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A B S T R A C T

Models can play an important role in agricultural planning and management. Thermal time accumulation

is a common way of describing phenological development in crop models, but the sensitivity of this

concept to water stress is rarely quantified. The effect of pre-anthesis droughts on the timing of anthesis

and physiological maturity was assessed for quinoa (Chenopodium quinoa Willd.) var. ‘Santa Maria’, with

the help of two field experiments (2005–2006 and 2006–2007) in the central Bolivian Altiplano. Various

treatments with different sowing dates and irrigation applications were considered. To evaluate the

effect of drought stress on crop development, drought stress during the first 60 days after sowing was

assessed with three different stress indicators: the number of days that the soil water content of the root

zone was above a threshold, the average relative transpiration, and the sum of daily actual transpiration,

standardized for reference evapotranspiration (
P

(Ta/ET0)). The best indicator to quantify the effect of

pre-anthesis drought stress on phenological development was
P

(Ta/ET0) cumulated until 60 days after

sowing. This indicator showed a significant logarithmic relation with the time to anthesis and time to

physiological maturity. Correlations of the drought stress indicator with thermal time accumulation were

better than with calendar time accumulation. Due to an effect of post-anthesis droughts, the correlations

of the drought stress indicator with the time to anthesis were stronger than with the time to physiological

maturity. It was also demonstrated that deficit irrigation can contribute to a better agricultural planning

due to a better control of the phenological development of quinoa. The proposed relations can be used for

modeling phenological development of quinoa in drought prone regions and for efficient deficit irrigation

planning.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In current times of increasing water scarcity in agriculture
(Howell, 2001), crop simulation models can play an important role
(Hoogenboom, 2000). They allow studying possible scenarios that
might occur in the future to adopt better management strategies
(van Ittersum et al., 2003). The thermal time, growing degree day
(GDD) or heat unit concept (Madariaga and Knott, 1951; McMaster
and Wilhelm, 1997), is commonly the basis for modeling
phenological development in crop models for different common
crops (Stöckle et al., 2003; Brisson et al., 2003; Eitzinger et al.,
2004; Yang et al., 2004) and under-utilized crops (Robertson et al.,
2001; Soltani et al., 2006a,b; Adam et al., 2007; Al-Ahmadi and Kafi,
2007). The GDD concept describes crop development as a function
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of temperature sums above a base temperature (lower limit) (Yang
et al., 1995) and in some cases below a cut off temperature (upper
limit) (McMaster and Smika, 1988). A correction of the concept for
photoperiod sensitivity is often beneficial for the modeling quality
(McMaster and Smika, 1988; Bertero et al., 1999b; Soltani et al.,
2006a).

Azam-Ali and Squire (2002) mention that the concept of
thermal time is valid over a wide range of environmental
conditions, and is mostly unaffected by changes in solar radiation
but that it is often sensitive to drought stress. As an example,
McMaster and Wilhelm (2003) reported for wheat and barley a
decreasing effect of drought stress on the length of the cropping
cycle. McMaster and Smika (1988) already suggested that to
improve the performance of GDD models (with or without the
incorporation of photoperiodism), differences specific to a cultivar
or due to drought stress should be included. Nevertheless, only a
few crop growth models include a correction for drought stress,
often in a generic way. Stöckle et al. (2003) include drought stress
as a possible thermal time acceleration. Brisson et al. (2003) mainly
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include it as a factor accelerating maturity and senescence.
Robertson et al. (2001) report a lack of published information
on functional relationships between water and nutrient deficits
and phenological development for different crops.

In this paper, the effect of drought stress on the phenological
development of quinoa, cultivated in the Bolivian Altiplano, is
quantified. Quinoa (Chenopodium quinoa Willd.) is an Andean seed
crop that is rapidly gaining interest throughout the world
(Jacobsen, 2003; Bhargava et al., 2006). The crop has a very high
nutritional value (Comai et al., 2007) and is well adapted to the
unfavorable soil and climatic conditions prevailing in the Bolivian
Altiplano (Garcia et al., 2003; Geerts et al., 2006a). Quinoa is a very
drought resistant crop (Vacher, 1998; Jensen et al., 2000; Winkel
et al., 2002) and one of the reported mechanisms of drought escape
is its flexible phenology and growth cycle length (Jacobsen et al.,
2003; Garcia, 2003). Whereas the effect of photoperiod and
temperature (Bertero et al., 1999a,b) and even radiation (Bertero,
2001) on the development of quinoa was profoundly studied, the
effect of drought stress on the phenology was not quantified before
in field conditions. However, a better knowledge of the pheno-
logical development of quinoa under these conditions is desirable,
since a varying cropping cycle length hinders a good planning of
agricultural practices and labor. Further-on, a stretching of the crop
cycle will strongly increase the risk of frost in the late season as it
occurs in the Bolivian Altiplano (Geerts et al., 2006a).

2. Methodology

Field experiments were carried out during the growing seasons
of 2005–2006 and 2006–2007 in Patacamaya (178160S; 678570W;
3,799 m.a.s.l.), located in the semi-arid, central Bolivian Altiplano.
The experimental fields were representative for local agricultural
and fertility conditions in the Bolivian Altiplano. Three different
irrigation treatments were applied in both years (Table 1). In 2005–
2006, the treatments consisted of rainfed cultivation (R), full
irrigation (FI) throughout the complete crop cycle, and deficit
irrigation (DI) with irrigation limited to drought sensitive
phenological stages (Geerts et al., 2006b). In 2006–2007, three
different DI strategies (DI 1, DI 2 and DI 3) were applied. The variety
‘Santa Maria’ was sown with a density of 8 kg of seeds/ha in both
years and irrigation was applied via short furrows. To study the
effect of drought on phenological development, quinoa was sown
on three different dates in 2005–2006 (Table 1). The variety ‘Santa
Maria’ is a commercial cultivar, with an average growth cycle
length of 150 days, relatively large, sweet, and white seeds,
moderate tolerance to pests, diseases and droughts and high
tolerance to frost (�5 8C) during flowering (IBTA, 1996).
Table 1
Applied irrigation and specifications of the experimental fields under rainfed condition

Treatment number Irrigation treatment T

2005–2006 crop season

T1 FI T

T2 DI E

T3 R N

T4 FI T

T5 DI E

T6 R N

T7 FI T

T8 DI E

T9 R N

2006–2007 crop season

T1 DI E

T2 DI E

T3 DI E

a E: establishment; PF: pre-flowering; F: flowering; G: early grain filling.
Meteorological data (maximum and minimum air tempera-
ture, maximum and minimum relative humidity, mean wind
speed and total solar radiation) were recorded daily in an
automatic weather station next to the fields. Reference evapo-
transpiration (ET0) was calculated on a daily basis using the FAO-
Penman–Monteith equation (Allen et al., 1998). Soil water content
at field capacity and wilting point required for the estimation of
the total available soil water (TAW) were respectively 25.1 and
6.3 vol% in the 2005–2006 fields and 22.9 and 5.3 vol% in the
2006–2007 fields. They were derived with the pressure plate
method on undisturbed soil samples. Soil water contents were
monitored weekly with a gravimetrical procedure (2005–2006) or
a TDR soil moisture probe (2006–2007). Phenological stages of
emergence, first anthesis and physiological maturity were
observed according to the indications of Espindola (1980) for
quinoa. For each of the treatments, the time from sowing to
anthesis (TA) and from sowing to physiological maturity (TM) was
expressed in calendar days and in GDD. GDD sums were calculated
according to McMaster and Wilhelm (1997) with a base
temperature of 1 8C (Bois et al., 2006). To describe crop growth,
the green leaf area index (LAI) was measured every 2 weeks using
the AccuPAR LP80 radiation interception meter. To account for
crop heterogeneity, the interception measurements were
repeated 12 times per experimental unit (pseudo-repetitions
(Hurlbert, 1984)). To account for experimental heterogeneity, the
measurements were repeated in each of the blocks (repetitions) of
the experimental designs.

Actual crop transpiration (Ta) was calculated from a daily soil
water balance, in which the root zone is considered as a reservoir.
Water is supplied to the reservoir by rainfall and irrigation. Due to
the presence of a hard pan at 0.35 m soil depth, zero drainage could
be assumed at the bottom boundary of the shallow root zone
(Garcia, 1991). In this way, water is only extracted from the
reservoir by evapotranspiration. A Ritchie type approach (Ritchie,
1972), parameterized for the local soil physical conditions (Geerts
et al., 2008a), was used to estimate the actual soil evaporation after
wetting of the soil surface by rainfall or irrigation. As a reference,
crop transpiration for well watered conditions (Tc) was assessed by
the Kc � ET0 approach (Allen et al., 1998). As long as the readily
available soil water (RAW) is not depleted from the root zone, Ta is
equal to Tc. RAW was taken as 61% of TAW (Garcia, 2003). Once
RAW is depleted the soil water content in the root zone drops
below a threshold level and drought stress occurs (Ta < Tc). The
water stress factor Ks, describes this effect of water stress on the Ta

of a plant in function of TAW. When the soil water content is within
the limits of RAW, Ks is 1 and Tc is equal to Ta. After RAW is
depleted, Ks gradually decreases to a zero value at wilting point. Ta
s (R), deficit irrigation (DI) or with full irrigation (FI)

ime of additional irrigation applicationa Sowing date

hroughout season 7 October 2005

, F, G 7 October 2005

one 7 October 2005

hroughout season 21 October 2005

, F, G 21 October 2005

one 21 October 2005

hroughout season 9 November 2005

, F, G 9 November 2005

one 9 November 2005

22 October 2006

, F, G 22 October 2006

, PF, F, G 22 October 2006



Table 2
Relative transpiration (Ta/Tc) for the different treatments for the first 60 days after

sowing and for the complete cropping cycle

Number Treatment Ta/Tc: relative transpiration (%)

Until 60 DAS Until harvest

2005–2006 crop season

T1 FI 87 80

T2 DI 68 75

T3 R 53 57

T4 FI 81 86

T5 DI 67 72

T6 R 30 45

T7 FI 85 80

T8 DI 70 68

T9 R 55 54

2006–2007 crop season

T1 DI 68 61

T2 DI 71 71

T3 DI 76 74
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is then obtained by multiplying Tc by the actual value of the water
stress factor Ks (for calculation details, see Allen et al. (1998)).

Daily values for Kc were obtained by assuming the proportion-
ality between Kc and the green canopy cover (CC) as described by
Steduto et al. (2006) and Raes et al. (2006). The default value of 1.1
for the proportional factor (Kc,top) was considered. To derive green
canopy cover from the measured green LAI a Ritchie type of
equation (Belmans et al., 1983) was used:

CC ¼ 1� f e�cLAI (1)

where CC is the canopy cover (fraction) and LAI the leaf area index.
By comparing measured CC and LAI values in the experimental
fields of Patacamaya in 2005–2006, Eq. (1) was calibrated for
quinoa under row sowing with empirical factors c of 0.7 and f of 1.

To evaluate the effect of drought stress before anthesis on crop
development, the drought stress during the first 60 days after
sowing (DAS) was assessed with different stress indicators. The
limit of 60 DAS was selected since the earliest observed time of
anthesis of the considered quinoa variety occurred at 66 DAS. In
order for the drought stress indicator and the derived model to be
as generic as possible, the time of 60 DAS was selected for future
crop modeling purposes, instead of considering the total water
stress until the (variable) time of flowering.

The considered stress indicators were:
� th
e number of days that RAW was not completely depleted from
the root zone (

P
D);
� th
e average relative transpiration (Ta/Tc);

� th
e sum of daily actual transpiration, standardized for reference

evapotranspiration (
P

(Ta/ET0)). This criterion follows the
philosophy of Steduto et al. (2007) on the conservative behavior
of biomass water productivity.

Results of the 9 treatments of the growing season 2005–2006
were used to establish the regressions between the different
drought stress indicators and TA in calendar days and GDD. Results
of the three treatments of 2006–2007 were used to validate the
obtained regressions. As an extension, regressions were derived
between the drought stress indicators and TM. Goodness of fit of
the derived relations was assessed on the basis of the coefficient of
determination (R2), the root mean squared error (RMSE) in
absolute value or relative to the mean, and the Nash efficiency
(EF) as described by Loague and Green (1991).

3. Results and discussion

3.1. Correlation between drought stress and time to anthesis

Comparison of the measured soil water content (SWC) with the
simulated values showed high values for goodness of fit. R2 values
ranged from 0.59 to 0.85 and Nash efficiencies were limited
between 0.46 and 0.81, with exception of one of the treatments
(T1, 2005–2006) with somewhat lower goodness of fit (R2 0.40;
Nash efficiency 0.32). The good agreement signifies that estimates
of Ta and of the relative transpiration (Ta/Tc) can be regarded as
reliable. Table 2 presents the average Ta/Tc for the different
treatments for the period until 60 DAS and for the total growing
period. These values of relative transpiration reflect the drought
stress that occurred in each treatment as modeled with the soil
water balance. Drought stress that occurred in the FI treatments is
most likely due to the limited storage capacity of the shallow root
zone.

With reference to the fully irrigated fields, drought stress in the
various treatments increased TA up to 30 days, or up to 300 GDD.
Fig. 1 and Table 3 present the regression relations between the 3
considered drought stress indicators and TA. All 3 drought stress
indicators,

P
D, Ta/Tc and

P
(Ta/ET0), gave excellent correlations

with phenological development.
In general it appears that correlations between drought stress

indicators and phenological development are significant for
calendar time as well as for thermal time accumulation. This
makes the obtained correlations useful for models that simulate
phenological development with calendar days or GDD. However,
the validation of the obtained correlations with the results of the
2006/2007 experiment (Fig. 1, triangles) indicates that the
correlations are better for thermal time accumulation than for
calendar days (relative RMSE of 2–3% for thermal time versus 7–8%
for calendar days, for all drought stress indicators). This is probably
due to the influence of a warm phase (El Niño event) of the El Niño
Southern Oscillation (Vuille, 1999; Garreaud et al., 2003) in the
growing season of 2006–2007, resulting in higher temperatures in
the Bolivian Altiplano and an acceleration of crop development.

Although the three drought stress indicators
P

D, Ta/Tc and
P

(Ta/ET0) are highly correlated with TA (Table 3), preference is
given to

P
(Ta/ET0) as indicator, because:
� th
e discontinuous nature of the first indicator (
P

D) (1/0) may
result in over or under-weighing of events where SWC is close to
the threshold level;

P

� th
e logarithmic relationship of (Ta/ET0) as compared to Ta/Tc is

better to describe the increasingly important effect of drought
stress on the phenological development when Ta becomes very
small. Moderate (DI) or near to zero (FI) drought stress have both
very small effects on phenological development, whereas
elevated drought stress (R) results in a substantial increase of TA;

� th
e direct normalization of the indicator

P
(Ta/ET0) for climate

(ET0) makes it also applicable in regions with a different
evaporating power of the atmosphere;

� a
s a result of the conservative behavior of biomass water

productivity (Steduto et al., 2007),
P

(Ta/ET0) is proportional
with the total above ground dry biomass at 60 DAS which makes
that the indicator can be observed on-site.

From Fig. 1, one could pose the hypothesis of a certain drought
stress threshold, below which there is no effect on quinoa
phenology. This could theoretically give rise to a broken stick
type of curve. As this threshold is nevertheless difficult to derive,
and as this threshold might have a certain error range, a
logarithmic model, with a relatively horizontal shape for zero to



Fig. 1. (a–f) Regression relations (with indication of goodness of fit) between time to anthesis (in days and growing degree days) and (a and b) the number of days with soil

water content (SWC) above the critical level of (1–0.61 TAW) until 60 DAS, (c and d) average relative transpiration until 60 DAS, and (e and f) cumulative (Ta/ET0) until 60 DAS.

Circles refer to treatments of 2005–2006 used to establish the regressions, and triangles to treatments of 2006–2007 used for validation.

Table 3
Regression relations and regression goodness of fit (for n = 9) (R2 is the coefficient of determination, RMSE is the root mean squared error and EF is the Nash efficiency) of the

drought stress indicators
P

D (the number of days with soil water content above the critical level of (1–0.61 TAW) until 60 DAS), Ta/Tc (average relative transpiration until 60

DAS) and
P

(Ta/ET0) (cumulative (Ta/ET0) until 60 DAS) with the time to anthesis (TA) and physiological maturity (TM), expressed in calendar days and growing degree days

Drought stress indicator Regression relation (days) R2 RMSE EF

P
D TA = 103.3–9.2 Ln (

P
D) 0.90 2.7 0.90

Ta/Tc TA = 106.2–47.2 (Ta/Tc) 0.91 2.6 0.91
P

(Ta/ET0) TA = 95.5–10.7 Ln (
P

(Ta/ET0)) 0.92 2.3 0.92
P

(Ta/ET0) TM = 186.4–14.18 Ln (
P

(Ta/ET0)) 0.89 3.7 0.89

Regression relation (growing degree days)
P

D TA = 1084.6–93.3 Ln (
P

D) 0.90 27.8 0.90

Ta/Tc TA = 1114.5–478.2 (Ta/Tc) 0.91 26.5 0.91
P

(Ta/ET0) TA = 1005.1–108.9 Ln (
P

(Ta/ET0)) 0.92 24.0 0.92
P

(Ta/ET0) TM = 1916.9–141.35 Ln (
P

(Ta/ET0)) 0.89 36.9 0.89
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moderate stress levels, is a more continuous way to evaluate the
effect of pre-anthesis drought stress on crop phenology.

The proposed relations should be checked for quinoa varieties
other than ‘Santa Maria’ since in the more arid south of the Bolivian
Altiplano, quinoa varieties with an apparent longer cycle are often
cultivated. There the considered 60 DAS period for the calculation
of the drought stress indicators might need to be adjusted.
However, the results of the field experiments reported in this paper
might suggest that the sometimes observed longer crop cycle
length in the South could partly be the result of stronger drought
stress encountered in this more arid region. Although genotypic
differences in time to physiological maturity under no-stress
conditions certainly exist (Bertero et al., 2004), even the standard
cropping cycle length as provided by certified seed sellers might
sometimes already incorporate normal drought stress occurrence
during vegetative stages.

3.2. Extension of the correlation to time to physiological maturity

As a possible extension to the proposed model, the correlation
between the drought stress indicators and TM was indicatively
assessed. Fig. 2 and Table 3 present these correlations for the stress
indicator

P
(Ta/ET0) until 60 DAS. Correlations of the stress

indicators were lower with TM than with TA, due to the lower
goodness of fit for TM of the 3 validation fields of 2006–2007
(compare Fig. 2 and Fig. 1, triangles). The lower correlations with
TM for the validation fields suggest some confounding effect of the
exceptional weather conditions after anthesis in these validation
experiments. In fact, preliminary findings (Huiza Laura, 1994;
Garcia, 2003) showed that post-anthesis drought can decrease TM,
an effect opposite to that of pre-anthesis drought. For the 2005–
2006 experiments, correlations of stress indicators with TA and
with TM showed a similar goodness of fit because of a relatively
good rainfall distribution after anthesis in this rainy season. In this
way, phenological development in these experiments was only
affected by pre-anthesis drought. In the 2006–2007 trials, on the
contrary, some drought stress as well as serious water logging
occurred after anthesis, causing noise in the correlation with TM
and impeding the quantification of the additional effect of post-
anthesis drought. The results of this study (2006–2007) and of
Huiza Laura (1994) and Garcia (2003) however indicate that the
effect of post-anthesis drought is smaller than the increasing effect
of pre-anthesis drought on the total crop cycle length. It is clear
that the effect of post-anthesis water stress on phenological
development should be quantified in separate experiments to
derive a better model for the effect of water stress on the total
length of the cropping cycle.
Fig. 2. (a and b) Regression relations (with indication of goodness of fit) between time

(cumulative (Ta/ET0) until 60 DAS). Circles refer to treatments of 2005–2006 used to esta
The indicator
P

(Ta/ET0), and in extension the observable above
ground dry biomass at 60 DAS (Steduto et al., 2007) can thus be an
indicator of the expected length of the growing season (TM), but
only if post-anthesis drought stress or water logging is limited. If a
low above ground biomass at 60 DAS is observed in the field, an
increase of the growth cycle is very likely to be expected. Moderate
above ground biomass at 60 DAS should however not be
considered as an indicator of a strong increase of the crop cycle,
because of the logarithmic nature of the correlation (Figs. 1e and f
and 2).

3.3. Discussion on the mechanism and link with other crops

Although it needs further corroboration, the described effect of
severe pre-anthesis drought (pronounced development decelera-
tion), as well as post-anthesis drought (slight acceleration of
physiological maturity) could on the one hand be regarded as
adaptive mechanisms of the quinoa plant to avoid droughts during
flowering (by postponing anthesis) and grain filling (by accelerat-
ing maturity). On the other hand, it has been established that for
other crops timing of flowering is strongly related to growth as
such (Gross, 1981; Hirose and Kachi, 1982; Wery, 2005), also in the
frame of evolutionary fitness (Metcalf et al., 2003). This suggests
that the effect of drought stress on quinoa phenology is indirect via
growth. So as drought stress retards growth in quinoa (Geerts et al.,
2006b), decelerated growth could be part of the explanation of the
delayed flowering (refer also to the 3rd drought stress indicator
that is closely related to above-ground biomass growth). This is
linked with the division of crop species in so-called determinate
and indeterminate crops regarding their source-sink relations
during phenological development (Hay and Walker, 1989; Reekie,
1997; Azam-Ali and Squire, 2002). Notwithstanding the value of
the posed hypothesis, it is known from field experiences that a lot
of quinoa varieties are able to produce some yield, irrespective of a
certain critical plant size for panicle development. That this occurs
after a considerable delay in flowering should hereby be taken into
account. This indicates that although a clear effect of drought stress
on phenology could be demonstrated, the underlying mechanism
still needs to be investigated further, preferably in cultivars
originating from different latitudes (Bertero, 2001) and in the
frame of dividing between evolutionary (long term) and mere
physiological (short term) phenological adaptation (Hodges, 1991;
Blum, 1996).

Though comparison of quinoa with other crops is difficult due
to the particular combination of high radiation, frost and aridity in
the Andean highlands, phenological responses of quinoa to dry
spells show some similarities with those of grain crops in warm
to physiological maturity in days (a) and growing degree days (b) and
P

(Ta/ET0)

blish the regressions, and triangles to treatments of 2006–2007 used for validation.
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semi-arid tropics. Donatelli et al. (1992) report that for sorghum,
relative thermal time increased from a stress threshold of 55% of
relative transpiration onward. In this study, the response of quinoa
appeared to be more continuous, albeit it with an important
logarithmic shape. Tsuda (1986) also mentions a threshold of
critical leaf water potential, above which no effect on rice and
sorghum phenology could be distinguished. Further-on, they
mention a linear increase in timing of panicle exertion with
increasing water stress imposed just after floral initiation. Farré
and Faci (2006) report a delay in flowering (7 and 17 days) and
maturity (5 and 12 days) for respectively sorghum and maize due
to pre-anthesis water deficit. Abrecht and Carberry (1993) also
mention delayed flowering in maize under drought stress, but only
for 4 days. McMaster and Wilhelm (2003) on the other hand report
the hastening effect of drought stress on phenological develop-
ment of wheat and barley, for the timing of flowering as well as for
the time to physiological maturity (McMaster, 2004), but state that
the modeling of this effect is hindered by important genotype by
environment interactions, which was later on further demon-
strated (McMaster et al., 2005) and also mentioned for quinoa
(Bertero et al., 2004). The comparisons with other crops indicate
that the delayed flowering in response to pre-anthesis drought
stress as observed for quinoa is not exceptional in its existence, but
more in its magnitude (strong logarithmic relation).

3.4. Practical application

Deficit irrigation (DI) is a practice that is worthwhile to apply
for quinoa in dry regions (Garcia, 2003; Geerts et al., 2008a,b). In
general, Oweis and Hachum (2006) mention the substantial
increase in water productivity of grain and legume crops if DI is
applied in a sound way in dry regions where water and not land is
the limiting factor. Oweis et al. (1998) and Oweis and Hachum
(2001) point out the higher level of control over sowing date and
crop cycle (higher independence from climate) as additional
advantages of DI. Debaeke and Aboudrare (2004) on the other hand
summarize that a farmer should combine different management
strategies, such as DI, to cope with drought and to increase water
productivity. They mention that among others, the seasonal water
use pattern should be optimized between pre- and post-anthesis.
This was already indicated for quinoa by Geerts et al. (2008a), who
demonstrated a significant relation between this pattern and the
water use efficiency.

As shown in this study, quinoa under DI still has a close to
normal TA and TM. This is mainly due to the logarithmic nature of
the relation between drought stress and the corresponding
increase of the cropping cycle. On top of a substantial increase
of water productivity of quinoa by DI (Geerts et al., 2008a), the
practice of DI also allows a better planning of labor and a
concentration of the growing season within the optimal window of
frost free days. Moreover, it is demonstrated in this study that FI is
redundant as compared to DI, even for achieving a better
agricultural planning.

4. Conclusion

Severe drought stress up to anthesis can result in a considerable
increase of the time to anthesis and to physiological maturity.
Moderate drought stress is not likely to cause this effect. This
demonstrates the high phenological plasticity of quinoa var. ‘Santa
Maria’ as a drought escape mechanism. Although no complete
drought stress-thermal time interaction model was presented for
quinoa, quinoa phenology in response to pre-anthesis droughts
was quantified for field conditions. The proposed model should be
validated for other quinoa varieties and other regions and should
be improved by also considering post-anthesis drought. The
obtained correlations can be a substantial improvement for the
management of quinoa in the region and for the simulation of
quinoa crop development. The general approach and the drought
stress indicators presented in this paper might even be valuable in
describing phenological development of other drought tolerant
crops with high phenological flexibility.
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