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Abstract Drought stresses arise when the combi-
nation of rainfall and soil water supply are
insufficient to meet the transpiration needs of the
crop. In the Cerrado region of Goias state, Brazil,
summer rainfall is typically greater than 1000 mm.
However, drought stress can occur during rain-free
periods of only 1-3 weeks, since roots are frequently
restricted to shallow depths due to Al-induced acidity
in deeper soil layers. If these droughts are frequent,
then plant breeding programs need to consider how
to develop suitable germplasm for the target popu-
lation of environments (TPE). A crop simulation
model was used to determine patterns of drought
stress for 12 locations and >30 environments
(6 years x 5-6 planting dates) for short and medium
duration rice crops (planted in early summer), and for
maize grown either as a Ist or 2nd crop in the
summer cycle. Regression analysis of the simulations
confirmed the greater yield impact in both crops of
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drought stress (quantified as the ratio of water-limited
to potential transpiration) when it occurred around
the time of flowering and early grain-filling. For rice,
mild mid-season droughts occurred 40-60% of the
time in virgin (0.4 m deep for rice or 0.5 m for
maize) soils and improved (0.8 m for rice or 1.0 m
for maize) soils, with a yield reduction of <30%.
More severe reproductive and grain-filling stress
(yield reductions of 50% for rice to 90% for maize)
occurred less frequently in rice (<30% of time) and
1st maize crop (< 10% of time). The 2nd maize crop
experienced the greatest proportion (75-90%) of
drought stresses that reduced yield to <50% of
potential, with most of these occasions associated
with later planting. The rice breeding station
(CNPAF) experiences the same pattern of different
drought types as for the TPE, and is largely suitable
for early-stage selection of adapted germplasm based
on yield potential. However, selection for virgin soil
types could be augmented by evaluation on some
less-improved soils in the slightly drier parts of the
TPE region. Similarly, the drought patterns at the
maize research station (CNPMS) and the other maize
screening locations are better suited to selection of
lines for the improved soil types. Development of
lines for the 2nd crop and on more virgin (acidic)
soils would require more targeted selection at late
planting dates in drier sites.

Keywords Crop modelling - Target population
of environments - Cerrados - Breeding
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Introduction

In the Cerrado environments of central Brazil,
breeding of rainfed upland rice and maize is based
on early screens for agronomic traits such as crop
duration, vigour, plant, panicle and grain type,
commonly under irrigated conditions on research
stations. Only once lines reach advanced testing
stages are they evaluated under the bio-physical
constraints that characterize farmers’ fields.

The Cerrado is a complex and extensive biome
undergoing rapid changes in land use. The rainfall
averages about 1200 mm per year, falling mainly (ca.
1000 mm) from November to January (cropping
season). Upland rice plays an important role in
bringing cleared areas into cultivation because of its
comparative tolerance to acid, aluminium-toxic soils
(Pinheiro et al. 2006). After two or three years of rice
cropping in combination with dolomite and phos-
phate amendments, cropping systems based on
intensified pasture and cash crops such as soybean
and maize are established. The rice crop is affected
by restrictions to rooting depth as a result of acid
subsoil, which in turn increases the effects of
intermittent drought caused by variable rainfall. This
limiting soil depth reduces plant available water, and
therefore drought resistance is a major breeding
objective for annual crops in the Cerrados, particu-
larly upland rice.

Meaningful breeding for drought tolerance requires
information on the inter and intra-annual probability of
drought occurrence, as well as on the characteristics of
prevalent drought types such as duration, intensity
(which in turn depends on soil depth) and timing with
respect to crop phenology. This information can be
captured by defining the target population of environ-
ments (TPE) for the crop (rice and maize). The TPE is
defined as the set of environments, including spatial
and temporal variability, to which improved crop
varieties developed by a breeding program need to be
adapted (Nyquist 1991; Cooper et al. 1997). With
information on the TPEs, a significant component of
the genotype X environment interactions (G X E) for
grain yield may be explained and predicted, enabling
the optimization of environmental screens and breed-
ing itineraries (e.g., Chapman et al. 2000a, b, c).

More recent efforts to characterize TPEs for
drought have utilised crop models. For sorghum,
Muchow et al. (1996) showed that a crop model was
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more effective to quantify the incidence of drought
stress than simple water balance or budgeting models.
Jongdee et al. (1997b) used the RLRice model to
characterise the patterns of drought stress in various
environments sampled in a multi-environment trial to
examine attainable-yield variation in north and
northeast Thailand. Chapman et al. (2000c) used the
APSIM crop model to create a regional drought
typology from information on soils and historical
weather records for sorghum in Queensland,
Australia.

For rice breeding for central Brazil, screening
takes place on a research station (CNPAF—Embrapa
Rice & Beans Centre) located within the geograph-
ical boundaries of the crop production area. For
maize, the research station (CNPMS—Maize &
Sorghum Centre at Sete Lagoas) is now located
outside the major cropping area which has expanded
to the west and north of this location. This paper
explores possibilities to adjust regional breeding
systems to optimally fit the range of environments
they are targeting (TPE), using the example of upland
rice and maize in Brazil’s Cerrados. The specific
objectives are to (a) determine the geographical and
inter-annual variation of seasonal drought patterns for
upland rice and maize (as first and second crop); (b)
evaluate how well the current environmental screens
for upland rice and maize fit the TPE for this crop;
and (c) provide, as a case study, strategies that may
help improving the efficiency of these breeding
programs.

Materials and methods
Extent and characteristics of study zone

In this study the production area corresponds to the
Goias state, located in central Brazil, with a surface
area of 340,086 kmz, a range in altitude of 400-
1300 m and latitude and longitude from —12.8° to —
19.5° (S) and —49.0 to —50.9 (W) (Fig. 1). In 2005,
this region produced 374 600 t of rice (80% is upland
rice) and 2,213 440 t of maize (78% as first crop and
22% as second safrinha crop in double cropping
systems) (IBGE 2006).

The climate in Goias State is tropical, warm and
humid with mean annual precipitation of 1,000—
1,500 mm (mono-modal summer rains; Prance 1987).
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Fig. 1 The TPE location in Brazil and (@) selected sites used in this study. (A) represents the upland screening site CNPAF and (H)

maize screening site CNPMS

Establishment of the TPE, climatic and soil data
base

For the establishment of the TPE, 12 locations were
selected from the sites used for testing with the crop
production area (Fig. 1). The climatic data base also
came from these 12 sites. Seven climatic variables,
e.g., precipitation, maximum and minimum temper-
atures, wind speed, maximum and minimum
humidity and global radiation were used (Table 1).
All climate data sets were organized in a data
base and submitted to verification and cleaning. For

the process of filling missing data and null records
the LADSS (2004) protocol was followed. Daily
global radiation was not available for the CNPAF
site, and was calculated from sunshine hours using
the Angstrom equation (Allen et al. 1998). For all
sites, missing values of global radiation were
completed with the help of a regression model
using a quadratic response surface. Partial least
squares (PLS) regression method was used to solve
the model. The input variables were daily rainfall,
extra-terrestrial radiation, temperature amplitude
and maximum temperature. Terms were made for

Table 1 Reference sites used in this study: Site, Brazilian State, geographic location, altitude, number of years with available agro-

meteorological data and source of data

Site State Latitude Longitude Altitude (m) No. of years Source

Aragarcas Goias -16.00 -52.00 310 6 http://simego.sectec.go.gov.br
CNPAF Goias -16.50 —49.30 741 22 http://www.cnpaf.embrapa.br
Ceres Goias -15.33 —49.60 739 6 http://simego.sectec.go.gov.br
Goiania Goias -16.73 -49.25 749 6 http://simego.sectec.go.gov.br
Ipora Goias -16.41 -51.11 688 6 http://simego.sectec.go.gov.br
Itaberai Goias -16.01 —-49.78 1001 6 http://simego.sectec.go.gov.br
Itumbiara Goias -18.40 -49.18 449 6 http://simego.sectec.go.gov.br
Planaltina Goias -16.08 -47.70 1007 6 http://simego.sectec.go.gov.br
Porangatu Goias -13.30 —41.11 391 6 http://simego.sectec.go.gov.br
Quirindpolis Goias -18.43 -50.40 633 6 http://simego.sectec.go.gov.br
Viandpolis Goias -16.80 -48.48 1110 6 http://simego.sectec.go.gov.br
Vicentindpolis Goias -17.70 -49.78 648 6 http://simego.sectec.go.gov.br
CNPMS Minas Gerais -19.46 -44.25 732 44 http://www.cnpms.embrapa.br

@ Springer


http://simego.sectec.go.gov.br
http://www.cnpaf.embrapa.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://simego.sectec.go.gov.br
http://www.cnpms.embrapa.br

Euphytica

each variable as linear, quadratic, and the cross-
products between variables according to Ball et al.
(2004).

The most common soil types, covering 46% of the
region, are Oxisols and Latosols (EMBRAPA 1999).
They have excellent physical properties but are
strongly weathered and thus have low cation
exchange capacity, frequently causing nutrient defi-
ciencies in crops. Soil water holding capacity is about
100 mm m™" (Balbino et al. 2001; Schaffert et al.
2000). Rooting depth is generally limited by soil
acidity increasing with depth, and may be as shallow
as 0.3 m under low input management (Martinez
1977). This variability mainly affects rice as the
initial crop in virgin soils. This was taken into
account in the modeling study by setting maximum
rooting depth to 0.4 m (low management or pioneer
crop scenario) and 0.8 m (scenario for established,
well managed cropping system). For maize, which
roots more deeply than rice and is grown more often
on somewhat improved soils, the scenarios were
0.5 m and 1.0 m.

Model description and parameterization
General approach

Two reference upland rice varietal types (short and
medium cycle) and one reference maize type (short
cycle), based on the characteristics of the most
commonly planted genotypes in the Cerrado, were
parameterized using the crop models RICE06 (for
rice) and CEREALO6 (for maize), both derived
from the generic model SARRA, and implemented
on the ECOTROP modeling platform of Cirad
(Dingkuhn et al. 2003; Sultan et al. 2005; Baron
et al. 2005).

ECOTROP is a crop modelling platform devel-
oped from SARRA, the water balance model
frequently used by agronomists and agro-meteorolo-
gists in West Africa (zoning and risk analyses:
Affholder 1997; Baron et al. 1999; yield forecasting:
Samba 1998). The platform serves to assemble
simple crop models from a library of modules and
to apply them with the help of various tools for
sensitivity analysis, parameter optimisation, database
management and graphic interfaces. Only details
relevant to this particular version are described.
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Soil water dynamics

The model simulates, at daily increments, water
runoff and infiltration using an empirical threshold
of 20 mm (Baron et al. 1996). The soil is divided into
a user defined top layer (15 cm for this study), used to
simulate evaporation, and a layer of variable thickness
representing the wetted zone. Water holding capacity
of the soil between wilting point (pF 4.2) and field
capacity (pF3) of the soil was calibrated from
available soil data, and was set to 100 mm m~! for
this study to represent an oxisol. The root front, which
descends at genotype specific rates depending on the
growth stage, follows the wetting front. It is limited by
the soil depth parameter (set to different values
according to crop type and presence of an impenetra-
ble, acid horizon as described above) and the current
depth of the wetting front. Water extraction from the
soil consists of two additive components, surface
evaporation and extraction from the root zone through
transpiration. Fraction of ground cover is used to
partition evaporative demand acting on the soil and
the plant. Ground cover is computed from simulated
leaf area index (LAI) and an extinction coefficient K
according to Beer-Lamberts’s law (Vose et al. 1995).
The K4 was set to 0.43 for rice and 0.6 for maize.

Plant water use and drought simulation

Drought level is evaluated from Fraction of Tran-
spirable Soil Water (FTSW) according to Sinclair and
Ludlow (1986) calculated for the bulk root zone. The
FTSW is the relative, volumetric soil water content
between wilting point and field capacity normalized
on a scale between 0 and 1. This state variable acts as
a reducing factor on plant transpiration and carbon
assimilation based on FAO guidelines, using a
genotype-dependent depletion factor P (Allen et al.
1998). This coefficient was set to 0.55 for maize
(Allen et al. 1998) and to 0.35 for rice (D. Luquet,
CIRAD, Montpellier, 2006, unpublished data), which
was thus considered more sensitive to drought than
maize. Calculation of soil evaporation in the model is
based on the same concept, but applied to the full
range of soil moisture between dry and saturated
state, in the surface layer of the soil. Maximum
evapotranspiration of the soil and canopy, achieved at
full ground cover, is set with a crop coefficient K,
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according to FAO guidelines for different crop
species (Doorenbos and Pruitt 1977; Doorenbos and
Kassam 1979). K. was set to 1.2 for rice and 1.15 for
maize. The physiological stress level of the plant is
expressed by the state variable cstr (range 0-1), equal
to the simulated ratio of water-limited to potential
transpiration as calculated from current FTSW based
on the FAO depletion factor.

Carbon assimilation and partitioning

Potential assimilation rates are obtained by multiply-
ing intercepted photosynthetically active radiation,
calculated with Beer-Lambert’s law, by an empirical
conversion coefficient. This coefficient is similar to the
radiation use efficiency coefficient (RUE) term
described by Sinclair and Muchow (1999), but larger
because it is based on carbon assimilation before, and
not after the subtraction of respiration losses. Water
limited assimilation rates are then obtained by applying
the drought related reduction coefficient cstr. After
subtraction of a temperature and biomass dependent
maintenance respiration term (Penning de Vries et al.
1989), biomass is partitioned during vegetative stage
between roots, stems and leaves according to empir-
ical, allometric rules (Samba et al. 2001). Grain filling,
however, is simulated with somewhat more detail to
allow for variable harvest index, by determining sink
capacity during pre-floral stages and inducing leaf
senescence after flowering when sink capacity exceeds
current assimilation rate. Leaf biomass is converted to
leaf area using specific leaf area (Penning de Vries et al.
1989; Asch et al. 1999) whose dynamics are simulated
on the basis of a genetic minimum and maximum
value. For both rice and maize, a drought (low FTSW)
sensitive phase for grain sink capacity begins 10-days
preceding anthesis. In rice, this corresponds to the
period of pollen development (from meiosis to polli-
nation) and in maize to silk elongation (determining the
anthesis-silking interval, ASI), both of which are
crucial for seed set and are highly stress sensitive, e.g.,
Bolanos and Edmeades (1993).

Phenology

Although the model is capable of simulating variable
crop duration depending on day length, photoperiod

response was suppressed by setting a fixed thermal
time of 1 day for the photoperiod-sensitive phase for
all crops. Crop duration was thus the sum of
genotypic, thermal durations of the basic vegetative
phase (BVP), reproductive phase and ripening phase.
Thermal time was simulated by setting base temper-
ature to 10°C for rice and 8°C for maize.

Model outputs used for TPE characterization

Among the many model output variables, only
attainable (water and radiation limited) and potential
(radiation limited) grain yield at maturity were used,
as well as the seasonal dynamics of cstr, which
served as an indicator of the current physiological
drought level. The relative water stress impact on
yield (RWSI) was evaluated by expressing attainable
yield as a fraction of potential yield.

RWSI = 100 — (GY.t/GYpor) * 100 (1)
whereby:

RWSI—relative water stress impact (%);
GY ,—simulated attainable grain yield, kg/ha;
GY po—simulated potential grain yield, kg/ha.

Model testing

For validation and calibration of rice and maize
reference genotypes, parameters for plant phenology,
biomass and yield data were taken from Embrapa
Rice & Beans and Embrapa Maize & Sorghum
breeding program data bases. The calibrated model
was validated with observed data from a fully
irrigated maize experiment (BRS3003—hybrid triple,
Romano 2005) and a non-irrigated rice experiment
using the short-duration upland rice cultivar Guarani
and the medium-duration cultivar Caiapo. The model
performance for the three cases was quite suitable in
terms of capturing patterns of LAI, biomass and yield
in these relevant environments (Fig. 2).

Simulated scenarios

Simulations were undertaken for a range of sowing
dates for each crop type, site and year, according to
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Fig. 2 Crop model performance for yield (kg/ha), biomass area (kg/ha) and LAI for (a) short rice cycle not irrigated, (b) medium

rice cycle not irrigated and (c¢) maize fully irrigated experiments

recommended practices. Sowing dates were defined
at 15-day intervals during the main planting season
(rice or maize as first crop) and at 10-day intervals
during the second season (maize as second crop). The
planting seasons were defined as 01 November—31
December for short-cycle rice and 15 October—31
December for medium-cycle rice and maize as first
crop (1st). For the rice medium-duration crop, earlier
planting dates are recommended because it is
considered less sensitive to the rainfall variation at
the beginning of the cropping season. Specifically for
the sites Planaltina and Vicentindpolis, the earliest
sowing date for upland rice was shifted by one
month, 01 November—01 December, due to the short
rainy period at these locations. For maize as 2nd crop,
possible sowing dates were considered between 20
January and 01 March. These choices of potential
crop calendars were based on the climatic-risk zoning
for the Goias state developed by the Brazilian
Government (http://www.agricultura.gov.br/).

Because sowing dates were fixed independently
of rainfall occurrence, a provision was made that
allowed germination only if FTSW in the top soil
layer was 0.7 or higher. For any given year and
sowing date, if soil moisture did not permit
germination within 10 days of sowing, the crop
was considered as failed. Simulation runs were
generally initiated in July, regardless of sowing
date, in order to allow the establishment of a
realistic soil water profile on the basis of rainfall
patterns occurring before sowing, with the starting
water profile as zero due to completion of a
previous crop.
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Analysis of yield sensitivity to physiological
stress level

The reference genotypes were used to simulate, for
each scenario, the attainable yield, potential yield and
the average level of cstr for each successive 100°C d
period throughout the crop cycle (corresponding to
about one week). For each TPE (ensemble of scenarios
per crop type), a linear regression model was built
relating relative (attainable over potential) grain yield
to stress intensity patterns during crop development
(mean cstr per 100°C d period), based on Eq. 2:

_)7 - GYatt/GYpot == ﬁiXi + P + ﬂan (2)
where:

¥y = relative grain yield;

GY = grain yield (attainable, att; potential, pot);
fi to B, = regression coefficients;

X; to X,, = mean cstr simulated for each successive
100°C d period during crop development.

The partial least square (PLS) regression method was
used to determine the weighting of growth periods as
a function of the mean cs#r simulated for the 100°C d
periods, according to their influence on relative grain
yield.

Stress pattern typology using diagnostic output
variables of the model

To develop a typology of drought patterns for each
rice and maize TPE, a four-dimensional matrix
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consisting of location, sowing date, year and growth
phase (100°C d period) was established for the mean
cstr simulated for the 100°C d periods. This classi-
fication employed a hierarchical agglomerative
clustering method (Williams 1976) with a squared
Euclidian distance as the dissimilarity measure, and
incremental sum of squares (Ward 1963) as the fusion
criterion. For each TPE, the simulated drought stress
scenarios were classified into three main groups
based on the similarities in the phenological sequence
patterns of cstr.

To avoid bias in the stress pattern analysis
resulting from the strong variation in cstr during
crop establishment, which is due to the initially
shallow root system but has only small effects on
subsequent growth, only the period from mid vege-
tative stage (400, 500 and 400°C d after sowing for
short, medium rice and maize) to end of grain filling
was considered. Similar drought classification proce-
dures were described previously by Muchow et al.
(1996) and Chapman et al. (2000b).

The statistical software used in this study was the
freeware R v. 2.4.0 (R Development Core Team
2005). The R packages used were PLS and Cluster.

Results

Analysis of yield sensitivity to physiological
stress level

The sensitivity analysis of relative yield (y as defined
in Eq. 3) to the simulated water stress indices (cstr)
for different growth phases, conducted for the entire
TPEs (Fig. 3), revealed distinct periods during which
cstr was influential. For the short-duration upland rice
TPE (Fig. 3a), the most sensitive period was flower-
ing (occurring at 64 = 2.5 DAE), followed by the
grain filling period (simulated for the 20 days
following flowering). During the reproductive phase
(from panicle initiation to flowering), sensitivity of
relative yield to cstr increased gradually. The vege-
tative phase was the least sensitive. Similar patterns
were simulated for the shallow (0.4 m) and deep
(0.8 m) soil scenarios, which affected stress inci-
dence but not the relative sensitivity of different
growth stages to stress. These types of developmen-
tal-stage dependent effects of drought on rice yields
have also been observed managed irrigation

experiments in the field (e.g., Cruz and O’Toole
1984; Lilley and Fukai 1994). The yield response
simulated by the model had several components, the
most influential being spikelet sterility caused by
drought between booting (about 10 d before flower-
ing) and flowering. Figure 4 shows, as example, the
variation of rice short cycle simulated spikelet
sterility (%) due to drought stress among the TPE
sites for soils deep 0.8 and 0.4 m. Drought sensitivity
of yield simulated before that period influenced dry
matter accumulation and with it, the reservoir of
reserves accumulated in the plant that can be
mobilized for grain filling. Drought after flowering
reduced yield through limited current assimilate
resources for grain filling. Hence, for the TPE studied
here, these effects added up to constitute a broad peak
of yield sensitivity centred at flowering.

Drought sensitivity patterns simulated for the
medium-duration rice TPE (Fig. 3b) were similar as
for short-duration rice, but cstr effects were spread
over a longer period and showed a less pronounced
peak at flowering (84 + 3.5 DAE). The highest
sensitivity was simulated for the grain filling period,
given that the later maturation of this crop increased
the occurrence of terminal drought.

In the TPE for maize as first crop (Fig. 3c), the
most sensitive period was at about 52 DAE, 5-7 days
before silking (57 = 2.5 DAE). In terms of model
mechanisms, the algorithms used were the same as
for rice but parameterized differently. In maize, the
observable effect of drought near flowering is a delay
in silking. However, this is a symptom of reduced ear
growth rate and reduced establishment of grain
number per plant, and at the physiological level is
similar in effect as the effect of male sterility as in
rice. For TPE of maize as second crop (Fig. 3d), the
most drought-sensitive, phenological period was also
7 days before anthesis (58 + 2.5 DAE), but the peak
was less pronounced. Instead, cstr had a greater
influence on ¥ during grain filling because in this
TPE, drought mainly occurred during this period.

TPE characterization
Short-duration rice TPE

Based on cluster analysis, three predominant stress
patterns were observed, denominated as low (L), mid-
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Fig. 3 Estimation along crop cycle in days after emergence of
the most influential period of water stress (stress index
averaged for each 100°CD: CSTR;q9) on simulated yield
reduction (computed as the ratio between actual and potential

season (M) and terminal (T) stress (Fig. 5a). The
most severe but less frequent stress pattern, T
(Table 2) began about 600°C d after emergence
(38 DAE), at the beginning of reproductive phase
and was most intense between 800 (52 DAE) and
900°C d (59 DAE), corresponding to a period of
marked sensitivity of yield to cstr (Fig. 3a). The T
stress pattern also affected the grain filling phase,
particularly under conditions of shallow soil (0.4 m)
and reduced potential yield by >50% in both soil
types. The L pattern was most frequent for deep soil
(46%) and the M pattern was most frequent for
shallow soil (48%) with smaller relative effects on
yield. The overall, weighted yield reduction con-
founding all stress patterns was 18% for deep soil and
36% for shallow soil (Table 2).
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(no stress) yield) for (a) short rice TPE, (b) medium rice TPE,
(c) Maize as first crop TPE and (d) Maize as second crop TPE
and rooting depth limitations (0.4 and 0.8 m for rice; 0.5 and
1.0 m for maize)

Apart from the fact that the frequency of T type
stress was lowest at Nov 15 plantings, sowing date
was not related to the occurrence of T type stress
(Fig. 6a), i.e., in general, no reliable pattern of
rainfall distribution occurred within the season that
would enable escape from terminal drought by
changing of sowing date.

Medium-duration rice TPE

As for the short-duration TPE, cluster analysis
identified three predominant stress patterns for
medium-duration rice, but they affected phenological
phases differently (Fig. 5b). They were denominated
as low stress (L), vegetative stage stress (V) and mid-
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season to terminal stress (MT). These stress patterns (62% of cases), incurring only minimal yield

resembled those observed for short-duration rice but
affected earlier stages of development due to the
longer cycle of the crop. The relative frequency of
occurrence of L, V and MT patterns was similar to
that of the corresponding classes observed for short-
duration rice (Table 2), and these stresses had similar
relative effects on yield (>50% for the MT stress).

The overall, weighted yield reduction confounding
all stress patterns was 12% for deep soil and 33% for
shallow soil (Table 2).

TPE for maize as first crop

The three stress patterns determined by cluster
analysis (Fig. 5¢) included a nearly stress-free
environment (L), a mild, mid-season stress pattern
covering both the reproductive and early grain
filling periods (M), and severe drought occurring
during the late reproductive period (SR). Patterns
were similar for deep (1 m) and shallow (0.5 m)
soil. The most frequent patterns were L for deep soil

reduction (RWSI = 1%), and M for shallow soil
(71% of cases), incurring a mean yield reduction of
29% (Table 2). The SR stress pattern was rare (4%
of cases for deep soil and 9% for shallow soil) but
led to extreme yield reductions (RWSI = 81% for
deep soil and 89% for shallow soil). This severe
stress pattern occurred most frequently for the latest
sowing date considered (31 December, Fig. 6¢),
particularly when associated with shallow soil.

The overall, weighted yield reduction confounding
all stress patterns was 12% for deep soil and 29% for
shallow soil, and thus was similar to % yield
reductions in rice, but at a much higher overall yield
level (Table 2).

TPE for maize as second crop
This TPE had different stress patterns as compared to
the other TPEs described so far because the seasonal

window for planting was situated at the end of the
cropping season. Due to the high risk of terminal

@ Springer



Euphytica

9 ‘pIoIk uo 10edwWI SSON)S J0JBM QATRIOY—TS A Wik s s

‘ey/3y ‘ploIk ureis o[qeureiie pAYeNUWIS—" XDy

SUOTIRTADD PIEPUL)IS—PS,;

‘ey/3Y ‘(ssams 1orem ou) pparA uress [enusjod parenuis—odx o,

(1Y) Teuruoy

0} 93e)s aanonpoidal pue (YS) 2Fe)s 9AnoNpoIdar 210Aas (LJA) [BUIULID) 0) UOSEIS-PIW ‘(A ) 938IS 9ATIBIAZA ‘() [RUTWLIS) ‘(JA]) UOSBAS-PIW ‘(T) MO] St payIsse[d aIe suraped ssang

123 99 Il 6 IL 0¢ 114 6S Ll 6¢C 8 €C (%) Kouanbayy ssang
€L S6 89 3 6C 68 60 T €€ 99 Lz o0l 9 79 e ol (%) 1SMY
SLS  YLST €91 I18L  ¥SL1 8ICI LeL  €LL 09§ Y6 698  8CL (ey/3y) ps
YITC €9y 0€9C  LYSS 65SS S¥6  199¢  1LCL 661 810l 980C ¢€89¢ 66SC vE9l TrLC 91S¢E (ey/3y) X0
eell 816 996 €0l 8eCl TLTl vis  ¢ov  LOV 06S 899  LL9 (eq/3y) ps (szrewr) w ¢ 10
86¢8 18L8 1t¥C8 €86L Y06L 08¥8 V¥96L Ot¥L SE6T 9S6C €L8C 9L6T YLOY  OLTy L0V  LT6E (ey/3y) *AD  (P0W) W () MO[[RYS
(44 143 94 ¥ 123 9 cl 144 144 91 8¢ 9 (%) Kouenbay ssong
14 16 96 I ! I8 ¥C 1 cl IS 01 € 81 €S 81 9 (%) IS MW
906  78SI 6611 w91 L6L1 61Tl ¥l6  0CL S¢S w6 vE8  G8L (ey/3y) ps
068¢ 98L  6£9¢ IVIL 0069 6¢Ll 1919 8¢9L 996C OVl L6ST €S8C [T€€ 861 8LEE BILE (BU/33) " AD s
SO0CI 086  66L 1001 TICI 9vcl 867  S8%  €8¥ ws W9 8IL (BU/3Y) PSucse (azrew) w ('] 10
L1€8 €768 TreE8 S908 806L 8L68 LII8 STLL [16C 098C 688C 0S6C ISOv LIcy OCly  Le6e (;-y 3%) XDy (oom) wr g doa(g
oferoay I L T o3eroay NS W T o8eroay LN A T o3eroay L W 1

odAy ssansg

odAy ssang

ad£) ssang

ad£) ssang

gdL doio puooes azrely

gdL doo is1g ozrely

Ad.L 991 WnIpsy

ddlL 90U 10y

JlqeLIeA ydop 108

(uoneraap prepuels :ps) sadA) ssons oy) Jo uonouny e se g4I yoeo oy [opowr doro JOYLODH Aq pae[nuils
Kouanbaxy odAy ssons pue PIOIK uo (ISAY) 10edul Ssoms I0jem SANB[RI ‘(UONBIIWI[ Jojem YIm P X D) PIOIA d[qeureye ‘(uoneyrwil 1oem ou “°4x 0) proif renusjod ¢ dqelL

pringer

As



Euphytica

a) ---m--L/04m  —-a—-MO04m —e—T/04m
---@-- /0.8 m —-a—- M/0.8m —e—T/0.8 m
1.0 { [ P E Ber BN .-nlu-:i..
0.9 A -A:g:ﬁ:rii
0.8
x 071 Ni\‘——.\s\,\i
© 0.6
£
o 0.5
1]
g 0.4
@ 03
0.2 { : g
01 Reproductive Grain Filling
0.0

T
o
o
(o)

300
400
500
600
700
800
1000 -
1100 -
1200 -
1300 -

Crop Growth (°C.d.)

c) ---m--L/05m —-a—- M/0.5m —e—SR/0.5m
---2--L/1.0m —-a—- M/1.0m —o—SR/1.0m
1.0 4 i i i N1 DN-SE-ER-SR RE-SF BN RN |
0.9 1 NI P it i
S R PO
0.8
w 074
()
E 0.6
o 0.5 1
[%2]
£ 044
D 03
0.2 :
014 Reproductive Grain Filling
0.0 T T
8888888888888 8 88
SIBERISSFIBIBOESD
Crop Growth (°C.d.)

Fig. 5 Stress patterns from the cluster analysis of ECOTROP
crop model simulations for (a) short cycle rice, (b) medium
rice, (¢) Maize first crop and (d) Maize second crop using
Cerrado climatic data sets. The legends indicate to different
stress types (low -L, mid-season-M, terminal-T, vegetative

drought, it is generally managed as a low-input
system. For this reason, the shallow-soil scenario
(0.5 m) deserved particular attention.

The three predominant stress patterns observed
were low (L), terminal (T) and reproductive-terminal
(RT) stress (Fig. 5d). The relatively favorable L
pattern caused a yield reduction of less than 15%
(Table 2) and was relatively infrequent (25% of cases
on deep soil and 11% on shallow soil). The most
frequent stress pattern was terminal (T), accounting
for about half of the scenarios constituting the TPE,
regardless of soil depth. It resulted in 56% yield
reduction on deep soil and 68% on shallow soil, and
can therefore be considered severe. Lastly, the RT
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stage-V, mid-season to terminal-MT, severe reproductive
stage-SR and reproductive stage to terminal-RT) and rooting
depth limitations (0.4 and 0.8 m for rice; 0.5 and 1.0 m for
maize)

stress pattern occurred in 22% of cases on deep soil
and 34% on shallow soil, resulting in almost total
yield loss according to the model. It is quite obvious
that the risk of occurrence of the extreme RT stress
pattern directly depended on sowing date (Fig. 6d),
the risk being small on the earliest date (20 January).

Screening sites in the TPE
The cluster analysis also allows evaluation of the
extent sites currently used for germplasm screening

are representative of the TPEs. In Fig. 6a and b, the
relative frequency of different stress patterns for short

@ Springer
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Fig. 6 Comparison of stress type occurrence as a function of
planting date range for between (a) short rice TPE (Target
Population Environmental) and CNPAF (screening site for
rice), (b) medium rice and CNPAF, (c¢) maize as 1st crop and
CNPMS (screening site for rice) and (d) maize as 2nd crop and

and medium-duration rice are compared for the entire
TPE and for the CNPAF, the principal germplasm
screening site for the two crops in Central Brazil,
which is located within the TPE. In Figs. 6¢ and d,
the relative frequency of different stress patterns for
Ist and 2nd season maize are compared for the entire
TPE and for the CNPMS, the principal germplasm
screening site for the maize crops in Central Brazil,
which is not located within the TPE (Fig. 1).
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CNPMS (screening site for maize) for the rooting depth
limitations scenarios 0.8 and 0.4 m for rice and 1.0 and 0.5 m
for maize. CNPAF (National Research Center for Rice and
Been) and CNPMS (National Research Center for Maize and
Sorghum)

Discussion
Upland rice TPE vs. breeding strategies

Breeding activities for upland rice in Brazil are based
on direct selection for grain yield. Fukai and Cooper
(2001) identified three broad mechanisms (yield
potential, drought escape and drought tolerance)
which summarized the complex processes and traits
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involved in rice drought tolerance and described their
influence on yield depending on the drought severity
and drought predictability. Under mild stress, yield
potential is the most important determinant of yield
of a genotype. Although raising the yield potential
often leads to an increase in the yield gap (Manneh
2004), there tends to remain a positive yield gain
even under moderate water limitation. Under severe
drought that reduces yield by more than 50%,
however, the positive correlation between yield under
favorable and stress conditions is broken in crops like
barley (Ceccarelli and Grando 1991). Thus, under
severe drought stress, genotypes are incapable of
expressing their genetic yield potential (Pantuwan
et al. 2002). For such situations, a mechanism for
drought escape and/or tolerance is required.

The results of the present study on rice TPEs
indicated that yield reduction caused by drought
(RWSI) is on average less than 50% for both soil
depth scenarios (Table 2). On deep soils, the L. (for
both short and medium duration TPEs), plus the M
(short-duration) or V (medium-duration) stress pat-
terns represent 84% and 88% of all the stress pattern
frequencies, i.e., the drought environment that causes
yield reduction of >50% occurs at a frequency of
<20% in deep soils. Hence, although any criteria of
the effects of drought severity on yield are somewhat
arbitrary, our simulation results support in principle
CNPAF’s strategy to base rice selection mainly on
yield potential, especially when considering soils that
have been managed to improve effective rooting
depth. The positive development of upland rice yields
in Brazil observed after 1990s (Pinheiro et al. 2006)
further support these strategy choices. Consequently,
for the deep soil scenario, water deficit is not the
main constraint to be addressed by the upland rice
breeding program, especially if it is largely avoided
by ‘optimal’ planting at around Nov 15.

In practice, the frequency of more severe drought
is likely to be much higher among small, family
based holdings in Goias State, associated with low
inputs and effectively shallow soils (Buainain et al.
2003). The most frequent stress pattern for this
scenario are M and V, with a probability of 48% for
short-duration and 59% for medium-duration rice,
associated with mild drought (RWSI 36% and 33%,
respectively; Table 2). Comparing rice TPEs (short
and medium cycle) for the shallow soil scenario
(0.4 m), we observed that medium cycle rice

genotype is less affected by mild drought (Figs. 3a,
b and 5a, b), indicating a smaller influence of
drought during the reproductive phase. When veg-
etative phase is longer, the highest levels of stress
were shifted from the very sensitive reproductive
phase to the less stress sensitive vegetative phase.
On the other hand, the medium-duration type was
more frequently affected by terminal drought (Fig. 5
a, b). Therefore, for the medium-duration type
grown on shallow soil, the margin for stress escape
was small.

EMBRAPA’s upland rice screening site CNPAF
was found to the less stress prone than the overall
TPE, but as pointed out above, drought severity in
this TPE is mostly low (Fig. 6a and b). Consequently,
a breeding strategy focusing on yield potential may
be appropriate and can thus make use of this
favorable site. Depending on the importance attrib-
uted to shallow soil situations, however, an additional
drought screen in a different environment (i.e.,
specific site, planting date combination) may be
necessary to ensure the opportunity to select for
germplasm that has suitable adaptation to the types of
stresses experienced in shallow unimproved soils.

Maize as first and second crop TPEs vs. breeding
strategies

The CNPMS is physically located outside the TPEs
studied here, although this was the major produc-
tion area at the time the center was established
(Fig. 1). The breeding strategy for maize adopted
by this center emphasizes yield potential, targeting
primarily the favorable production environments,
but also develops maize materials that can tolerate
acid-soils and effectively increase the accessible
rooting depth and water holding capacity. This is
done through supplemental screening for Al toxicity
tolerance in hydroponic culture (Parentoni et al.
1999). As for rice, breeding for maize is also based
on direct selection for grain yield, as well as a suite
of disease and quality related traits. As the initial
screening site is not located within the TPE, the
research Center CNPMS developed a “pre-trial”
phase, in which the best entries from the screen at
CNPMS are sent to CNPAF, located within the
major TPE. After 1-2 years of testing at CNPAF,
the best 50 entries undergo multi-environment trials
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in the TPE. This strategy aims at uniform trend
gains in the selection for the TPE.

The simulation results of this study for maize as
first crop TPE indicated that the RWSI for yield is
less than 50% for both soil depth scenarios (Table 2).
The L and M stress patterns represent over 90%.
However, we observed that the TPE for first crop
maize is more heterogeneous than that of rice due to
the larger seasonal window for planting. This
explains why the mean RWSI for maize lst crop
TPE are higher than that for rice (Table 2). As
observed for rice, the currently practiced strategy for
maize selection based on yield potential yield appears
to be appropriate in view of the generally low
severity of drought. Probably, the “pre-trial” phase
could be substituted by an indirect selection method,
where yields are ‘weighted’ (Cooper and DeLacy
1994). This procedure will take into account the
variation over the TPE and probably give a uniform
trend gains in the selection for the TPE. Therefore,
the best entries selected from screening (CNPMS)
could be distributed directly to sites in the TPE,
reducing the time in the selection process.

EMBRAPA s maize screening site CNPMS was
found to be more stress prone than the overall TPE
for maize as 1st crop (Fig. 6¢). Using the best
planting date, e.g. around 1 November, in the
screening site, and with supplemental irrigation
(semi-managed system), it should be possible to
identify genotypes that maximize the potential yield
for this 1st crop.

The second crop maize TPE, denominated in
Brazil as “Safrinha”, markedly differed from the 1st
crop maize TPE. This crop is highly dependent on the
sowing date and duration of the Ist crop. The 2nd
crop maize system is not studied in detail and has no
specific breeding program exists for it, as the system
has only evolved recently. However, its importance is
increasing in many areas although, all genotypes
available for “Safrinha” come from selection for the
traditional crop season (Tojo-Soler et al. 2001).

The 2nd crop maize TPE showed the highest mean
RWSI among the TPEs studied (52% for deep soil
and 73% for shallow soil). According to Fukai and
Cooper (2001), severe drought conditions call for
drought escape and/or tolerance mechanisms.
Because stress simulated for the RT stress pattern
(reproductive to terminal) was generally severe, the
escape mechanism would theoretically be more
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promising. This mechanism is already being used
by some farmers who prefer to grow “superprecoce”
hybrids that flower earlier, at less than 830°C d from
planting (Gadioli 2000). As terminal stress probabil-
ity and intensity (Fig. 5d) are highly dependent on
planting date, further research should be conducted
into cropping calendars and the choice of cultivars
that are grown in direct succession.

Selection for (early) phenology per se does not
require drought environments. Specific selection for
tolerance to silking stage and terminal stress, applied
to ultra-short duration populations, would also be
useful if sufficient genetic diversity exists. Genotypes
could be developed by making use of the naturally
occurring decrease in rainfall in this TPE, possibly
with supplemental irrigation during vegetative
growth to avoid cases of early onset of drought
(semi-managed). As shown by Fig. 6d, it is difficult
to “mimic” the environmental conditions of this TPE
(high probability of terminal stress) in the Embrapa
maize screening site CNPMS during the crop season.

Conclusion

The methodology shown in this study can be applied
to environmental characterization. However, the
success of this methodology is highly dependent on
the amount and quality of climatic data available for
the target environment. In many countries, such as
the example in this study, it can be a restriction.
Based on the climatic data available in this study, it
could be concluded that:

— For upland rice, both short and medium-duration,
the region can be characterized by three different
stress patterns. For upland rice short cycle the
stress patterns were low (L), mid-season (M) and
terminal (T) stress and for medium cycle low
stress (L), vegetative stage stress (V) and mid-
season to terminal stress (MT). For the scenario
with no physical restrictions on root development,
the stress level does not limit breeding for
potential yield;

— for maize as first crop the region also can be
characterized by three different stress patterns,
nearly environment free of stress (L), a mild, mid-
season stress pattern covering both the reproduc-
tive and early grain filling periods (M), and severe
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drought occurring during the late reproductive
period (SR). For the scenario with no physical
restrictions on root development, the stress level
also does not limit breeding for potential yield;

— for these crops in shallow soils, there is a need to
attempt to use two to three site X planting date
combinations that are more likely to cause
development of mid-season and terminal type
droughts that could identify germplasm with
improved adaptation at these greatly reduced
yield levels;

— for maize as second crop, the breeding target
should be “escape” (developing of earlier-season
cultivars) and/or development of a drought
breeding program specific for terminal stress;
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