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a  b  s  t  r  a  c  t

Plant  phenology  is  a critical  component  of  crop  adaptation,  especially  under  environmental  conditions
that  don’t  allow  crop growth  for unlimited  periods.  In  chickpea  (Cicer  arietinum  L.),  which  faces  terminal
drought  and increasing  temperature  at the  end  of  its  growing  season,  it  is widely  considered  that  longer
duration  genotypes  are  needed  for the  higher  latitudes  of  India  and  shorter  duration  genotypes  for  lower
latitudes.  Here,  we  compare  two  sets  of  genotypes  bred in two  locations  varying  in  latitude  (high  latitude:
Hisar,  Haryana,  India;  low  latitude:  ICRISAT,  Andhra  Pradesh,  India)  for the number  of biological  days
from emergence  to flowering  (EMR1)  and  for  the  grain  filling  period  (R5R7).  Biological  days  referred  to
days  where  the  phenological  development  was  optimal  and  therefore  provides  a measure  of  thermal
time.  Using  a robust  crop  simulation  model,  the  optimum  EMR1  and  R5R7  were  determined  for  various
locations.  As  expected,  EMR1  and R5R7  values  of  genotypes  bred  for low  latitude  were  lower  than  those
bred for  high  latitude.  However,  predicted  yields  of  these  two  sets  of  genotypes  were  similar  when
simulated  for  each  of the  two  environments,  yields  being  overall  higher  at Hisar.  Results  for  the combined
set of genotypes  at  each  location  predicted  a similar  optimum  EMR1  to achieve  maximum  yield  at  each
location:  44.3  biological  days  at Hisar  and  43.5  biological  days  at  ICRISAT.  Derivation  of optimum  EMR1
across  a total  of  ten  locations  in India  indicated  a wider  range  (37.2–51.8  biological  days),  although  in

eight  locations  the  optimum  EMR1  was  in  a narrower  range  (39.4–47.3  biological  days).  The  differences
in  EMR1  across  locations  did not  correspond  to their  latitudinal  differences.  Instead,  rainfall  through
the  growing  season  was  significantly  and  positively  related  (R2 = 0.55)  to optimum  EMR1.  These  results
indicate  that  the  breeding  for  optimum  EMR1  of  chickpea  in  India  needs  to be  focused  on expected
rainfall  for  a region,  and  that  an  optimum  EMR1  of about  43  biological  days  would  likely  fit  most  of the

environments.

. Introduction

Plant phenology is an important aspect of crop adaptation to
nvironmental conditions in order to match optimally the cropping
ycle with the seasonal weather pattern. Phenology has partic-
lar importance in water-limited situations where the cropping
ycle has to match seasonal variability in available soil water. For
hickpea cultivation in tropical areas, it is widely assumed that
hickpea varieties differing in their duration need to be developed
or adaption to different latitudes (Saxena, 1984; Kumar and Abbo,

001; Berger et al., 2011). In India, where terminal drought is the
ajor limitation to yield, it is then considered that longer duration

enotypes are more adapted to higher latitude, whereas shorter
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duration genotypes are better adapted to lower latitudes (Berger
et al., 2006). The rationale is that the higher latitude usually has
cooler temperature until at least March, and longer duration culti-
vars can sustain CO2 accumulation and fill grain for a longer period
before summer temperatures become too high (Saxena et al., 1996;
Khanna-Chopra and Sinha, 1987). By contrast, in southern India the
chickpea crop duration window is constrained by sowing at the
termination of rains (later October) and increasing heat of summer
(early March), resulting in a narrow window for shorter duration
cultivars. For southern India, breeding for earliness has been widely
recommended (Saxena, 1984; Kumar and Abbo, 2001; Berger et al.,
2004).

The difficulty in adopting the concept of latitude-adapted cul-
tivars is that there is limited experimental evidence in India based

on comparisons of short- and long-duration genotypes over a range
of latitudes. Often breeding programs from the North India report
the testing of their long-duration lines, whereas breeding programs
from the South report the testing of their short-duration material

dx.doi.org/10.1016/j.fcr.2013.03.005
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
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Saxena, 1984). Berger et al. (2006) noticed this major problem and
ttempted to fill that gap by testing a fairly large set of lines, vary-
ng in duration, across a range of locations varying in latitude, in
rder to assess whether there is specific phenological adaptations
f chickpea to different latitudes. Their conclusion, based on anal-
sis of the experimental data, sustained the original hypothesis in
electing cultivar phenology based on latitude.

However, there were at least three limitations in the study of
erger et al. (2006).  First, the low-latitude region was  represented
nly by a single location in the South situated at 17◦ N, whereas
ll the other locations were between 23◦ N and 29◦ N. This is par-
icularly important in the current context since there has been
ncreasing cultivation of chickpea in southern locations (around
7–18◦ N latitude). Therefore, the question is whether the conclu-
ion of Berger et al. (2006) was limited by having results from only a
ingle low-latitude location. Also, some of the most northern loca-
ions where chickpea is grown (e.g. Amritsar) were not included.
econd, the analysis of Berger et al. (2006) was based simply on
ays to flowering. In comparing phenological development across

ocation it is important to take account of dynamic changes in
emperature during development. That is, the rate of phenological
evelopment toward flowering for example is highly dependent on
he daily temperature environment. Cultivar comparisons across
atitudes need to account for the temperature environment and
he developmental differences among cultivars in their response to
emperature, as recently shown (Berger et al., 2011). Third, there is
mbiguity between their main conclusion of the need to select cul-
ivar duration with regards to location latitude, and their report of

 cluster of medium duration genotypes reaching the highest yield
cross all latitudes (Berger et al., 2006).

The sensitivity of phenology in chickpea as a function of temper-
ture and photoperiod is well documented (Ellis et al., 1994; Soltani
t al., 2006a,b). Soltani et al. (2006a) reported for several chickpea
ultivars their baseline and optimal temperature for phenological
evelopment, as well as critical photoperiod. The critical photope-
iod was consistently at 11 h indicating for this long-day species
hat the rate to flowering was delayed at shorter daylengths. While
his was an important consideration in the studies of Soltani et al.
2006a) in Iran where the critical photoperiod was  often exceeded,
t the low latitude of India with shorter photoperiod the influence
ould be less important. In any case, in the higher latitudes in

ndia where temperatures are cooler than in the south and there
s the possibility of some daylengths slightly shorter than 11 h,
nvironmental conditions can have a large influence on expres-
ion of cultivar phenology. Further, soil water deficit accelerates
henological development in chickpea (Singh, 1991; Soltani et al.,
001; Soltani and Sinclair, 2011). Therefore, it is essential to account
or these environmental variables when attempting to assess the
ptimal phenological traits over a range of latitudes.

It is now possible to undertake a phenological comparison
cross cultivars and latitudes by using crop simulation models. A
obust model for chickpea exists that accounts for the influence
f temperature, photoperiod, and soil water content on pheno-
ogical development of individual genotypes (Soltani et al., 1999;
oltani and Sinclair, 2011). The model has successfully been tested
sing independent data from a wide range of growth and environ-
ental conditions (Soltani and Sinclair, 2011). Vadez et al. (2012)

ave also successfully tested the model performance in response
o water deficit under Indian conditions using the data from three
ine-source experiments which provided a range of water availabil-
ty. Soltani et al. (2006a,b) have confirmed the robustness of the
henology submodel of the chickpea model under a wide range

f environmental conditions that influence phenological develop-
ent.
This model was used to address three objectives. First, eval-

ate the thermal time requirement of various genotypes in the
search 146 (2013) 1–9

development rate during specific phenological stages (i.e. EMR1,
time from emergence to flowering, and R5R7, duration of seed
filling). This was  done by determining the cumulative temperature
units (often referred to as “degree day” even though time is not
an explicit component of this term) for individual genotypes
using observations from a northern (Hisar, Haryana, India) and a
southern location (Patancheru, Andhra Pradesh). Second, the range
of EMR1 and R5R7 values among genotypes was used to assess the
sensitivity of yield to variation in these parameters. The range of
variation in the optimum values for these two  parameters across
locations in India was  then assessed. Third, having found variation
among locations in the optimum EMR1, the environmental variable
accounting for the need for differing EMR1 was  studied.

2. Materials and method

2.1. Crop model

The chickpea model of Soltani and Sinclair (2011) was used in
this study. The model simulates phenological development, leaf
development and senescence, mass partitioning, plant nitrogen
balance, yield formation and soil water balance. Responses of crop
processes to environmental factors of solar radiation, photoperiod,
temperature, nitrogen and water availability, and genotype dif-
ferences were included in the model. The required model inputs
include soil information, crop management and daily weather data.
The status of the crop is updated in the model using daily time
steps. The model has successfully been tested using independent
data from a wide range of growth and environmental conditions
(Soltani et al., 2006a; Soltani and Sinclair, 2011). In testing the
model, observed days to maturity have been varied from 78 to
228 d and observed grain yield were between 20 and 325 g m−2.
In most cases, simulated phenology and grain yield were similar to
observed ones.

This model accounts for the effects of temperature, photoperiod
and water deficit on phenological development of chickpea. The
phenological stages of emergence, first-flower (R1), first-pod (R3),
beginning seed growth (R5), first-maturity (R7) and full-maturity
(R8) are predicted by the model (Soltani et al., 2006a,b). Phenolog-
ical development is predicted using biological day requirements
between stages (Soltani and Sinclair, 2011). Biological day require-
ment is the minimum calendar days between events under optimal
temperature, photoperiod and water conditions. Soil stress indeed
hastens phenological development (Singh, 1991; Soltani et al.,
2001). Optimal temperature is the temperature that allows the
maximum phenological development rate. Maximum develop-
ment rate takes place between a lower and a higher optimum
temperature. Below the lower optimum and above the higher
optimum temperature, phenological development is less than max-
imum and is decreased by the appropriate temperature response
function described below. Therefore, the concept of biological days
refers to a thermal time accumulation and does not equate to a
calendar unit. The more familiar cumulative temperature unit for
a phenological event is then equal to biological days multiplied by
the difference between optimum and base temperatures. Biological
days are required in the model for the periods of sowing to emer-
gence, emergence to R1, R1–R3, R3–R5, R5–R7 and R7–R8. Except
for the periods of emergence to R1 (EMR1) and R5–R7 (R5R7; grain
filling period), the biological day requirements are fairly constant
among genotypes (Soltani et al., 2006a,b).

Cardinal temperatures were set at 2 ◦C for base temperature,

21 ◦C for lower optimum temperature, 30 ◦C for upper optimum
temperature and 40 ◦C for ceiling temperature (Soltani et al.,
2006a,b). A linear–plateau (2-piece segmented) function is used
to account for the effect of photoperiod on development rate.
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Table 1
Phenology coefficient of a group of genotypes tested at Hisar (latitude = 29.166◦ N)
and ICRISAT Patancheru (latitude = 17.86◦ N) determined in biological days by crop
simulation. Phenological stages that were iterated to match model outputs and
field observations were the number of biological days from emergence to flowering
(EMR1) and the duration of grain filling (R5R7).

Hisar ICRISAT

Genotype EMR1 R5R7 Genotype EMR1 R5R7

Gaurav 48 52 ICC4958 27 35
C214 50 50 Annigeri 30 33
G543 53 50 ICC10991 34 27
K850 55 38 ICC10985 35 27
C235 57 40 JG74 37 28
L550 60 35 P1329 45 30
PG114 62 40 ICCC33 49 32
BG209 65 45 ICCC41 54 31
Range 48–65 35–52 26–54 26–35
V. Vadez et al. / Field Cr

his function separates photoperiod response of development rate
nto distinct phases; linear increase in development rate occurs
n phase 1 until photoperiod reaches a critical value (critical
hotoperiod) above which development rate remains at its max-

mum.  The plateau line describes this maximum development rate
nder photoperiods longer than critical photoperiod. Soltani et al.
2006a) have provided data for chickpea on both functions. The
inear–plateau function with constant critical photoperiod of 11 h
nd photoperiod sensitivity coefficient of 0.143 was  used for Indian
enotypes as reported by Singh and Virmani (1996).  The biolog-
cal days requirements for phenophases were also obtained from
ingh and Virmani (1996),  but they were corrected for different
ardinal temperatures used in the chickpea model of this study.
he critical photoperiod of 11 h is obviously lower than values
f 15–21 h reported for non-Indian chickpea cultivars (Ellis et al.,
994; Roberts et al., 1980; Soltani et al., 2006a).

.2. Model testing

Following Soltani et al. (2006a,b),  the phenology submodel was
urther tested for Indian conditions. Model predicted phenologi-
al stages of R1, R3, R5 and R8 are compared with recorded days
o these stages. For this purpose, data from four experiments con-
ucted in ICRISAT, Patancheru (17◦30′N; 78◦16′E; altitude 549 m
sl, India) and described by Singh and Virmani (1996) were used.
he experiments were conducted under both irrigated and rain-
ed conditions in 1985, 1987, 1992 and 1993. The 1985 experiment
as conducted to study the response to various severities of water
eficit at different phenological stages in the chickpea cultivar
nnigeri using the line-source irrigation technique. There were 12

reatments with irrigation water ranging from 45 to 227 mm dur-
ng the growth period. Non-irrigated treatment received 45 mm
rrigation water to ensure crop establishment. For the purpose of
his test, days to different phenological stages under both irrigated
nd non-irrigated treatments were used. The 1987 experiment was

 similar design and had the same treatments as in the 1985 exper-
ment. However, the cultivar was JG 74 and it was  sown on 28
ctober 1987. The amounts of irrigation applied to various treat-
ents ranged from 25 to 247 mm and rainfall received during the

rowing season was 241 mm.  The 1992 experiment was  a split-plot
xperiment consisting of irrigated and non-irrigated treatments in
he main plots, and six cultivars (ICCV 88202, Annigeri, ICCC 32,
CCC 42, ICCV 2 and ICCV 10) in sub-plots. The 1993 experiment was
onducted during 1993 post-rainy season, starting in November.
ix cultivars of chickpea (ICCV 88202, Annigeri, ICCC 32, ICCC 42,
CCV 2 and ICCV 10) were grown under rainfed conditions after an
nitial irrigation of 55 mm at sowing to facilitate crop emergence.
henological data of Annigeri from the 1992 and 1993 experiments
ere used here for model testing.

.3. Field experiments and genotypes

Deriving genotype parameters from trials in Hisar and ICRISAT:
he genotypes tested in Hisar and ICRISAT are listed in Table 1. In
oth places the set of genotypes that were used represented either
eleased or advanced breeding lines bred in Indian institutions, or
ocal landraces (e.g. Annigeri), except for the inclusion of P1329, a
onger duration line from the north in the ICRISAT trial. Two trials

ere carried out at ICRISAT and one trial in Hisar. Here we  used
he phenological data to parameterize the EMR1 and R5R7 values
f these different genotypes in both locations.

In ICRISAT, eight genotypes were chosen from an original set of

ixteen chickpea varieties (Annigeri, K 850, JG-74, P1329, ICC7684,
CC10985, ICCL82001, ICC10991, ICC4958, ICC10428, ICC11051,
CC10448, ICCC22, ICCC33, ICCC37, ICCC41). The eight entries were
hosen to cover the range of observed number of days to flowering.
Mean 56.3 43.8 38.9 30.3
SE 2.1 2.3 3.3 1.1

These genotypes were evaluated in two regular crop growing
seasons (1986–1987 and 1987–1988) in Vertisols (fine montmo-
rillonitic isohyperthermic typic pallustert) at ICRISAT, Patancheru
(17◦30′N; 78◦16′E; altitude 549 m)  in south India. The soil depth
of the fields used in the three seasons was  ≥1.2 m and these soils
retained about 230 mm of plant available water in the 120-cm
(maximum rooting depth) soil profile. The fields were prepared
into broad bed and furrows with 1.2-m wide beds flanked by 0.3-m
wide furrows in both years. Surface application and incorporation
of 18 kg N ha−1 and 20 kg P ha−1 as di-ammonium phosphate was
carried out in all the experiments. The plot size was 3.0 m × 4.0 m
in both years. The experiments were conducted with two irrigation
levels as main plot treatments (i.e. drought stressed, which was
non-irrigated except for a post-sowing irrigation, and irrigated) in
a split plot design with three replications. Seeds were treated with
0.5% Benlate® (E.I. DuPont India Ltd., Gurgaon, India) + Thiram®

(Sudhama Chemicals Pvt. Ltd. Gujarat, India) mixture in both the
seasons. All the experiments were hand sown at the first opportu-
nity after the cessation of the rains in the fourth week of October
1987 and October 1988. The sowing was in rows 30-cm apart with
10 cm between plants at 3–5 cm depth with two seeds per hill,
which was later thinned to one plant. Phenological stages were
recorded on a daily basis.

In Hisar, a similar procedure was  used in which eight genotypes
were selected for parameterization from the original set of sixteen
different varieties (G 24, BG 209, G 543, C 235, K 468, H 208, C 104,
S 26, L 144, C 214, GL 769, K 850, GAURAV, Pant G 114, G 130 and
L 550) to cover the entire spectrum of observed numbers of days
to flowering. These genotypes were evaluated in field conditions
at Haryana Agricultural University Farm, Hisar in the 1986–1987
post rainy season. Hisar (29◦ N; 76◦ E; altitude 221 m)  is situated
in north India and the soils were Entisols (sandy clay loam) with
210 mm available water capacity in the top 1.0 m soil depth. This
crop was sown in a flat bed and the rest of the crop management
remained the same as at ICRISAT. By regular observation, the date
when 50% or more of the plants in a plot flowered was  recorded as
the flowering date for the plot. Similarly, when 80% of the pods in
a plot were dried the date was recorded as the time of maturity for
each plot.

2.4. Simulation analysis

2.4.1. Simulating ICRISAT and Hisar lines

To simulate yields of ICRISAT and Hisar, the biological day

requirements for the phenological stages were needed for each line.
An iterative procedure was  used to obtain biological day require-
ments for EMR1 and R5R7 so that simulated predictions of the
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Fig. 1. Map  representing the locations

iological day durations for these two stages matched phenologi-
al field observations for each genotype. Requirements of biological
ay for other phenological stages mentioned in Section 2.1 were
ept constant. Unfortunately, there was no overlap in cultivars
etween the two locations so the phenological parameters were
etermined for each genotype for the location at which it was
rown.

The derived EMR1 and R5R7 values were then used as input
arameters to simulate for each genotype their phenological stages
nd seed yield across 28 years of weather data at Hisar (1973–2002)
nd 33 years of weather data at ICRISAT–Patancheru (1977–2010).
he eight genotypes selected for study from each location were

ombined and simulations were done for all 16 genotypes at each
ocation. All other input parameters were held constant across
imulations. Except for the biological day parameters, all other
arameters were those described by Soltani and Sinclair (2011).
ia which were assessed in this study.

Seed yields are presented on a dry weight basis, adjusted for seed
moisture (15%).

For the simulation of chickpea phenological response, a standard
soil depth of 1200 mm,  a depth of effective water extraction of
1000 mm  and a rate of daily root growth of 17 mm day−1 were used.
The model made one run for each season, independently of previ-
ous season’s run or previous crop, and considered that the profile
was fully charged with water at the time of sowing in each season. A
uniform sowing date (1st November), and a uniform plant density
of 25 plants m−2 were simulated. Daily minimum and maximum
temperatures, solar radiation, and precipitation needed for the
model were obtained from local weather stations. All simulations

were performed assuming no irrigation so the crops only received
observed amounts of rainfall. Seasonal rainfall was then the cumu-
lated rain received during the cropping season determined by the
model.
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Table  2
Predicted number of days to flowering and maturity and grain yield (g m−2) at Hisar (latitude = 29.16◦ N) and ICRISAT–Patancheru (latitude = 17.88◦ N) for genotypes that
have  been bred at Hisar (top eight genotypes) and at ICRISAT (bottom eight genotypes except P1329).

Genotype Hisar predictions Genotype ICRISAT predictions

Flowering Maturity Yield Flowering Maturity Yield
Mean Mean Mean Mean Mean Mean

Gaurav 72 150 150 Gaurav 55 111 91
C214 76 149 148 C214 57 110 89
G543  81 151 145 G543 60 112 85
K850  84 142 141 K850 62 104 83
C235  88 145 139 C235 64 107 82
L550  92 143 134 L550 67 106 80
PG114 95 149 133 PG114 68 111 78
BG209 99 154 131 BG209 71 117 76
Mean  85.9 147.8 140.0 63.2 109.7 82.9
SE  3.3 1.5 2.5 1.9 1.4 1.8
ICC4958 38 117 125 ICC4958 33 81 74
Annigeri 43 118 136 Annigeri 37 82 82
ICC10991 48 115 134 ICC10991 41 81 82
ICC10985 50 116 137 ICC10985 42 82 85
JG74  53 119 141 JG74 44 84 90
P1329  67 128 148 P1329 52 91 93
ICCC33 74 133 147 ICCC33 56 96 89
ICCC41 83 135 141 ICCC41 61 98 84
Mean  56.9 122.5 138.7 45.7 86.8 84.8
SE  5.6 2.9 2.7 3.5 2.5 2.1
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Mean yield for each genotype was calculated from simu-
ations across all years for all genotypes at both Hisar and
CRISAT–Patancheru. A plot was generated for each location from
he mean yield of each genotype graphed against the biological
ays of EMR1 for that genotype. Therefore, the simulation results
rovided mean yield estimates of all 16 genotypes. The results
or each location were then analyzed by a third-order regres-
ion to determine the EMR1 value resulting in the maximum
ield. A procedure identical to that done with EMR1 was done
or the R5R7 stage. That is, mean yield for each of the 16 geno-
ypes at each location was plotted against the biological days for
5R7.

.4.2. Simulating optimal EMR1 and R5R7 across locations
Simulations were done to determine if there was  widespread

onsistency for optimal EMR1 and R5R7. Eight additional locations
ere studied covering the latitude spectrum in which chickpea is

ultivated in India. The selection of these locations required at least
5 years of weather data (the range of number of years available
as 18–33 years) and offered a wide range of latitudes. There-

ore, a total of ten locations were simulated: four locations were
aken from south India (Bangalore, Annigeri, Gulbarga, ICRISAT,
ith latitude of 12.97◦ N, 15.13◦ N, 17.35◦ N, 17.88◦ N respectively),

wo from central India (Indore, Jabalpur, with latitude of 22.72◦ N,
3.20◦ N), and four from north India (Jaipur, Delhi, Hisar, Amritsar,
ith latitude of 26.82◦ N, 28.66◦ N, 29.16◦ N, 31.60◦ N, respectively)

Fig. 1). For these simulations, all other parameters were kept
onstant, in particular soil characteristics such as depth, to allow
omparison to ICRISAT and Hisar.

An optimum EMR1 was explored at each of the ten locations. An
5R7 duration was fixed at 35 biological days for this test. A series

f simulations were done to determine mean yield resulting from
arious assumed values of EMR1. Simulations were done assuming
alues of EMR1 ranging from 25 to 70 biological days at 5 d intervals.
t each of the ten locations, mean simulated grain yield was  plotted
s. EMR1 and fitted using a third-order polynomial from which the
ptimum EMR1 for each location was obtained.
3. Results and discussion

3.1. Model testing

Fig. 2 shows a direct comparison of simulated versus recorded
days to different phenological stages of R1, R3, R5 and R8 for the
four experiments conducted at ICRISAT. Recorded days to the R1,
R3, R5, and R8 stages ranged from 38 to 50, 44 to 57, 48 to 71, and 89
to 114 days, while simulated days ranged from 34 to 44, 44 to 57, 51
to 68, and 89 to 114 days, respectively for R1, R3, R5, and R8. Means
of recorded and simulated days for R1, R3, R5, and R8 were 44 and
38, 49 and 48, 62 and 58, and 101 and 89, respectively. On average
across the different stages, the mean observed and predicted num-
ber of days was  64 and 58 days. Differences here were mostly due
to an underestimation of R8 under irrigated conditions. The model
gave good predictions of stages of R1, R3 and R5 which are criti-
cal phenological stages in crop yield formation. Nearly all model
predictions for these stages were within 15% lines of discrepancy.
The model also provided very good predictions of R8 under rainfed
conditions, but underestimated days to R8 under irrigated condi-
tions. However, all model predictions for non-irrigated conditions,
which were our focus in this study, were close to a 1:1 line.

Since the overall root mean square of error (RMSE) of the predic-
tions was  6 days, about 11% of the recorded mean, it was concluded
that the model is robust for simulating phenological development
of chickpea in India. These results confirmed a similar robustness
shown in Iran (Soltani et al., 2006a,b). Parallel study also showed
the robustness of the model to predict crop yield under rainfed
conditions in India (Vadez et al., 2012).

3.2. Parameterization of genotypes

A large range among genotypes at ICRISAT and Hisar was  found
in their biological days for EMR1 and the duration of R5R7 (Table 1).

The values for EMR1 ranged from 27 biological days for ICC4958
at ICRISAT to 65 biological days for BG209 at Hisar. There was  a
clear distinction between the genotypes grown at ICRISAT where
the average biological days for EMR1 was  38.9 biological days as
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3.8 at Hisar. Again, breeding has resulted in faster phenological
evelopment at ICRISAT as compared to Hisar.

.3. Simulating phenology and yield of ICRISAT and Hisar lines

Phenological development and yield was simulated for all 16
enotypes for all years at both locations. Given the difference in
nherent biological days for EMR1 and R5R7, it is not surprising
hat differences in the phenological development for the geno-
ypes developed for each region were apparent in the simulation
esults at each location. That is, the genotypes developed for the
ow latitude were simulated to have substantial more rapid devel-
pment than those from the high latitudes at both ICRISAT and
isar (Table 2). The average difference in the number of days to
aturity between the two groups of genotypes was 23 d when sim-

lated at ICRISAT and 25 d when simulated at Hisar. The simulated
umber of days to maturity for these genotypes (87 and 148 days
t ICRISAT and Hisar, respectively) were also close to the observed

verage time to maturity of the ICRISAT and Hisar genotypes at
heir respective location (92 and 145 days, respectively).

In contrast to the large phenology differences among the lower
nd higher latitude genotypes, there was no difference between
cted yield in ten locations varying in latitude, i.e., four locations of low latitude in
ate latitude (Jabalpur, Indore), and four locations of high latitude in Northern India
was  fixed to 35 days.

the two groups in average simulated yield (Table 2). Indeed, at
both locations, the difference in average yield of the two groups
of genotypes was  less than 2 g m−2. That is, the genotypes devel-
oped for a particular latitude did not out-yield those genotypes
from another latitude when placed in the same environment.
No yield advantage was simulated at either location for either
a short-season or long-season phenological development. There
were, however, substantial yield differences simulated for the two
locations (Table 2). Average simulated yield across all genotypes of
83.8 g m−2 at ICRISAT was much less than 139.4 g m−2 at Hisar.

The results of these simulations were used to determine the
optimum EMR1 at ICRISAT and Hisar to maximize yields. Plots of
simulated yield vs. biological days for EMR1 clearly indicated an
optimum value for EMR1 (Fig. 3). At both locations the results
were well represented by a third-order polynomial: r2 of 0.92 at
ICRISAT and 0.89 at Hisar. Interestingly at both locations there was
a tendency for the lower-latitude genotypes to have EMR1 shorter
than the optimum and the higher-latitude genotypes to have EMR1

longer than the optimum. The optimum EMR1 for maximum yield
derived from the polynomial equation was  43.5 biological days in
ICRISAT and 44.3 biological days in Hisar. That is, the effort to breed
for genotypes with EMR1 appropriate for these two locations was
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ot rewarded with a yield advantage. As illustrated in Fig. 3, a single
ultivar with EMR1 of about 44 biological days seemed best for both
ocations. Therefore, there seemed to be no justification to breed for
atitude specific genotypes, at least from the point of view of max-
mizing the cropping duration. The only reason to breed for longer
uration genotypes in Hisar would be to avoid chilling stress early

n the season, but this is usually avoided by sowing later in the
igher latitudes. While Berger et al. (2006) concluded that geno-
ypes with specific phenology had specific adaptation to different
atitudes, these authors also mentioned that one cluster of geno-
ypes having medium duration (cluster 1 in their study) had the
ighest yield across locations, which fully agrees with our findings.

The simulated yields were also compared to the biological days
or R5R7 of the genotypes when grown at ICRISAT and Hisar (Fig. 4).
n both locations, genotypes developed for ICRISAT were well rep-
esented by the second-order polynomial equation, indicating that
n both locations there was an optimum R5R7. Again, the opti-

um value for the two locations did not differ with the optimum
5R7 at ICRISAT equal to 29.8 biological days and at Hisar it was
qual to 30.2 biological days. However, the results for simulations
f genotypes developed for Hisar did not show an optimum R5R7
eriod at either location. Instead, the yields of the Hisar genotypes
ere described by a weak, but significant, positive linear relation-

hip with duration of the R5R7 period. That is, for the genotypes
eveloped for the higher latitudes a lengthening of the R5R7
ppears to be slightly advantageous among these genotypes.

Since the previous analysis of the dependency of yield on the
uration of R5R7 included a variable EMR1 for each genotype, a
ore detailed analysis of R5R7 was made to determine an R5R7
hen EMR1 was held constant at the previously determined opti-
um  biological days for EMR1 at each location. Simulations were

arried out with a wider range of assumed R5R7 values from 20 to
0 days at approximately five biological day intervals. In this case,

 2-piece segmented function, i.e. a linear–plateau function, was
equired to obtain optimal R5R7 value which results in maximum
rop yield. The function includes a sloping line which describes
ncrease in crop yield due to increase in R5R7 and a plateau line that
efines maximum crop yield when R5R7 is higher than a critical
alue (xo). The function is:

y = a + bx if x < xo

y = a + b xo if x > xo

(1)

here y is the crop yield, x the value of R5R7, a the intercept with
he vertical axis (x = 0), b the rate of linear increase in crop yield
ith increase in R5R7, xo the minimum value of R5R7 that results

n maximum crop yield. Clearly, the outcome of that analysis is
hat there was no yield advantage in increasing the R5R7 duration
reater than about 30 biological days (Fig. 5).

.4. Optimizing phenology across ten locations

The unexpected conclusion that there was little variation in the
ptimum EMR1 for maximum yield between ICRISAT and Hisar
timulated an exploration of this result for additional locations over

 range of latitudes. Based on the previous results and to avoid con-
ounding variability, the R5R7 was held constant at 35 biological
ays for all locations. The plots of yield vs. EMR1, which was varied
rom 25 to 70 biological days, were well described by third-order
olynomial at all locations. The regression for all locations resulted

n r2 greater than 0.95 (Fig. 6). Across the ten locations EMR1 was
learly not constant (Fig. 6). The optimum EMR1 obtained from the

egressions varied from 37.2 biological days at Annigeri to 51.8
iological days at Bangalore. Nevertheless the original estimates
f optimum EMR1 at ICRISAT and Hisar remained equal between
he two locations and in this re-analysis optimum EMR1 was only
cropping season (b). Data for the optimum days to EMR1 at each location were
derived from Fig. 5 whereas incoming rainfall during the chickpea season was  the
mean of 18–33 years, depending on locations.

slightly shorter than the original estimate at about 43 biological
days. The optimum EMR1 for ICRISAT and Hisar in this comparison
of locations is approximately the median value among all locations.
Also, eight out of the ten locations had an optimum EMR1 fitting in
a narrow range (39.4–47.3 biological days in Indore and Ludhiana,
respectively), and five location were within one biological day of
a median value of 43 biological days (Fig. 6). Additional locations
were tested and showed similar results (data not shown). There-
fore, despite the variation in the optimum EMR1 across locations,
there appeared to be a median EMR1 value around 43 biological
days to which a majority of locations appeared to be fitting. This
result would fit the fact that a cluster of medium duration lines,
appeared to have wide adaptation and yielded the most across
Indian locations (cluster 1 in this study) (Berger et al., 2006).

A similar analysis was made for R5R7 for all ten locations. Sim-
ilar to the case of Hisar and ICRISAT (Fig. 5), an increase in yield
was observed with increasing R5R7 at low R5R7, but yield reached
a plateau at higher R5R7 (data not shown). Based on estimation
from Eq. (1),  the criterion of the lowest R5R7 to achieve maximum
yield, the average across location of R5R7 was 32.1 biological days,
and none of the optimal R5R7 of the ten locations was different
from 32.1. This recommended R5R7 is consistent with the optimum
R5R7 obtained from the ICRISAT genotypes. Also, this R5R7 is con-
sistent with the lack of yield variation among the higher-latitude
genotypes above 35 biological days.

Since the optimum EMR1 varied among locations, a critical issue
in breeding chickpea is the environmental variable that caused vari-
ation in the optimum EMR1. In other words, in selecting EMR1 for
a specific location, what environmental variable determines the
desirable EMR1? A common assumption is that EMR1 should be
matched to latitude for high latitude locations based on an assumed
sensitivity to photoperiod. However, the impact of chickpea pho-

toperiod sensitivity in the comparatively low latitudes of India
is hypothetically small (Soltani et al., 2006a).  A plot of the opti-
mum EMR1 for each of the ten locations vs. their latitude failed to
show a significant correlation (Fig. 7a). This analysis leads to the
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nexpected conclusion that latitude is not a determining factor in
he optimization of EMR1 for any specific location.

On the other hand, a plot of optimum EMR1 vs. the seasonal rain-
all at each location gave a positive correlation (r2 = 0.55, P < 0.01,
ig. 7b), while R5R7 had no significant relationship with rainfall.
ocations with increasing rainfall required cultivars with longer
ptimum EMR1. These results show that EMR1 needs to be adjusted
or each location, but the basis for selecting EMR1 is the rainfall that
s anticipated for that location.

Interestingly, the average seasonal rainfall at ICRISAT was
1 mm and at Hisar was 44 mm.  Nearly identical amounts of rainfall
t these geographically divergent locations explained the basis for
he nearly identical optimum EMR1 values obtained in the initial
nalysis. Even though the two locations were quite different lati-
udes, their common amount of rainfall resulted in the prediction
f a common EMR1.

. Conclusions

The parameterization of EMR1 and R5R7 using a phenology
odel showed considerable variation among chickpea genotypes.
enotypes developed in lower latitudes for locations such as

CRISAT had distinctively shorter development stages than the
enotypes developed for the northern latitude of Hisar. Unexpect-
dly, using the parameters of these 16 genotypes in simulations of
ield in these two locations resulted in a common optimum EMR1
f about 44 biological days for maximum chickpea yield in both
ocations.

When optimum EMR1 for chickpea was determined across ten
ivergent locations in India, a wider range of values were deter-
ined, although a majority of the locations were close to a median

alue of about 43 biological days. Unexpectedly the variation in
he optimum EMR1 for each location did not correspond with the
atitude of the location, but rather with rainfall. The results of this
imulation analysis indicate that breeding of future chickpea cul-
ivars in specific regions should strongly consider matching plant
henology traits with the amount of rainfall expected in the target
egion. Locations with similar in-season rainfall around 30–40 mm,
hich represents a majority of cases, would all have optimum per-

ormance of genotypes having an EMR1 of about 43 biological days.
n locations with high in-season rainfall, genotypes with higher
MR1 than 43 biological days will be needed, since the number
f biological days for optimum EMR1 increases with increasing
ainfall.
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