first growing days.  

Table 3-3: Cumulative rainfall required to wet the top 0.2 m of the soil profile 

Textural class TAW  
(mm/m) 

Pcumul (0.2m)  
(mm) 

Pcumul,adj (0.2m) 
(mm) 

Sandy loam 120 24 29 
Loam 160 32 38 
Silt loam 200 40 48 
Silt 240 48 58 
Sandy clay loam 120 24 29 
Clay loam 160 32 38 
Silty clay loam 110 22 26 
Sandy clay 120 24 29 
Silty clay 150 30 36 
Average  31 37 
 

The period during which the cumulative precipitation quantity should be met is set at 4 

days, firstly because rains in the altiplano region are reported to occur in small so-called 

windows (Garreaud et al., 2003) and secondly because a longer accumulation period is 

thought not to be realistic anymore due to large soil evaporation. Sensitivity analysis on 

the rainfall cumulative period revealed that there was no significant difference in onset 

dates between a period of 3 days and a period of 4 days (p<0.01). Changing the rainfall 

cumulative period respectively to 2 or 5 days gave significantly later (9 days on average) 

and earlier (5 days on average) onset dates (p<0.01).  
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To avoid unrealistically early or late onset dates generated by the criteria, a so-called 

search window was defined (Stewart, 1990; Kipkorir, 2002b). Therefore, the probability 

on a wet day (P > 0.3 mm) was first investigated for the 5 meteorological stations. An 

earliest search date of 1 October was applied to avoid fulfilling of a certain criterion due 

to so-called scattered rains before the main part of the growing season (Garcia, 2003; 

Sithole, 2003). The stagnant probability on a wet day before October supports this way 

of proceeding (Figure 3-7).  
 

From paragraph 2.2, it is clear that the flowering and yield formation period are the most 

sensitive stages for quinoa (Ky of respectively 1.1 and 0.85). This sensitive window (SW) 

appears from growing day 65 to 140, ranging over 75 days (Figure 2-4). To determine the 

latest possible onset date for a location, it was arbitrarily decided that growing day 140 

(end of SW) had to have probability of wetness of  at least 20 % for the northern 

locations El Belen and Viacha Basica and 15 % for the more southern locations 

Patacamaya and Oruro. Subtracting 140 from this date in figure 3-7, a latest onset search 

date was obtained. If by that date, an onset of the rainy season was not determined for a 

certain year, quinoa was supposed to be sown after the first rain event (> 5mm) starting 

from this date. Figure 3-3 shows an example of a latest search date determination for 

Viacha Basica. Table 3-4 presents the onset search windows for the different locations. 

For Salinas de G. Mendoza, a solid search window, nor a good onset criterion could be 

deduced due to the extremely dry character of this location. 
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Table 3-4: Onset search windows on basis of the probability on a wet day 

Location 
 

Start of search window End of search window 

El Belen 1st October 28th November 
Viacha Basica 1st October 6th December 
Patacamaya 1st October 1st December 
Oruro 1st October 28th November 
Salinas de G. Mendoza 1st October Too dry 
 

3.2.2.2 Criteria testing 

The presented criteria were tested by means of BUDGET water balance simulations (Raes, 

2003) (next paragraph explains the water balance model in detail). In contrast to Ati et al. 

(2002) and other authors, the criteria evaluation in this study is done in a very crop 

specific way. Using the present knowledge on crop parameters for quinoa, provided 

mainly by Garcia (2003) (see paragraph 4.2.2, Table 4-1 and Table 4-2 for detailed 

information), the complete growing season for quinoa was modeled for a standard loamy 

soil (Table 3-5) for each year in each meteorological station for the onset dates provided 

by the tested criteria.  

Table 3-5: Soil physical characteristics for a standard loamy soil (Raes, 2003) 

θSAT 
(%) 

θFC 
(%) 

θWP 
(%) 

τ 
(-) 

Ksat  
(mm/day) 

46.0 31.0 15.0 0.60 250 
 

Simulations started on the first of September and the initial water content (θini) was set to 

wilting point, realistically representing the soil conditions after the dry season (Garcia, 

2003). The crop cycle was then supposed to start at the onset dates, provided by the 

different criteria. After these simulations, quinoa water stress was compared between 

different onset criteria (Tukey pairwise comparisons). The evaluation rules were the 

average relative transpiration (Ta/Tpot; Trel) for the initial growing period (first 30 growing 

days), the number of years with a false start (Trel, initial < 15%) and average Trel for the 

complete crop cycle (methodology adapted from Sithole (2003) and Raes et al. (2004)).  
 

With the best criterion, onset dates were determined for the different stations and a 

frequency analysis was performed with the RAINBOW software package (Raes et al., 

1996). After testing the type of distribution, the 80, 50 and 20 % probabilities of 

exceedance were used to asses early, mean and late planting dates. Cessation dates were 
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determined with the criterion of Stern et al. (1982) adapted for the Bolivian altiplano 

(Garcia, 2003). The date of cessation was taken as the date starting from 15th March after 

which no rain occurs over a period of 15 days. Combining the onset and cessation dates 

gives information on the length of the growing period (LGP). The generated information 

permitted to formulate regional guidelines for quinoa production in the Bolivian 

altiplano.  

3.2.2.3 The salt and soil water balance model BUDGET (Raes, 2003) 

In the soil water balance model BUDGET (Raes, 1982; 2003), the change of water stored 

in the root zone is determined on a daily basis by keeping track of the incoming 

(precipitation, irrigation) and outgoing (evapotranspiration, deep percolation) water 

fluxes at its boundary. Given the simulated soil water content in the root zone, the crop 

water stress and the corresponding yield decline are subsequently estimated. 

Furthermore, the model can estimate the effect of salt accumulation on crop 

evapotranspiration and therefore on crop yields. Although salinity is a major problem in 

the altiplano region, it falls out of the scope of this study.  
 

The soil water balance calculation consists in multiple subroutines. The estimation of 

surface runoff is based on the curve number method, developed by the US Soil 

Conservation Service (USDA, 1964; Rallison, 1980; Steenhuis et al., 1995).  
 

The infiltration and internal drainage are described by an exponential drainage function 

(Raes, 1982) that takes into account the initial wetness and the drainage characteristics of 

the various soil layers. The drainage function mimics quite realistic the infiltration and 

internal drainage as observed in the field (Raes, 1982; Feyen, 1987; Hess, 1999; Wiyo, 

1999; Barrios Gonzales, 1999; Garcia Cardenas, 2003).  
 

With the help of the dual crop coefficient procedure (Allen et al., 1998), the soil 

evaporation rate and the crop transpiration rate of a well-watered soil is calculated. The 

actual soil evaporation is derived from soil wetness and crop cover (Ritchie, 1972; 

Belmans et al., 1983). The actual uptake by plant roots is described by means of a sink 

term (Feddes et al., 1978; Hoogland et al., 1981; Belmans et al., 1983) that takes into 

account root distribution and soil water content in the soil profile. The effects of water 

logging and water shortage on crop evapotranspiration are described by multiplying the 

crop coefficient by a water stress factor (KS). Under optimal soil water conditions KS is 

equal to one, but when the soil water content in the root zone is above (anaerobiosis 
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point, θair) or below (water stress, θthreshold) a threshold value, the water uptake of crops 

will be affected and KS is smaller than one (Figure 3-4). Water stress will occur when a 

certain amount of the plant extractable water is depleted from the root zone. This 

amount, the so-called readily available soil water (RAW), is expressed as a fraction (p) of 

the total available soil water (TAW, i.e. the amount of water available in the root zone 

between field capacity θFC and wilting point θWP).  

 

 

Figure 3-4: The water stress factor KS at various soil water contents 

The actual solving of the one-dimensional vertical water flow and root water uptake 

equations is done by means of a finite difference technique (Carnahan et al., 1969; Bear, 

1972). A mesh of grid lines with spacing ∆z and ∆t is established throughout the region 

of interest occupied by the independent variables soil depth (z) and time (t). In 

BUDGET the depth increment (∆z) is by default 0.1 m and the time increment (∆t) is 

fixed at one day. The flow equation and water extraction by plant roots is solved for each 

node at different depths zi and time levels ti, so that the dependent variable (the moisture 

content θij) is determined for each node of the solution mesh and for every time step.  
 

Given the simulated water stress during a specific growth stage (1-ETa/ETc), the 

resulting yield depression is estimated by means of the yield response factor Ky 

(Doorenbos & Kassam, 1979). This yield estimation approach is presented in full detail 

in paragraph 4.2.1. 
 

The necessary meteorological input data are daily or 10-day average precipitation data 

and daily, 10-day average or monthly average reference evapotranspiration. During 
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simulation, all these data are transformed into daily data following the procedure of 

Gommes (1983). Important necessary crop information is the crop coefficient Kc for 

different developmental stages, yield response factor(s) for the entire growing season or 

for different sensitivity stages, initial and maximum rooting depth (Zr) and the root zone 

depletion factor for no water stress (p). Necessary soil input information consists in the 

thickness of different layers, soil water content at saturation, field capacity and wilting 

point (θSAT, θFC, θWP), saturated hydraulic conductivity (Ksat) and the drainage 

characteristic τ. For user friendliness, BUDGET contains a complete set of default physical 

soil parameters for different textures.  
 

To conclude, it is clear that the BUDGET model is usable to  

 estimate soil water shortage and plant water stress under rainfed conditions 

 estimate the yield response to water for different crops 

 work out irrigation management schemes 

 to study salt accumulation in the root zone  

 to evaluate irrigation management strategies 

3.2.3 Dry spell analysis 

Water has long been considered to be the main limiting resource for crop growth in 

semi-arid locations throughout the world. Although water is limiting, it is often the 

distribution of water rather than the lack of total seasonal amounts that is affecting crop 

growth and final yields (Monteith, 1991). The uneven seasonal distribution of rainfall 

may expose the crop to a range of mild to severe intra-seasonal dry spells, which may 

subsequently affect the yield adversely.  
 

A meteorological dry spell analysis was performed by Garcia (2003). In that study, the 

probability of occurrence of dry spells during different months of the growing season 

was studied. The length of the investigated dry spells was 3, 6, 9, 12,…, 27, 30 days. 

Results of this study will be briefly summarized under paragraph 3.3.3. 
 

In this thesis, an agronomical dry spell analysis is performed specifically for the crop 

quinoa because actual crop water stress will depend on rainfall partioning, water holding 

capacity of the soil, crop specific water demand, antecedent soil moisture and crop water 

uptake capacity. This requires at least a simple water balance analysis to be done (Barron 
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et al., 2003) and results will permit to give more specific on farm advise compared to the 

general meteorological dry spell analysis. 
 

An agronomical dry spell is defined as a period of consecutive dry days resulting in a soil 

water deficit causing crop water stress (Barron et al., 2003). To simulate soil water 

balances, the model BUDGET is applied. Onset dates were determined with criterion 6 

and the soil water balance for the root zone of quinoa (Table 4-1, Table 4-2) was 

modeled for a standard loamy soil for all the available data years for the 5 investigated 

altiplano stations. For all simulations, seasonal ETa/ETc was determined to have an 

insight in the rainy season quality. Water input efficiency (WIE) was determined as well 

(Purcell, 2002; Barron et al., 2003). WIE is defined as the ratio of the total seasonal actual 

crop evapotranspiration (ETa) to the available seasonal rainfall (Pseason). It is an indicator 

for the water extraction capacities of a certain crop under specified water availabilities. 
 

season

a
P
ET

WIE =  
 

[-] 
 

Eq. 3-7

 

To locate the agronomical dry spell problems in time during the growing season, average 

yield reduction was calculated per sensitivity stage, without considering any cumulative 

effect of yield reductions in different growth stages. An exact indication of problem 

periods during the growing season will help to formulate guidelines for deficit irrigation 

of quinoa in the different altiplano locations. Yield reductions were calculated per growth 

stage using the Ky approach of Doorenbos and Kassam (1979) (Eq. 4-1). This technique 

and its adaptations will be discussed in full detail in the following chapter. Ky factors, 

linking crop water stress (relative evapotranspiration; ETa/ETc) to relative yield were 

provided by Garcia (2003) for each sensitivity stage for quinoa (Table 4-2).  

3.2.4 Frost risk 

Apart from the climatic constraints related to insufficient and irregular rainfall, frost is 

the second important limiting growth factor in the altiplano. Due to the very limited 

amount of daily minimum temperatures, this frost risk study will only be indicative. Daily 

minimum temperature data were available for 6 years for the meteorological stations of 

Viacha Basica and Patacamaya (1987-1992). The probability of a minimum temperature 

lower than 0 °C and -2 °C were plotted for these locations. Frost events close to 0 °C, 

lasting for a shorter time period than 8 hours, are reported to be non damaging to quinoa 

and depending on the phenological stage and the variety, quinoa can even survive 
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temperatures up to -8 °C for about 4 hours (Jacobsen et al., 2003). Like for water stress, 

the flowering stage is the most frost sensitive growth phase for quinoa.  
 

For GIS based frost risk maps, as made by Hijmans (1998), monthly extreme minimum 

(i.e. lowest, absolute) temperatures are required. Maps of frost risk would help to target 

areas where new frost-tolerant cultivars might be adopted. In this study, only mean 

minimum monthly temperature data were available, being of low value for the estimation 

of frost risk. Hijmans (1998) produced among others a probability map for -3 °C events 

in the altiplano for the main growing season months (December to March) based on the 

data of 44 altiplano meteorological stations. The interpolation was done with a thin plate 

spline interpolation, with altitude as extra influencing variable. His results will be 

discussed, together with own daily frost risk information. 

3.2.5 Agronomical suitability mapping for quinoa 

Finally, it was attempted to comprehend the new agroclimatic information generated in 

this study in a clear and well-organized geographical way. Three indicators were used. 

First the interpolated mean length of growing period (LGP) (§ 3.3.2, onset analysis), 

secondly the interpolated average seasonal relative evapotranspiration (ETa/ETc) (§ 3.3.3) 

and thirdly the digitized frost risk information of Hijmans (1998) (§ 3.3.4).  

Table 3-6: Indicators for the quinoa agronomical suitability mapping 

Indicator no. Item Indicator levels Indicator values 
1 Mean LGP 4 (long) > 150 days 
  3 (medium long) 120 – 150 days 
  2 (medium short) 90 – 120 days 
  1 (short) < 90 days 
2 5 (high) > 55 % 
 4 45 – 55 % 
 3 (medium) 35 – 45 % 
 2 25 – 35 % 
 

Average seasonal 
ETa/ETc 

1 (low) < 25 % 
3 3 (low) 0 – 10 % 

(return period > 10 years) 
 2 (medium) 10 – 25 %  

(return period: 4 - 10 years) 
 

Risk on a -3°C 
frost event during 
the main growing 
season months 

(Dec – Mar) 1 (high) > 25 % 
(return period < 4 years) 

 

Continuous interpolated values were categorized (Table 3-6) in distinguished classes and 

cross-tabulated to get all the unique combinations of the three indicators. Indications like 
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‘high’ and ‘low’ in table 3-6 are only relative indications for the altiplano study region 

because a relative evapotranspiration of 55 % for example is still a low value for crop 

production.  

3.3 Results & discussion: growing season quality  

3.3.1 Reference evapotranspiration 

Figure 3-5 shows the mean monthly ET0 variation trough the year for the Patacamaya 

meteorological station. The peak value in the month November and the high, stable 

values in the months January and February are typical facts for the Bolivian altiplano.  
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Figure 3-5: Mean monthly ET0 variation in Patacamaya, Bolivia  

Figure 3-6 presents an interpolated ET0 map for the month January on basis of 18 

meteorological stations. For the other growing season months, the spatially interpolated 

ET0 maps can be found in annex 2. The north to south-west augmentation of the mean 

monthly ET0 is clearly visible. It coincides well with the north to south-west rainfall 

decrease (Figure 2-2). The ET0 gradient is mainly caused by the temperature increase in a 

south-west direction in the Bolivian altiplano. The high mean temperatures in the south 

are mainly the result of higher daily maximum temperatures occurring due to the low 

buffering capacity of the dry air to the warming effects of the incoming radiation (Garcia, 

2003). The general climate gradient in the altiplano is also reflected in the vapor pressure 

deficit (increase from north to south) (Martinic & Rojas, 1999).  
 

The generated continuous ET0 maps will serve as modeling inputs for Quinoa water 

productivity simulations throughout this study (§ 3.3.2 and chapter 4), as well as for 

future research on quinoa modeling. Their fully covered spatial nature permits 
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continuous simulations in a GIS environment, for example with the tool BUDGIS 

(Wellens, 2000).  
 

 

Figure 3-6: Mean monthly ET0 map of the Bolivian altiplano for January  

 

3.3.2 Onset of the rainy season 

Figure 3-7 presents the probability on a wet day (P > 0.3 mm) for the 5 investigated 

meteorological stations (10-day moving averages). The shortening of the possible 

growing period from north to south is clear from this figure. The time of the year during 

which the probability on a wet day is larger than 20% for example decreases substantially 

in the N to S direction (respectively 197, 201, 151, 124 and 60 days for El Belen, Viacha 
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Basica, Patacamaya, Oruro and Salinas de G. Mendoza). On basis of this probability 

analysis, the search window for the rainy season onsets was determined as explained in 

paragraph 3.2.2.1.  
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Figure 3-7: Probability on a wet day for 5 meteorological stations in the altiplano 

Table 3-7 and table 3-8 present the results of the onset criteria evaluation performed with 

the BUDGET model. For the station ‘Salinas’ no onset criterion gave data falling in the 

search window. This location is extremely dry, so that a real rainy season cannot be 

considered. It was left out of further analysis.  
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For the northern locations (El Belen and Viacha Basica) the Tukey pairwise comparisons 

of the average Trel during the initial crop stage indicated that criterion 6 was significantly 

better than all other criteria, except for criterion 1 and 4 (α=0.05) were the difference was 

not significant. For the southern locations (Patacamaya and Oruro), criterion 6 only 

proved to be significantly better than criterion 5 (Table 3-7). The latter is caused because 

more than half of the onsets for the southern locations fall out of the search window for 

each criterion en because all criteria give the same onset dates for a lot of years. The 

southern locations are characterized by smaller average Trel values due to their severe 

drought and also due to the rainy seasons that are harder to define by any criterion.  
 

For the percentage of false starts, the same was true (Table 3-7). In this study, a year was 

arbitrarily considered as having a false start when average Trel during the initial crop stage 

was smaller than 15%. This value was kept low in comparison to Sithole (2003) because 

of the extreme drought resistance of quinoa and the even possible positive effect of 

water stress through so-called hardening (see also § 4.2.3). In this way, the term 

unfavorable start might be more appropriate. Remark that the rainfall pattern in certain 

years is so erratic that quinoa cannot develop properly for any planting date.  
 

The average Trel during the initial growing period for years without false starts also 

indicates criterion 6 as best criterion, although not significantly. This value is very low 

(33%) and is another indication of the very bad rainy season quality in the altiplano. Only 

very drought resistant crops like quinoa can survive an initial growing period with such a 

bad average Trel.  
 

The evaluation of Trel during the entire season didn’t give any significant differences 

(α=0.05; see Table 3-8). The values are very low on average with a worsening trend from 

north to south. This already suggests the marginal yields under rainfed conditions (see 

chapter 4) and the increasing drought problems from north to south. 
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Table 3-7: Evaluation of the onset criteria on basis of Trel during the initial crop stage 

Station Crit1 Crit2 Crit3 Crit4 Crit5 Crit6 Crit7 Crit8 
  

Trel for the initial growing period (%) (all years) 
 

El Belen 20 15 20 21 13 24 19 16 
Viacha Basica 22 21 23 23 18 24 23 23 
Patacamaya 19 16 18 18 13 18 18 15 

Oruro 17 15 15 17 15 17 16 16 
Average 20 17 19 20 15 21 19 17 

  

False starts (%) 
 

El Belen 51 66 51 46 66 46 57 57 
Viacha Basica 46 54 46 46 60 43 49 51 
Patacamaya 49 62 59 59 65 51 51 63 

Oruro 53 61 61 58 61 53 56 56 
Average 50 61 54 52 63 48 53 57 

  

Trel for the initial growing period (%) (years without false start) 
 

El Belen 34 29 32 32 26 37 34 27 
Viacha Basica 32 33 34 33 33 35 32 33 
Patacamaya 30 29 27 28 30 32 31 30 

Oruro 29 27 26 29 28 29 30 29 
Average 31 29 30 31 29 33 32 30 

 

Table 3-8: Evaluation of the onset criteria on basis of Trel during the entire season 

Station Crit1 Crit2 Crit3 Crit4 Crit5 Crit6 Crit7 Crit8 
  

Trel for the entire growing season (%) 
 

El Belen 52 53 52 51 52 50 51 51 
Viacha Basica 56 55 57 58 54 58 56 56 
Patacamaya 42 39 44 40 43 44 40 40 

Oruro 39 38 38 36 37 39 37 36 
Average 47 46 48 46 46 48 46 46 

 

The onset analysis might be refined if yield simulations in BUDGET could be validated 

(chapter 4) and used to evaluate the onset dates generated by different criteria like already 

done by Kipkorir (2002b) in the developed software package RAIN. In this way, the 

complete growing season could give better indications on the criterion’s quality, 

specifically considering the high sensitivity to water stress in the flowering period of 

quinoa. Also the possibility of hardening up to a certain level of water stress in the initial 

growth stage is not neglected in this way. 
 

Although only significant for the northern locations, criterion 6 is selected with its search 

window as defined in table 3-9. A frequency analysis with the software package 
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RAINBOW on the onset dates provided by criterion 6 gives the following results (Table 

3-9). Late onset dates are exceeded in 1 out of 5 years (20 % dependable) and early onset 

dates are exceeded in 4 out of 5 years (80 % dependable). Table 3-9 depicts as well the 

determined cessation dates for the investigated locations with their frequency analysis. 

The frequency analysis of the LGP can be found in table 3-10. The length of growing 

period was determined for each year by subtracting the cessation and onset dates.  

Table 3-9: Frequency analysis of rainy season onset and cessation dates 

Station Onset date Cessation date 
 Early Mean Late Early Mean Late 

El Belen 27 oct 8 nov 20 nov 30 mar 6 apr 11 apr 
Viacha 
Basica 

26 oct 6 nov 17 nov 7 apr 12 apr 16 apr 

Patacamaya 8 nov 21 nov 5 dec 21 mar 30 mar 7 apr 
Oruro 10 nov 26 nov 8 dec 11 mar 21 mar 27 mar 
Salinas  estimation  

 

Table 3-10: Frequency analysis of the length of growing period (LGP) 

Station LGP 
 Short Mean Long 

El Belen 131 150 173 
Viacha Basica 133 158 180 
Patacamaya 107 131 161 

Oruro 92 116 147 
Salinas 80* 

* estimation from probability of wetness (Figure 3-7) 
 

A tension spline interpolation yielded continuous data on the length of growing period 

for the Bolivian altiplano for respectively 80, 50 and 20 % probability of exceedance 

(Figure 3-8).  
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Figure 3-8: Length of growing period (LGP) for quinoa in the Bolivian altiplano for a dry 

(80 % probability of exceedance), normal (50%) and wet (20%) year 
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From the frequency analyses on the onset and cessation dates, it is clear that the 

cessation of the rainy season is more stable throughout the years (less variation between 

early and late cessation). The same was already clear from figure 3-7 where the 

probability slope at the end of the rainy season is steeper and uninterrupted. The 

shortening trend for the LGP from north to south coincides with the previously noticed 

increasing evapotranspiration trend and decreasing rainfall trend from north to south. 

The predictability of the rainy season onset and length also decreases from north to 

south. (larger variation between early and late onset and between short and long LGP).  

3.3.3 Dry spell analysis 

The analysis of the rainy season quality was done in a meteorological and agronomical 

way. Garcia (2003) already did an extensive meteorological dry spell study. Her analysis 

revealed that the probability on a dry spell increased from north to south in the altiplano. 

Highest probabilities were met in the early growing season months (October, 

November), but even in the peak period (December to February), probabilities on dry 

spells of for example 9 days were still 3 years out of 20 for El Belen to 1 year out of 5 for 

Oruro. Knowing the high water stress sensitivity of quinoa in the flowering period 

(central season), it is clear that these high probabilities of dry spells will have a severe 

effect on quinoa yields.  
 

The agronomical growing season quality study, based on water balance simulations with 

the BUDGET model is presented in figure 3-9, table 3-11 and table 3-12.  
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Figure 3-9: Growing season quality for 5 altiplano locations 

Legend figure 3-9: 

ETa seasonal actual evapotranspiration 

ETc seasonal quinoa crop water requirements, crop evapotranspiration 

P seasonal rainfall amount 

 

Figure 3-9 clearly depicts the increasing seasonal quinoa crop water requirements (ETc) 

from north to south together with the decreasing average actual crop evapotranspiration 

(ETa) and seasonal rainfall (P) (see also Table 3-11). The increasing crop water 

requirements are mainly due to the increasing climatic water demand (ET0; Figure 3-6) 

rather than due to the quinoa specific requirements (low Kc factors).  
 

In most of the years, ETa is only a little lower than the seasonal rainfall, giving very high 

water input efficiency (WIE) (Table 3-11). This clearly reflects the high water extraction 

capacity of quinoa under drought stress. Only in wet years, WIE is markedly lower and 

water is lost through runoff and deep percolation (Figure 3-9(a)). Salinas de G. Mendoza 

not only has the worst seasonal relative evapotranspiration, it has also the largest inter 

annual variability in rainfall season quality (coefficient of variation of 0.61, Table 3-11). 

Notice also that in none of the years, full crop water requirements (ETc) were met. Only 

in a few years, seasonal rainfall was higher than ETc and actual crop evapotranspiration 

(ETa) was never equal to ETc. So even in normal or above normal rainfall years severe 

quinoa yield reductions are faced under rainfed conditions. This again suggests the 

possible value of deficit irrigation for this crop. 
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Table 3-11: Average seasonal water input efficiency and relative evapotranspiration for 5 

altiplano locations 

 Average WIE (%) Average ETa/ETc (seasonal) (%) Station 
Mean S.D. Mean C.V. 

El Belen 95 7 57 0.25 
Viacha Basica 92 10 63 0.22 
Patacamaya 98 2 43 0.28 
Oruro 96 5 39 0.33 
Salinas de G. M. 97 3 30 0.61 
 

The average yield reduction per growth stage supports the hypothesis of deficit irrigation 

for quinoa. It is clear that the main dosages should be applied during the flowering stage 

and the yield formation stage, during which the most severe yield reductions are faced 

(Table 3-12). This finding coincides well with literature (Garcia, 2003; Jacobsen et al., 

2004). In the flowering and yield formation stage alone, 30 to even 70 % of the potential 

yield is lost due to dry spells. The worsening growing season quality from north to south 

is again clear from this analysis (Table 3-12). Notice that in this analysis, yield reductions 

are estimated for individual growth stages with the Ky factors provided by Garcia (2003), 

as the technique is not  yet validated to simulate seasonal quinoa yields and to account 

for the combined water stress effects of different growth stages (chapter 4).  

Table 3-12: Average yield reduction (% of estimated potential yield) during different 

growth stages due to dry spells 

El Belen Viacha 
Basica 

Patacamaya Oruro Salinas de G. 
Mendoza 

 
Growth 
stage Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. 

 (%) (%) (%) (%) (%) 
Initial 20 10 32 12 28 9 33 5 38 5 
Vegetative 
(early) 21 11 25 9 27 10 28 7 34 8 

Vegetative 
(late) 17 11 17 11 19 11 20 11 23 16 

Flowering 31 22 29 25 48 22 50 26 62 38 
Yield 
formation 31 17 27 23 49 19 51 20 68 21 

Ripening  28 12 19 15 32 10 35 10 44 4 
 

3.3.4 Frost risk 

In this study, only few absolute extreme temperature data were available. Figure 3-10 

presents the probability on a daily minimum temperature lower than 0 °C for two 
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altiplano locations. Probabilities on a -2 °C frost event can be found in annex 3. Notice 

that the first dates with an around zero probability on frost coincide more or less with 

the derived onset dates for both locations (6 and 21 November). From the temperature 

point of view, the length of the suitable cropping period is equal for the northern and 

southern location. The period during which the frost risk is lower than 1 out of 5 years 

(20 %) is around 145 days in both locations. When the rainfall onset is late (Table 3-9), 

frost risks are faced during the yield formation period in about 1 out of 5 years, which 

may cause substantial yield losses.  
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Figure 3-10: Probability on a minimum daily temperature lower than 0 °C 

Figure 3-11 depicts the interpolated frost risk map of the altiplano by Hijmans (1998). 

The usual north to south-west trend as determined for ET0 (Figure 3-6), LGP (Figure 

3-8) and yearly rainfall (Figure 2-2) is not present for frost risk. For the Bolivian part of 

the altiplano, it is more an east to west increasing trend with lower frost risk around Lake 

Titicaca in the north and Lake Popoo in the south and many local anomalies. This map 

can help farmers in selecting more or less frost tolerant quinoa cultivars, depending on 

their location. It will serve as an input for agronomical zoning research after being 

digitized.  
 

As stated before, frosts have different effects on quinoa depending on the growth stage 

they occur in. This supports the use of a more crop specific water productivity model like 

the Simple Dynamic Model (Steduto, 2001) to simulate quinoa production. In such 

models, temperature is considered to be a main growth influencing factor together with 

water availability.  



 

 37

 

Figure 3-11: Probability on a -3 °C event in the altiplano between December and March 

(Hijmans, 1998) 

Notice that a continuous monitoring of temperature by remote sensing would be very 

valuable for the altiplano agriculture. As the image taking platforms exist, this will be a 

feasible option for future agronomical monitoring.  

3.3.5 Agronomical suitability mapping for quinoa 

Figure 3-12 presents the agronomical suitability map for quinoa in the Bolivian altiplano, 

generated on basis of different results in this chapter. In this way, it is a summary of the 

agroclimatic research of this study. When studying figure 3-12, one should keep in mind 

that the frost risk mapping of Hijmans (1998) (indicator 3) only extended to 20° south, 

which is less than in our study. When more absolute minimum temperature data will be 

available, this map can easily be updated. Also for the other indicators, the southern part 

of the Bolivian altiplano is undersampled, so these values are only indicative.  
 

In its digital format, the GIS based suitability map is a useful tool for agronomical 

information queries like for example: “What is the frost risk within zones with a LGP of 
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more than 150 days?” or “What is the average growing season quality for quinoa 

(ETa/ETc) within zones with an LGP between 120 and 150 and a low frost risk (< 10 

%)?”. The selection of proper quinoa varieties and the timing of agronomical activities 

can be based on such queries.  
 

The legend in figure 3-12 is based on table 3-6. The number in the first place represents 

the value of the first indicator (LGP), the number in the second place the value of the 

second indicator (ETa/ETc) and the third number the value of the third indicator (frost 

risk). Color levels were chosen per indicator level of indicator 1, with lighter colors 

representing a lower frost risk.  

Figure 3-12: Agronomical suitability map for quinoa in the Bolivian altiplano. The code 

specifies the LGP (4 to 1), the growing season quality (5 to 1) and the frost risk (3 to 1) 
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The region close to Lake Titicaca (El Belen and Viacha Basica) is a fairly good region for 

quinoa production and is the best of the Bolivian part of the altiplano. The length of 

growing period is on average longer than 150 days and the average rainy season quality is 

good (ETrel > 55%). The highly variable frost risk should be considered when selecting 

quinoa varieties for this region. The region with a medium long LGP (first indicator 

value 3) has a variable rainy season quality due to the spatially differential occurrence of 

intraseasonal dry spells. In the western and eastern part of this region, frost risk is very 

high (third indicator value of 1; frost in more than 1 year out of 4). Going more south-

westwards, the LGP shortens and the rainy season quality worsens. This reflects the 

decreasing total seasonal rainfall and the increasing probability on dry spells in the south. 

Frost risk is lowest in the central part of these zones.  
 

Notice that the second indicator, namely average relative evapotranspiration during the 

growing season (ETa/ETc), has a double worsening effect in it from north to south-west. 

Total seasonal rainfall decreases, and at the same time, the climatic water demand (ET0) 

severely increases towards the south-west. The first is reflected in the decreasing ETa and 

the second in the increasing ETc. This is because indicator 2 is a lumped indicator 

resulting from numerous simulations with the soil water balance model BUDGET. It 

comprises a lot of variables, namely seasonal rainfall, average seasonal ET0, dry spells 

during the season and quinoa crop characteristics.  
 

The FAO digital soil map of the world was not detailed enough to incorporate this 

knowledge in the agronomical suitability mapping for quinoa. In the future, extra soil 

information will have to be integrated in the suitability map like in the agroecological 

zoning done by Quiroz et al. (2000). Especially useful are detailed maps of texture, 

determining the water holding capacity, and of salt content to give guidelines were to use 

more or less salt tolerant species of quinoa.  

3.4 Conclusion and recommendations 
Detailed agroclimatic information is a powerful tool to derive adequate cropping 

strategies and guidelines. This agroclimatic study focused on meteorological limiting 

factors for the production of quinoa in the Bolivian altiplano. Firstly, mean monthly ET0 

was determined for this region by calculating ET0 for 18 meteorological stations with the 

FAO Penman-Monteith method, adapted for missing climatic data. Subsequently, 

continuous GIS based ET0 maps were created for the main months of the growing 
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season. These data serve as a spatially covered ET0 input for this thesis and for future 

research on regional quinoa water productivity modeling. 
 

The onset analysis only gave significant results for the northern locations (El Belen, 

Viacha Basica). In the south, the severe aridity did not permit to make any distinction 

between different onset criteria and a lot of onset dates fell out of the search windows. In 

the entire altiplano, reported mean relative transpiration (Ta/Tpot = Trel) for the initial 

crop stage and for the entire season was very low with a worsening trend from north to 

south. A lot of unfavorable starts of the rainy season were noticed (almost 50%) and 

years without a false start only had an average Trel of 33 % for the first 30 growing days. 

This indicates the severe restrictions on crop production in the Bolivian altiplano. 

Through its drought adaptive mechanisms, quinoa proves to be one of the only possible 

crops to cultivate in this region under rainfed conditions (Jacobsen & Mujica, 1999).  
 

A meteorological dry spell analysis was already performed by Garcia (2003). In this study, 

an agronomical dry spell and growing season quality study was added to this research 

with the help of soil water balance simulations with the BUDGET model. Very low 

seasonal relative evapotranspiration values (ETa/ETc) were noticed with a worsening 

trend from north to south. Full crop water requirements (ETc) were never met in none of 

the locations for none of the years. This is an explanation of the low yields in the 

altiplano. As a result of limited rainfall, the water input efficiency (WIE = ETa/P) is very 

high. Further investigation revealed that dry spells in the flowering and yield formation 

periods were the main causes for yield decline, which in southern locations reached up to 

a reduction of 70 % of the potential yield. The dry spell analysis indicates that deficit 

irrigation is a valid option to increase quinoa yields in the future and mainly will have to 

be applied in the critical flowering and yield formation periods. Water harvesting might 

be one of the irrigation water sources, together with fossil water which is now available 

for crop production. 
 

A limited frost risk study showed that sowing according to the presented onset guidelines 

also guarantees a near zero frost risk during the flowering period. Information from 

Hijmans on frost risk in the altiplano indicated frost risk as an east to west trend with 

many local anomalies in contrast with the north to south-west trend in LGP, rainfall and 

ET0. This map can help the selection of quinoa cultivars in the altiplano. For El Belen 
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and Patacamaya, it is advised to sow more frost tolerant quinoa cultivars compared to 

Viacha, Oruro and Salinas.  
 

Finally, the combination of the generated agroclimatic information into a quinoa 

agronomical suitability map yielded a GIS database which is easy to query. The three 

indicators are length of growing period (LGP), rainy season quality (ETrel) and frost risk. 

The two first indicators showed a parallel north to south-west trend. The 3rd indicator 

was more spatially variable. Better information on frost risk, soil water retention and soil 

salinity content will permit to update this database in the future. A study on the extent of 

the tempering effect of Lake Titicaca on temperature, air humidity and rainfall might also 

be very useful to refine the presented quinoa suitability map.  
 

For the different locations in figure 3-1, the following guidelines can be formulated on 

basis of the entire agroclimatic study. The help of an extension service or an 

agrometeorological advisory body in determining the onset dates in real time might be 

very helpful (Ati et al., 2002). Note that the advised onset dates strongly depend on the 

risks the farmer wants to take. A criterion that for example generates earlier onset dates 

has a higher risk of unfavorable starts, but the LGP is increased and the sensitive window 

of quinoa coincides better with the peak of the probability curve of rainy days. Frost risk 

is highly variable for all regions and should be locally derived from figure 3-11.  
 

Zone of El Belen 

For this zone, the developed onset criterion 6 based on the TAW should be used. 

Starting from the 1st of October, farmers should wait for a cumulative rainfall amount of 

at least 28 mm falling in maximum 4 days. From the 28th of November on (end of search 

window), farmers can sow after any rain event larger than 5 mm in order not to postpone 

the growing season too much (lowering probability of sufficient rainfall at the end of the 

season). People should continue to use long cycle quinoa because the average LGP was 

determined at 150 days. If an el niño cycle is predicted (e.g. remote sensing), shorter cycle 

quinoa should be used because this event clearly reduces rainfall and LGP and increases 

evapotranspiration in the altiplano (Vuille, 1999; Garreaud et al., 2003). To further 

improve the quinoa yields in this region substantially, deficit irrigation is a valid option 

considering the very low water resources availability in the area. One (normal years) to 

two (dry years) irrigation applications of 50 mm during the flowering and yield formation 

periods can stabilize quinoa relative yields at around 60% (Garcia, 2003). 
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Zone of Viacha Basica 

This region has a larger probability on wet days than the El Belen zone. From the 1st of 

October till the 6th of December, criterion 6 should be used by farmers. After the 6th of 

December, any rain event (> 5 mm) marks the start of the growing season. Long cycle 

quinoa can be used in this region (LGP of 158 days), except during el niño years. Again, 

to further improve the quinoa yields in this region, deficit irrigation with the same 

application depths as mentioned for El Belen could be applied. 
 

Zone of Patacamaya 

This region together with the Oruro region appeared to be too dry for a valid onset 

analysis. Rainy season quality can be considered low. Determination of the onset of the 

rainy season can be done with different criteria (criterion 6 is recommended). 

Nevertheless, if a rain event occurs around 20 November, farmers are advised to sow 

because in that case, the flowering period falls in the top of the probability curve of rainy 

days (Figure 3-7). The average LGP of 131 requires a medium cycle quinoa variety. 

Deficit irrigation to improve yields in this region consists of 3 applications of 50 mm in 

dry years and 1 application during normal years (Garcia, 2003). The dry spell analysis for 

the southern locations indicated the flowering and yield formation period as the most 

critical periods. Hence, irrigation should be concentrated in these periods.  
 

Zone of Oruro 

Farmers are advised to show a short to medium cycle variety of quinoa in this region 

(LGP of 116). Any onset criterion can be used (except for criterion 5) but in consistency 

with the north, criterion 6 is advised. A rain event around the end of November should 

be considered as the onset of the rainy season if by that time farmers haven’t sown yet. 

Recommended deficit irrigation strategies are the same as for the Patacamaya region.  
 

The dry Southern altiplano (a.o. Salinas, Uyuni) 

In the very dry southern region of the altiplano, a large quantity of fossil water is now 

available for agriculture through a new law that forbids this fossil water from being 

exported (Garcia, 2004; oral communication). This makes the need for good deficit 

irrigation guidelines very urgent in this region, moreover because the Bolivian 

government is closely following up their decision on the fossil water resources in the 

south. The rainy season analysis for Salinas (short LGP), together with the investigated 

high evapotranspiration and temperature clearly supports the need for irrigation of 
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quinoa in this region as a possibility to increase yields. Irrigation strategies should be 

developed for this region. Short cycle quinoa should be promoted and sown after a rain 

event in December. A good onset criterion could not be derived for this region.  

 



 

 44

4 Ky approach to yield simulation 
4.1 Introduction 

The major objective of this chapter is to check the performance of the Ky approach for 

yield simulation of quinoa in the Bolivian altiplano. More specifically, it is a validation 

attempt of the quinoa crop characteristics Kc (crop coefficient) and Ky (yield response 

factor) as suggested for the first time by Garcia (2003). The crop coefficient Kc integrates 

the effects of characteristics that distinguish quinoa from the reference grass crop. As 

explained in paragraph 3.2.1, the quinoa crop evapotranspiration (ETc) is obtained by 

multiplying the reference crop evapotranspiration (ET0) with this Kc factor. The yield 

response factor (Ky) expresses a crop’s sensitivity to water stress (§ 4.2.1). In this way, the 

Ky approach for yield simulation consists in estimating relative yields on basis of plant-

soil water stress, more specifically on the relative crop evapotranspiration (Doorenbos & 

Kassam, 1979). Relative crop evapotranspiration is the proportion of actual crop 

evapotranspiration (ETa) compared to crop evapotranspiration under non-limiting water 

conditions (ETc). Estimates of relative crop evapotranspiration are obtained by 

simulations with the soil water balance model BUDGET (Raes, 2003).  
 

Intuitively, the use of a mechanistic model like Cropsyst (Stöckle et al., 2003) to simulate 

the yield response to water for an extraordinary crop like quinoa seems more appropriate. 

Nevertheless, mechanistic models require a lot of detailed input data and need site 

specific calibration before they can be applied. This brings along a lot of practical 

problems for their application in irrigation management or for regional yield simulation, 



 

 45

especially considering the limited available crop specific information on quinoa at 

present. Therefore the use of the Ky approach linked with a functional model like 

BUDGET to realistically simulate regional quinoa yields would be very practical. The 

model already proved to be valid for regional yield simulations of other crops like 

sorghum (Geerts, 2003; Raes et al., 2004) and winter wheat (Raes et al., 2004). In this 

study, the capability of the model to simulate regional quinoa yields will be examined.  

4.2 Methodology 
Rainfed quinoa yields are provided for 23 years for the region of Patacamaya (1977-1999) 

(Garcia, 2004). This city is located at 17°15’ south, 67°57’ west and 3789 meters altitude 

in the Bolivian altiplano. The observed grain yields will be compared to simulated yields 

using the BUDGET software package (Raes, 2003). An explanation of the general 

structure and the different subroutines of this model is presented in § 3.2.2.3. The 

following paragraphs develop the Ky approach to yield simulation more in detail and 

study possible refinements for the BUDGET model. To get a preliminary insight into the 

data quality, correlations between observed yields and respectively seasonal rainfall, 

rainfall during flowering and yield formation period and rainfall during flowering period 

were investigated.  

4.2.1 BUDGET and the Ky approach to quinoa yield simulation 

The soil-plant atmosphere for a standard soil in Patacamaya is simulated using the 

BUDGET model. On basis of the simulated crop water deficit, total relative yields (Ya/Ym) 

are estimated using a crop water production function. In the model, an adapted Ky 

approach is used (Doorenbos & Kassam, 1979; Kiporir, 2002). 
 

Ky factors are factors that describe a crop’s yield response to water stress. Doorenbos 

and Kassam (1979) empirically derived yield response factors (Ky,i) for individual crop 

growth stages (i.e. establishment, vegetative, flowering, yield formation and ripening 

period) and for the total growing period of different common crops. Their original crop 

water production function was of the following form (Eq. 4-1):  
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Eq. 4-1
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where Ya is the actual harvested yield, Ym is the maximum crop yield under given 

management conditions that can be obtained when water is not limiting, ETa,i is the 

actual evapotranspiration, ETc,i is evapotranspiration for non-limiting water conditions 

during the ith stage of growth and Ky,i is the yield response factor to water stress for the ith 

growth stage. Equation 4-1 is valid for most crops for water deficits in the range [1 ≥ 

ETa/ETc ≥ 0.5]. This is an important finding and will be further discussed in § 4.2.3. 
 

To consider for differential yield response to water stress during different growth stages, 

relations like equation 4-1 have to be calculated for each individual growth stage and 

have to be combined in a realistic way. Apart from other possible approaches like the 

minimal approach (Allen, 1994) or the additive approach (Varlev et al., 1995), a 

multiplicative Ky approach, adapted from Jensen (1968) is used in the BUDGET model 

(Kipkorir, 2002):  
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Eq. 4-2

 

where П stands for the product of N functions (total number of sensitivity stages) 

between the square brackets and Ky,i and (ETa,i/ETc,i) respectively for the yield response 

factor and the relative evapotranspiration for growth stage i. This crop water production 

function is linear in the deficit irrigation range, because all applied water (limited rainfall 

or deficit irrigation) is used by the crop as evapotranspiration (Kipkorir et al., 2002).  
 

To express the combined effect on yield of water deficiency at time steps smaller than 

growth stages, a new calculation procedure is introduced in BUDGET, whereby each of 

the N functions in equation 4.2 is replaced by a product of M functions (Raes, 2003): 
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Eq. 4-3

 

where П stands for the product of the M functions between square brackets, M for the 

number of time steps with length ∆tj (days) during sensitivity stage i, Li for the length of 

the sensitivity stage i (days) and ETa,j and ETc,j respectively for the actual and maximum 

evapotranspiration during the time step j. Note that (∆t1+∆t2+…+∆tM)/Li=1.  

An important remark is the following. Because in this study, (generally low) rainfed 

yields where simulated, the multiplicative Ky approach was tested on basis of relative 
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evapotranspiration (ETa/ETc) as well as on basis of relative transpiration (Ta/Tpot). 

Therefore ETa/ETc is replaced by Ta/Tpot in equation 4-2 and 4-3. Due to generally low 

development of the quinoa crop under rainfed conditions, the contribution of 

evaporation from bare soil parts was thought to be high. The hypothesis was therefore 

that yield estimates based on relative evapotranspiration could be overestimations.  

4.2.2 BUDGET model setup for quinoa yield simulations (INPUT) 

Information on the quinoa yield response factor is not available as it is for more 

common crops from Doorenbos & Kassam (1979). The first attempt to estimate the Ky 

factor for quinoa has been made by Garcia (2003). From differential water stress 

experiments, she empirically derived 0.67 as a seasonal Ky value, representing an 

extremely drought resistant crop (Garcia et al., 2003). Water stress experiments in 

different growth stages yielded estimates of partial Ky factor values (Table 4-2). These 

tests indicated the high sensitivity and yield response to water stress of quinoa in the 

flowering period.  
 

From other water stress experiments, Garcia (2003) derived an estimate of the root zone 

depletion factor p (see also § 3.2.2.3). Because actual crop evapotranspiration (ETa) didn’t 

start to reduce until 61% of TAW was depleted, the factor p was estimated at 0.61. This 

demonstrates the high capacity of quinoa to extract water from the soil matrix without 

suffering stress. Most crops present a water depletion factor between 0.3 and 0.55 (Allen 

et al., 1998). An extra correction on the depletion factor p is represented by the FAO-

adjustment of p to ETc (Allen et al., 1998). This correction increases or decreases the p-

factor when crop evapotranspiration is respectively low or high (Eq. 4-4). 
 

p = pspecified + 0.04 (5-ETc)  (p≤0.8)   [-] Eq. 4-4

 

pspecified is calculated by default in BUDGET as an average of the p-values of the previous 

5 days. Since ETc varies around 4 mm/day during the main growing season in the 

altiplano, the quinoa p factor is generally even higher than 0.61 by this correction (Eq. 

4-4). The increase of p under low crop evapotranspiration represents the increasing water 

extraction capacity of quinoa under water scarce conditions.  
 

The crop coefficients for the different quinoa growth stages (Kc,i) were derived by Garcia 

(2003) from comparison of ET0 studies with reported lysimeter ETc experiments for 

quinoa (Choquecallata et al., 1991). These Kc factors represent the relation between 
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reference evapotranspiration (ET0) and actual crop evapotranspiration (ETc). All the 

quinoa crop information presented in this paragraph yielded the following crop input 

files for BUDGET (Table 4-1 and Table 4-2).  

Table 4-1: BUDGET crop growth stages and crop parameters for quinoa 

Growth stage Length 
(days) 

Kc 
(-) 

Zr  
(m) 

p  
(-) 

Initial 15 0.17 ↔ 1.10 0.3 0.61 
Crop development 50 … → 1.00 0.3 → 0.6 0.61 
Mid-season 50 1.00 0.6 0.61 
Late-season 45 1.00 → 0.60 0.6 0.61 
Kc : crop coefficient 
Zr : rooting depth 
p : depletion factor 
 

Table 4-2: Sensitivity stages and yield response factors for quinoa 

Sensitivity stage Length  
(days) 

Yield response factor (Ky) 
(-) 

Establishment 15 0.40 
Vegetative (early) 25 0.40 
Vegetative (late) 25 0.40 
Flowering 40 1.10 
Yield formation 35 0.85 
Ripening 20 0.45 
 

Yearly sowing dates where not considered as being constant average sowing dates. They 

were selected by means of the onset criterion 6 of chapter 3 (cumulative rainfall in 4 days 

> 28 mm). A latest search date of 1 December is again applied. If by that date, an onset 

of the rainy season was not determined for a certain year, quinoa was supposed to be 

sown after the first rain event (> 5mm) starting from 1 December (see Table 3-4). 

Simulations started on the 1st of September with the initial water content at wilting point, 

representing the post dry season soil water situation.  
 

Apart from the quinoa crop input file and the determination of the growing season, the 

BUDGET inputs consisted in average 10-day reference evapotranspiration values for 

Patacamaya as calculated under paragraph 3.3.1, daily rainfall data for this meteorological 

station (1976-1998) and standard physical soil properties for a loamy soil (see Table 3-5). 

The rainfall data are point data. With this data, it is attempted to simulate regionally 

averaged yields, which is possible if the station is representative for the region. This 

technique was already validated for northern Tunisia and mid Zimbabwe (Raes et al., 
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2004). To compare simulated and observed yields, the relative simulated yields were 

multiplied by a maximum yield under the given management conditions (Ym) of 2.5 

tons/ha (Garcia, 2004; written communication).  

4.2.3 Attempts to model quinoa’s dynamic response to water stress 

4.2.3.1 BUDGET adaptations 

The original Ky approach of Doorenbos & Kassam (1979) is only valid in the top 50% 

water stress range [1 ≥ ETa/ETc ≥ 0.5]. Under rainfed conditions however, the altiplano 

region suffers generally from more severe water stress. Indeed, the first Patacamaya yield 

simulation attempt gave unsatisfying results (Figure 4-2). This was a first reason to refine 

the Ky approach in the BUDGET model. The parameter Tpot might be an overestimation 

due to a low crop development as a result of severe water stress. Therefore, a correction 

factor on the LAI, i.e. on crop development, was introduced in the BUDGET model. 
 

The hypothesis and consequent adaptation of the BUDGET model is that under water 

stress conditions, the LAI is lower than when there is no stress. Starting from a LAI 

correction factor called degreecorrection the following relations were established:  
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with LAIdense the leaf area index for the crop with full cover and without water stress and 

LAIadj the adjusted LAI for water stress (1-Ta/Tpot). On basis hereof, a correction factor 

Acm for the crop coefficient Kc can be calculated (according to Allen et al., 1998: pp. 184-

185): 
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Eq. 4-6

 

By consequence the crop coefficient Kc decreases to an adjusted value Kc,adj:   
 

cmcadjc AKK −=,  [-] Eq. 4-7

 

which results in a decrease in potential crop evapotranspiration ETc:  
 

0adjcc ETKET *,=  [mm/day] Eq. 4-8
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with ET0 being the reference evapotranspiration. Through a Ritchie-type equation for 

soil evaporation in BUDGET and the corrected LAI (Eq. 4-5), the potential soil 

evaporation Epot increases (adapted from Belmans et al., 1983): 
 

c
LAIc

pot ETefE adj ** *





= −  

 

[mm/day] 
Eq. 4-9

 

The coefficients f and c are regression coefficients with robust default values 1 and 0.65 

respectively. In the model, the potential transpiration Tpot of the crop hence decreases 

through an increased Epot (Eq. 4-9) and a decreased potential crop evapotranspiration 

ETc (Eq. 4-8):  
 

potcpot EETT −=  [mm/day] Eq. 4-10

 

Finally, the crop’s capacity to extract water p increases also due to the adjustment of p to 

a decreased ETc (Eq. 4-4).  
 

In the model solving technique, these calculations are repeated for each time step until 

the cropping time exceeds a factor called periodcorrection (see further). The correction in 

time step i+1 is then (according to Eq. 4-5): 
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and therefore the new Kc adjustment factor (Acm) becomes (according to Eq. 4-6): 
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This leads to an update of all the other mentioned factors for time step i+1 (Kc, ETc, 

Epot, Tpot, p). 
 

A fact that supports the hypothesis of a LAI adjustment to water stress is that this 

refinement represents some of quinoa’s adaptive mechanisms to drought, namely the so-

called hardening and the increase of the root to shoot ratio (RS) (Jacobsen & Mujica, 

1999; Jacobsen et al., 2004). The latter is indirectly represented in the adapted model 

through a lowering of the LAI and a resulting increase in p. These mechanisms, among 
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others, result in reality in a low but substantial yield under conditions of severe drought 

stress as present in the Bolivian altiplano.  
 

For crops like pigeonpea and maize for example, the RS ratio is influenced by drought 

stress mainly during the initial and the early developmental growing period. A relatively 

lower influence of water stress on the RS ratio is later on still present till flowering 

initiation (Robertson et al., 2001; Yang et al., 2004). For quinoa, the increasing RS ratio 

isn’t necessarily caused by a deeper rooting system, but can also be caused by the 

formation of a denser lateral rooting system (Jacobsen et al., 2004), even until late in the 

growing season (Bosque Sanchez et al., 2003). Hardening is also a well known 

phenomenon in quinoa (Jacobsen & Mujica, 1999; Garcia, 2003). Stress in initial growing 

periods up to a certain level causes an increase in water use efficiency in later growing 

phases (Jacobsen et al., 2004; Garcia, 2003) and a significant increase in grain yield 

(Jensen et al., 2000). 
 

To conclude the BUDGET refinement, a factor called periodcorrection was introduced 

because at present, it is not yet fully investigated how long quinoa can adapt to water 

stress by the altering of the RS ratio. The variable is introduced as an extra IF statement 

in the model and represents the period during which the LAI is adjustable. The default 

value for periodcorrection is set at the sum of the initial and crop development stage. For the 

moment this factor is left unchanged, mainly due to the unreliable data availability. The 

default value for quinoa was therefore used, which means the first 65 days of the growing 

period.  

4.2.3.2 Calibration procedure 

Normally, a separate calibration and validation should be done on independent datasets. 

Because the correction factor for LAI is just newly introduced and because the observed 

yield data are quite unreliable, it was attempted to find a correct insight in the 

performance of the correction factor just by calibration and sensitivity analysis.  
 

The procedure followed to calibrate the newly introduced correction factor on LAI was 

the following. After a classification of the years according to a rainfall frequency analysis 

with the software package RAINBOW (Raes et al., 1996), years where classified. A year 

was called wet if the rainfall amount during the flowering period was exceeded in 0 to 40 

% of the years, normal when the rainfall amount was exceeded in 40 to 60 % of the years 

and dry when the rainfall amount was exceeded in 60 to 100 % of the years (Almorox, 
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2002). For each type of rainfall year (wet, normal, dry) 2 years where randomly selected 

and their quinoa yield modeled. On basis of these 6 years, the newly introduced 

correction coefficient for LAI (degreecorrection) was tested to find a reliable range for the 

new LAI correction factor. Hereafter, the complete set of years for which yield data are 

available was again modeled for a number of different correction factors. For these 

simulations, the following statistical goodness of fit criteria were used. 
 

Mean absolute error (MAE) 

This goodness of fit test shows the tendency of the model to under or over-predict the 

observed values:  
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Eq. 4-11

 

With Oi the observed value at time i and Pi the simulated value at time i.  

 

Root mean square error (RMSE) 

The RMSE is another statistical estimator to show how much the model over or under-

estimates the measurements.  
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Eq. 4-12

 

Mean bias error (MBE) 

The MBE gives information on the long term performance of the model. A positive 

value gives the average amount of the underestimation and vice versa. The smaller the 

value, the better the performance.  
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Eq. 4-13

 

Model efficiency (EF) 

The EF indicates the robustness of the model. It ranges from minus infinite to 1 with 

higher values indicating a better agreement. If EF is negative, the model prediction is 

worse than the mean observation. (O  indicates the mean observed value). 
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Eq. 4-14

 

Coefficient of residual mass (CRM) 

The CRM is a measure of the tendency of the model to over or underestimate the 

measurements. A negative CRM shows a tendency to overestimate. Optimally, CRM 

should be zero.  
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Eq. 4-15

 

Goodness of fit (R²) 

The regression R² is the amount of variance explained by the model compared to the 

total observed variance. R² is ranging from 0 to 1 indicating a better agreement for values 

close to 1. ( P  indicates the mean simulated value). 
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Eq. 4-16

 

Note that due to the presented adaptation of the model, crops are considered to develop 

their above ground biomass in a reduced way under water stress conditions (LAIadj). This 

could make the use of the Ky approach on basis of relative transpiration in stead of 

relative evapotranspiration more relevant, because possible yield overestimations due to 

evaporation from bare soil surface parts might even be larger than without the adaptation 

of the model. The two approaches were compared and will be presented in the next 

paragraph.  
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4.2.4 BUDGET sensitivity analysis for the Patacamaya–quinoa set up 

After the selection of the LAI correction factor, the sensitivity of the adjusted model to 

input parameter changes was tested. The average absolute change in simulated relative 

yields for the record of 23 years, was calculated for 11 input changes respectively: 

 Simulated relative yields on basis of relative evapotranspiration (ETa/ETc). 

 Initial soil water content at θWP+10%, i.e. 25%. 

 Initial soil water content at θWP+5%, i.e. 20%. 

 Water depletion factor p - 0.05, i.e. 0.56 indicating a less water stress tolerant crop. 

 Water depletion factor p + 0.05, i.e. 0.66 indicating a more water stress tolerant crop. 

 Sowing 10 days earlier than the normal onset date for a specific year.  

 Sowing 10 days later than the normal onset date for a specific year. 

 Sandy soil type (low water retention, high hydraulic conductivity). 

 Silty clay soil type (higher water retention, low hydraulic conductivity).  

 Ky factors for each sensitivity stage increased with 0.1 (more sensitive crop).  

 Ky factors for each sensitivity stage decreased with 0.1 (more tolerant crop).  

For each parameter change, all the other inputs were left unchanged as presented under 

paragraph 4.2.2. 

4.3 Results & discussion 

4.3.1 Observed yield vs. rainfall correlations 

Table 4-3 and figure 4-1 give a preliminary insight in the quality of the observed yield 

data. The relatively low correlation between rainfall in the flowering period and observed 

yields suggests already a low data-quality. Seasonal rainfall lies in a relatively low range 

(200 - 600 mm). The low data quality is also clear from the large scatter in figure 4-1. 

However, the finding that rainfall during the flowering period has a significantly higher 

correlation with yields than total seasonal rainfall (Garcia, 2003) is confirmed in this test.  

Table 4-3: Pearson correlations between observed yields and respectively seasonal 

rainfall, rainfall during flowering and yield formation stage and rainfall during flowering 

stage 

Correlation  Yield ~Ptotal  Yield ~Pflower+yield Yield ~Pflower  

Pearson R 0.47 0.53 0.64 
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Figure 4-1: Linear regression between observed yields and rainfall during flowering stage 

 

4.3.2 Original model runs 

Figure 4-2 represents the first quinoa yield simulations for Patacamaya for the complete 

record of years without any LAI correction in the model. The simulated relative yields all 

lie in the low range of [0–20%]. A low R² and a fairly good regression slope can be 

noticed. No significant differences between yield estimates on basis of relative 

evapotranspiration and on basis of relative transpiration were present. For a lot of years, 

zero yields were simulated though substantial basic yields were observed. Except for 

some wet years, all simulated yields were too low, suggesting the need for a correction 

coefficient.  
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Figure 4-2: Linear regression between observed yields and the first BUDGET yield 

simulations for quinoa. Figure (a) represents yield estimates based on relative 

transpiration, (b) based on relative evapotranspiration.  
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4.3.3 Performance of the new LAI correction factor 

Figure 4-3 shows the variance of the yield simulations for the six calibration years for 

different values of the correction factor. The complete set of calibration figures can be 

found in annex 4 (Figure A4-1).  
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Figure 4-3: Simulated vs. observed yields for 6 calibration years for different LAI 

correction coefficients (degreecorrection). The left column represents simulated yields 

estimated on basis of relative transpiration, the right column simulated yields estimated 

on basis of relative evapotranspiration 

Due to yield overestimations during wet years for yield simulations on basis of relative 

evapotranspiration, the yield estimation method on basis of relative transpiration is 

selected for further analysis despite the slightly lower R² values (Figure 4-3). 

Degreecorrection coefficients higher than 150 gave severe overestimations of yields during 

normal and wet years (annex 4, Figure A4-1). The calibration attempt shows that the 

correction coefficients could not solve the problem of near zero yield simulations. To get 

a clearer insight into the correction coefficient, the complete record of years was 

simulated (Figure 4-4). 
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(c) Correction coefficient 100 

Figure 4-4: Simulated yields (~Trel) vs. observed yields for all years for different LAI 

correction coefficients. 

Figure 4-4 indicates bad simulation results for most of the years. The problem seems to 

be the small variance in observed yields [0.27…0.68 tons/ha] although rainfall varies 

greatly between years (e.g. 200 and 400mm give the same observed yields). So on the one 

hand, the observed yield data may be too much regionally averaged and the point rainfall 

not representative (see also interpolation anomalies in figure 2-2). On the other hand, 

rainfed quinoa may perform some kind of a minimum or base yield due to its ample 

drought resistance mechanisms.  
 

Garcia (2003) already mentioned yield simulation and water balance simulation problems 

for rainfed quinoa. She suggested the following shape for the yield response to water of 

quinoa (Figure 4-5) (Garcia, 1999). This might be the reason for the bad correlation 

between the total rainfall during a season and the respective yields. A hypothesis is that 

all the yields during normal and dry years represent low basic yields with little difference, 

so lying on line A in figure 4-5.  
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Figure 4-5: Suggested relation between relative evapotranspiration and yield (Garcia, 1999) 

Due to the disappointing simulation results, it is for the moment suggested to suppose a 

base yield of 0.4 tons/ha for rainfed quinoa in case of simulations lower than 0.4 

tons/ha. A degreecorrection factor of 50 is advised and in case of simulations indicating a 

yield higher than 0.4 tons/ha, these results can be retained (Figure A4-3 (b) and figure 

A4-6 (b), annex4). The variation of the goodness of fit indicators for the different model 

runs on basis of the complete dataset supports this hypothesis (Figure 4-6 & Figure 4-7).  
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Figure 4-6: Variation of 5 goodness of fit indicators for different model runs for the 

complete record of data (23 years). X-axis id’s represent LAI correction factor values, 

without or with (_base) supposed base yield of 0.4 tons/ha.  

Supposing a base yield of 0.4 tons/ha for rainfed quinoa in the Bolivian altiplano clearly 

has a positive effect on the statistical indicators (Figure 4-6), except for R² (Figure 4-7). 

Ranking the eight simulation groups for each statistical indicator, the simulation group 

ETa/ETc 

Yield C

B

A
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“50_base” had the highest overall score. Therefore, for the moment, this model set up is 

retained for rainfed quinoa. 
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Figure 4-7: Variation of the R² value for different model runs for the complete record of 

data. X-axis id’s represent LAI correction factor values, without or with (_base) supposed 

base yield of 0.4 tons/ha.  

 

4.3.4 BUDGET sensitivity analysis  

Table 4-4 presents the sensitivity analysis performed on the BUDGET model with the 

set up for quinoa modeling in Patacamaya.  

Table 4-4: Sensitivity analysis for the BUDGET model with the Patacamaya – quinoa set up.  

Factor change Average effect on simulated 
relative yield (absolute %) 

Standard deviation 

Yield~(ETa/ETc) +4.0 3.7 

θini = θWP+10% = 25% +5.2 4.4 

θini = θWP+5% = 20% +2.1 1.9 

p = poriginal-0.1 = 0.56 +0.1 0.9 

p = poriginal+0.1 = 0.66 -0.2 1.2 

Onset – 10 days +1.9 5.0 

Onset + 10 days -2.4 2.6 

Sandy soil type -1.5 3.0 

Silty soil type -1.5 2.2 

Ky,i = Ky,i,original + 0.1 -3.7 2.8 

Ky,i = Ky,i,original - 0.1 +5.7 3.7 
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Because some 20% of the simulation years gave zero yields, even with parameter 

changes, the sensitivity analysis is somewhat unrealistic. Nevertheless, the relative 

importance of the different parameters is clear. The Ky factors, the initial soil water 

content and the estimation method for yields (e.g. on basis of relative ET or T) are the 

most sensitive input parameters. The importance of the initial soil water content for 

BUDGET simulations was already indicated by Geerts (2003). Slight changes of the 

depletion factor p only have a minor effect. Onset dates and soil type are medium 

sensitive parameters.  

4.4 Conclusion 
Modeling of quinoa water productivity is still in its infancy. For the moment, it is not 

possible to realistically simulate marginal but relatively constant rainfed quinoa yields 

with the adapted multiplicative Ky approach (Doorenbos & Kassam, 1979; Kipkorir, 

2002). Equation 4-1 is only valid for most crops for water deficits in the range [1 ≥ 

Ta/Tpot ≥ 0.5] although the experienced water stress for quinoa in the Bolivian altiplano 

is mostly higher (§3.3.3). This fact together with the important drought resistance 

mechanisms of quinoa led to the introduction of a correction factor on LAI in the model 

BUDGET.  
 

The adaptation is a good and first attempt to extend the applicability of the Ky approach 

to yield simulation. Nevertheless, this correction coefficient could not be validated for 

the relatively dry region of Patacamaya and with the regionally averaged observed yield 

data. (Observed yields all lie in a small range of 0.27 to 0.68 tons/ha, with 90% lying 

between 0.4 and 0.6 tons/ha). Test simulations with this new LAI correction coefficient 

for rainfed quinoa in other regions in Bolivia, for irrigated quinoa and for other crops are 

useful to perform. In that case, the procedure presented under paragraph 4.2.3.2 can be 

followed for the calibration of the LAI correction coefficient. 
 

If the hypothesis of the so-called base yield for rainfed quinoa is true, it might be better 

to simulate quinoa in a more crop specific way to try to incorporate more of its drought 

resistance techniques. Considering all rainfed yields as low yields, the BUDGET model 

with its current quinoa set up can still be used to perform deficit irrigation simulations 

because in that case, the yield relation B in figure 4-5 is being modeled. The successful 

BUDGET water balance validation performed for irrigated quinoa culture (Garcia, 2003) 

supports this hypothesis.  
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It is suggested to retain the yield estimation technique on basis of relative transpiration in 

stead of relative evapotranspiration to avoid yield overestimations due to evaporation 

from bare soil surfaces, especially with the new LAI correction. For the quinoa modeling 

with BUDGET, it is at present also advised to retain the crop characteristics Ky, Kc, and 

p as derived by Garcia (2003) although they could not be validated in this experiment. 

These factors all indicate the extreme drought resistance of quinoa.  
 

The next step in the modeling of quinoa water productivity will be the introduction of 

so-called growth plasticity (Garcia, 2003). This means the shortening or prolongation of 

growing periods in response to differential water availability. Another element could be 

the permanent increase of the depletion factor p in response to water stress in the initial 

growing period to represent the hardening mechanism in a more realistic way. These two 

more dynamic solutions of quinoa water productivity modeling are the key-elements for 

future research (chapter 5).  
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5 Recommendations for future 
research 

The yields of quinoa in the Bolivian and Peruvian altiplano, aren’t ameliorating for a few 

years already (Portillo, 1999). Average yields are varying around 0.5 tons/ha although 

under good circumstances yields around 2.5 tons/ha can be achieved (Garcia, 2004; 

Shulte et al., 2004). 
 

Agronomical research demonstrated however that water application in critical growing 

periods can increase quinoa yields up to a submaximal level (Garcia et al., 2003). This is a 

very important finding which is the direct cause for the elaboration of a future research 

project. Deficit irrigation, in which a limited water amount is applied during certain 

periods of the growing season, increases water use efficiency (crop water productivity) 

substantially. This type of irrigation will be the most important management strategy in 

the future in areas with increasing water shortage (Ragab, 1996; Oweis et al., 1999). The 

quantification and the exact planning of this strategy are therefore necessary (Pereira et 

al., 2002). 
 

To function as a sound management instrument, different fundamental plant 

physiological properties and soil water characteristics were combined in the past in crop 

growth models and crop water productivity models. These models are able to simulate 

potential yields and to highlight crucial production limitations for different weathers. 

From scenario analyses, concrete agronomical guidelines can than be deduced (Soltani et 

al., 1999). For quinoa, such models do not exist yet because of the ample and hard to 
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simulate, climatic resistance characteristics of this crop. As proven in this study, the use 

of a soil water balance model combined with an adapted Ky approach  (Doorenbos & 

Kassam, 1979; Kipkorir, 2002) to simulate quinoa yields is not possible yet because of 

difficulties in accounting for accumulated water stress during the growing season 

(chapter 4).  
 

Crop growth modeling is not new. A lot of technical aid in developing a quinoa water 

productivity model will therefore result from the experience of this modeling for other 

crops (see among others: Farshi et al., 1987; Ritchie, 1990; Goudriaan & van Laar, 1994; 

Bouman et al., 1996; Xevi et al., 1996; Soltani et al., 1999; Robertson et al., 2001; Batchelor, 

2002; Hartkamp et al., 2002; Brisson et al., 2003; Steduto, 2003, Stöckle et al., 2003; van 

Ittersum et al., 2003; Wang et al., 2003; Ziaei & Sepaskhah, 2003; Yang et al., 2004). The 

model that has to be built for quinoa should concentrate on crop water productivity with 

the most important influencing factors being water stress and temperature. The dynamic 

adjustment of the phenological development and growth time to the actual soil water 

content are important crop dynamic relations to incorporate in this model.  
 

The most important issue in the model is thus the response of quinoa on water shortages 

and temperature. This fits well within the modern FAO approach as outlined in the 

‘Expert Meetings on Crop Water Productivity’ (Kassam & Smith, 2001; Steduto, 2001; 

FAO, 2003). Due to the complexity of this matter, the limitation of input parameters will 

be a necessity taking into account the limited data availability in the study area. 
 

Figure 5-1 presents the outline of the Simple Dynamic Model (Steduto, 2001) which can 

be adopted as main framework for the future quinoa water productivity model. Arrows 

in bold indicate extra dynamics incorporated in the model in comparison with 

BUDGET: 

 update of phenological development in response to the actual soil water conent 

 crop development on basis of growing degree days (heat units) 

 dynamic update of the root to shoot ratio (RS) (and rooting depth and LAI) 

 dynamic update of the harvest index (HI) in response to the actual soil water 

content 
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Figure 5-1: Outline of the Simple Dynamic Model (adapted from Steduto, 2001; FAO, 2003) 

Legend figure 5-1: 

HI harvest index Ta actual transpiration 
WP water productivity coefficient Es soil evaporation
RS root to shoot ratio GC ground cover
HU heat units gc canopy conductance 
Zr rooting depth hc canopy height  
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Finally it has to be mentioned that fundamental research on quinoa is ongoing during the 

last years but in the mean time it’s still in its infancy. Some important plant physiological 

relations have already been deduced (Bertero et al., 1999; Jacobsen et al., 2004; Shulte et 

al., 2004). Jensen et al. (2000) and Vacher (1998) quantified among others net 

photosynthesis, specific leaf area, leaf water potential and stomatal conductance for 

quinoa in field situations during droughts. The response of quinoa flowering on 

photoperiod and temperature was for a first time determined and modeled by Bertero 

(Bertero et al., 1999a, 1999b) as well as the effect of these parameters on leaf growth 

(Bertero, 2001). Extensive pot experiments of M. Garcia (2003) with different drought 

treatments, yielded a clear insight in the response of growth rate, biomass production, 

harvest index etc. on water stress. These relations have to be intensively studied and can 

be incorporated in the crop water productivity model for quinoa.  

 

Objectives 

Crop water productivity modeling can contribute strongly to a better agronomical 

management. After calibration and validation of a robust model, scenario analyses with 

this model can help to determine the most favorable agricultural practices for a certain 

crop in a region (Soltani et al., 1999). Because quinoa has such a wide variety of defense 

mechanisms against extreme crop growth conditions, the application of a general, generic 

crop growth model will be almost impossible.  
 

It is strongly advice to develop a regional, simple and robust crop water productivity 

model for quinoa. This can be done within the modern FAO approach of crop 

productivity modeling (FAO, 2003) using the existing knowledge on quinoa and with 

extra field experiments. With this model, a strategy for deficit irrigation for small farmers 

in the Bolivian altiplano can be elaborated which can be incorporated in the management 

guidelines for this region. Because quinoa is the basic food in this region, a great 

contribution to increasing food security is realized.  
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6 Conclusion 
Drought, frost and poor soil quality make the Altiplano a very harsh agronomical region. 

In this area, quinoa is one of the only possible crops that can be cultivated under rainfed 

conditions (Garcia, 2003). Quinoa performs several resistance techniques to the adverse 

climatic factors of the altiplano and also has a very high nutritional value, making it a key 

crop for food security in the region. This study consisted in two main parts. First a 

quinoa specific agroclimatic study of the Bolivian altiplano was carried out. Secondly it 

was attempted to simulate regional quinoa yields on basis of the adapted Ky approach for 

yield simulation (Doorenbos & Kassam, 1979; Kipkorir, 2002) in combination with the 

soil water balance model BUDGET (Raes, 2003).  

6.1 Agroclimatic study for quinoa in the altiplano 
The main aim of this study was to study the agroclimatic constraints of the Bolivian 

altiplano in a detailed, regionally covering way (GIS). Most of the research was not purely 

meteorological, but crop specific. The soil water balance model BUDGET (Raes, 2003) 

combined with the present knowledge of quinoa crop characteristics provided by Garcia 

(2003) was used with long series of climatic input data.  
 

To get an insight into the climatic water demand in the altiplano, mean monthly 

reference evapotranspiration (ET0) was calculated for 18 meteorological stations for the 

main growing season months (October – April) and interpolated in a GIS package. The 

calculation was done with the FAO Penman-Monteith equation (Allen et al., 1998) on 

basis of only minimum and maximum temperature data. This technique was validated for 
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high altitudes by Garcia et al. (2004). Dewpoint temperatures for southern locations were 

estimated by the minimum temperatures minus 3 °C. This practice was suggested by 

Allen et al. (1998) and Garcia et al. (2004) but should be validated when more detailed 

meteorological data are available for the study region. In general, the highest reference 

evapotranspiration values were reported during the altiplano growing season months 

with a peak value in November. A clear increasing north to south-west trend was 

demonstrated during the entire season (Figure 3-6), which coincides well with the 

indicated north to south-west decrease in yearly rainfall (Figure 2-2). The main reason for 

the high ET0 values in the south is the low buffering capacity of the dry air to the 

incoming radiation, causing markedly higher maximum temperatures (Garcia, 2003). 
 

In a second part of this chapter, the quinoa specific onset of the rainy season was 

determined. The performances of eight onset criteria, based on cumulative rainfall and 

therefore applicable in the field, were compared by water balance simulations with the 

model BUDGET. Three of the criteria were worked out in this study, the other 5 were 

adopted from literature. Mean relative transpiration (Ta/Tpot) during the initial growing 

period (first 30 growing days) and during the entire season were the decision variables for 

the selection of the best onset criterion. The developed criterion 6 was chosen, although 

significant differences could only be proven for the northern locations. This criterion 

marks the onset of the rainy season as the date when cumulative rainfall in the previous 4 

days was at least 28 mm. This amount of rainfall coincides with a 75% filling of an 

average altiplano topsoil after a correction for ineffective rains. 
 

By means of the selected criterion and a so-called onset search window on basis of rainy 

day probabilities, onset dates were derived for the different locations and a frequency 

analysis was carried out with the RAINBOW software package (Raes et al., 1996). Mean 

onset dates fall in the beginning of November in the northern altiplano and at the end of 

November for the southern locations (Table 3-9). Agronomical extension services could 

help in determining the sowing dates and informing the farmers in real time. For the 

future, it is advised to do part of the onset analysis again when a sound yield simulation 

model exists for quinoa (especially for northern locations). In that way, the possible 

positive hardening effect of droughts could be taken into account, as well as the high 

crop sensitivity in the flowering stage.  
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Combining onset dates with derived cessation dates gave lengths of growing periods 

(LGP) for all the data years in all locations. A frequency analysis and a subsequent GIS 

interpolation yielded 3 average LGP maps of the altiplano for dry, normal and wet year 

(respectively 80, 50 and 20 % probability of exceedance). A significant north to south-

west trend was observed in the form of a decreasing LGP (on average from 150 days in 

the north to around 80 in the south) and an increasing variability in onset dates. The 

LGP maps are very useful tools for the guidance of agronomical activities during the 

growing season and the selection of proper cultivars in different altiplano regions. The 

LGP information was further used in the agronomical suitability mapping for quinoa.  
 

An agronomical dry spell analysis on basis of water balance simulations with the model 

BUDGET was worked out for the Bolivian altiplano in addition to the meteorological 

dry spell analysis of Garcia (2003). Again, this is a crop specific way of looking at the 

growing season quality. Seasonal rainfall almost never met the crop water demand (ETc). 

The probability on agronomical dry spells increases from north to south as indicated by a 

decreasing average growing season quality (ETa/ETc) for quinoa. On average, the crop 

water use (ETa) was 60 % of the demand (ETc) in the north up to only 30 % in the south, 

causing severe yield reductions under rainfed conditions. This supports the hypothesis of 

substantial yield increase through deficit irrigation. Very high water input efficiencies 

(WIE) were noticed due to the limited rainfall. Using yield response factors (Ky) per 

sensitivity stage, critical growing periods with the highest relative yield reductions were 

determined as being the flowering and yield formation stage (reduction of relative yields 

of 30 to 70 %). Limited irrigation dosages should be applied in these periods in order to 

get the highest return from the limited available irrigation water.  
 

Frost risk, being a second major climatic constraint in the altiplano, was only indicatively 

studied due to a lack of data. Results from Hijmans (1998) were processed to function as 

an input for the quinoa agronomical suitability mapping. The frost risk didn’t show a 

north-south trend, but an increasing east to west trend with many local anomalies. The 

extent of the tempering effect of Lake Titicaca should be further studied, both for 

temperature, climatic water demand (ET0) and rainfall. Because frost is such an 

important growth limiting factor, it is advised to model quinoa in the future in a more 

crop specific way as outlined in chapter 5. In this modeling concept water stress as well 

as air temperature should be considered, in order to give more reliable yield estimates.  
 



 

 70

The combination of all the elaborated agroclimatic information for quinoa yielded a 

quinoa agronomical suitability map for the Bolivian altiplano. In fact this is a 

geographical summary of important growing season quality indicators, namely length of 

growing period (LGP), mean seasonal relative transpiration (agronomical dry spell 

analysis; Ta/Tpot) and frost risk during the growing season. Figure 3-12 can therefore be 

used as a guideline for on farm advise on cultivar selection, for advise on the timing of 

agronomical activities and for the estimation of economic risks in different altiplano 

regions. It is recommended that this map is updated in the future with more detailed 

frost risk and soil information. In general, it can be said that the region close to Lake 

Titicaca is the most favorable quinoa region in the Bolivian altiplano. Overall rainy 

season quality worsens towards the south-west, as well as the length of the growing 

period. Frost risk is lowest closer to the eastern cordillera. Detailed local advising can be 

found in the conclusion of chapter 3. 
 

The fully covered spatial nature of the main part of the agroclimatic study yielded what 

could be called a digital agroclimatic atlas for the Bolivian altiplano. This database in a 

GIS environment will be very useful when carrying out regional simulations with a 

quinoa water productivity model. 
 

Generally, the agroclimatic study confirmed the harsh cropping environment of the 

altiplano and was able to pinpoint problems in the quinoa growing cycle. The high 

probability on dry spells and frosts, together with saline soils make quinoa one of the few 

possibilities to provide qualitatively good food. The flowering and yield formation stages 

were determined as the most critical growing phases, which was a confirmation of 

literature information (Garcia, 2003; Garcia et al., 2003; Jacobsen et al., 2004). Therefore 

deficit irrigation, which will be a solution to the nowadays marginal yields, needs to be 

concentrated in these growing periods. The elaboration of proper irrigation guidelines 

requires a sound water productivity and yield model for quinoa. This was the subject for 

the research in chapter 4.  

6.2 Quinoa yield simulations 
To be able to formulate exact regional management guidelines to improve quinoa yields, 

a sound yield simulation model is necessary. In this study the performance of the soil 

water balance model BUDGET in combination with the adapted Ky yield simulation 

approach (Doorenbos & Kassam, 1979; Kipkorir, 2002) to model quinoa yields was 
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tested. An adjustment and validation of this modeling approach with a LAI correction 

factor was also carried out. 
 

Regional rainfed quinoa yields for Patacamaya in the Bolivian altiplano were compared 

with simulated yields for 23 years. Crop characteristics (Ky,i, Kc,i and p) for quinoa yield 

simulations published by Garcia (2003) were considered. For each year, onset dates were 

determined with criterion 6. Reference evapotranspiration values were derived in chapter 

3. Unfortunately, preliminary comparisons between regional yields and the amount of 

rainfall during the growing season and during the flowering period showed low 

correlations. This already indicates problems in simulating regionally averaged yields on 

basis of point rainfal.  
 

Ky factors describe a crop’s yield response to water stress during different growth stages. 

This water stress is measured by the deficit in relative transpiration (1-Ta/Tpot) or 

evapotranspiration (1-ETa/ETc) which is simulated using the BUDGET soil water 

balance model (Raes, 2003). To consider the cumulative effect of water stress during 

different growth stages, a proper combination of the yield reductions is necessary. In 

BUDGET, an adapted multiplicative approach is used (Kipkorir, 2002). This approach 

already proved to be valid for regional yield simulations in Zimbabwe and Tunisia (Raes 

et al., 2004).  
 

The initial model runs for the quinoa yield simulation gave unsatisfying results, probably 

due to the fact that the original Ky approach is reported to be only valid in the top 50% 

water stress range [1 ≥ ETa/ETc ≥ 0.5]. Quinoa in the altiplano under rainfed conditions 

generally suffers from more severe water stress (average seasonal ETrel for Patacamaya = 

43 %) and has multiple drought resistant characteristics. Therefore the following 

adaptation of the model was suggested and tested. The lower development of the crop 

under water stress conditions is simulated by reducing the LAI which will subsequently 

reduce the potential crop transpiration (Tpot). A correction factor on the LAI is therefore 

entered into the model. Through the modeling equations, this results in a decrease of the 

Kc factor and Tpot and an increase of potential soil evaporation (Epot) and the depletion 

factor for no water stress (p). The hypothesis behind the adaptation was that the LAI 

correction factor might reflect some of quinoa’s ample adaptive mechanisms to drought 

as a lumped parameter. The approach partly simulates the increasing root to shoot ratio 

(RS) due to drought and the hardening effect of early droughts. The period during which 
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LAI is adjusted is made variable, but for the moment it is left on its default value (initial 

and crop development stage; 65 days).  
 

To study the effect of the new LAI correction factor, all the rainfall years were classified 

with a frequency analysis and 6 years (2 wet – 2 normal – 2 dry) were selected. The model 

was calibrated for those 6 years with different LAI correction factor values. 

Subsequently, the complete record of years was simulated for a few selected values of the 

correction factor and a series of 6 goodness of fit indicators was applied to select the best 

model setup.  
 

All simulated relative yields lie in the low range (0 – 20 %). The introduced LAI 

correction factor increased the modeled yields in some wet and normal years, but could 

not solve the problem of zero yield simulations in dry years. This is an underestimation 

of the observed substantial base yields in those years. The possible existence of a base 

yield was already reported by Garcia (1999) for quinoa and this was also tested in this 

study. Simulated yields lower than 0.4 tons/ha were set at 0.4 tons/ha base yield, the rest 

of the simulation results was retained. Assuming a base yield clearly had a positive effect 

on the goodness of fit indicators, except for the R². Looking at all the goodness of fit 

indicators, a low LAI correction factor (50) and a base yield of 0.4 tons/ha are 

considered as good indicative values on basis of this limited research. 
 

Relative yields were simulated on basis of relative evapotranspiration as well as on basis 

of relative transpiration. The latter gave more satisfying results, which is not surprising 

because with the LAI correction factor, yield overestimations might result from the high 

evaporation from uncovered soil.  
 

Finally a detailed sensitivity analysis of the BUDGET-Ky model setup for quinoa 

indicated the initial soil water content, the Ky factors for the different growing periods 

and the water stress estimation method (Trel or ETrel) as being the most influencing 

factors.  
 

Difficulties in modeling quinoa growth and yield have become clear in this study. It 

appears that the modeling of quinoa water productivity will have to be done in a more 

crop specific way in the future, although the present model setup can still be used for 

rough estimates on yields and for the global investigation of deficit irrigation effects on 

quinoa yields. The need for more on site research on the crop response of quinoa to 
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drought in the water scarce region of the Bolivian altiplano is urgent, especially because 

of the presently changed water rights in the southern altiplano. 
 

Key elements in the still to develop quinoa crop water productivity model will have to be 

the dynamic growth stage length in response to water stress, a permanent increase in the 

depletion factor p when early droughts occur (hardening), the constant adjustment of the 

root to shoot ratio (RS) in response to water stress and the update of the harvest index 

(HI) in response to water stress. Working with the more crop specific heat unit approach 

to delineate phenological stages will also be of considerable value for the model, as well 

as the incorporation of frost damage.  
 

Because it was demonstrated that water application in critical growing periods can 

increase quinoa yields up to a submaximal level (Garcia et al., 2003), exact irrigation 

guidelines should be developed with field experiments and the crop water productivity 

model for quinoa. With the same model, possibilities for quinoa in other harsh 

agronomical regions throughout the world could also be explored. 

 

 

 

This study clearly indicated that water is the blue gold of the Bolivian altiplano. In this 

region, where also frost and soil quality problems are severe, the crop quinoa is providing 

food security since many years. To increase quinoa yields, deficit irrigation is a valid 

option. The planning and guidance of this agronomical practice urgently requires a sound 

quinoa water productivity model.  
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