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ABSTRACT

The first step to quantify crop phenology is to precisely estimate the parameters which affect it. These main parameters are temperature
and photoperiod. Therefore we aimed to formulate and validate 24 mathematical functions that can be used to determine cardinal
temperatures, critical photoperiod (below which development rate decreases due to short photoperiods) and the effect of temperature and
photoperiod on biological days required from emergence to stem elongation for wheat (cv. ‘Koohdasht’). For this purpose, 24 multi-
plicative non-linear regression models (including flat, logistic, quadratic, cubic, dent-like, segmented, curvilinear and beta) for response to
temperature, and quadratic, dent-like and negative exponential, to assess the response to photoperiod, were used. Also, the phenological
data obtained from an independent experiment were used for independent model evaluation. A multiplicative model that included a
quadratic function for response to both temperature and photoperiod was the most adequate to describe the response of stem elongation
rate to temperature and photoperiod. Using this function, a base temperature of 7.62°C, a ceiling temperature of 37.60°C, a critical
photoperiod of 14.006 h and a photoperiod sensitivity coefficient of 0.11 h”' were obtained. This function and its parameters can be used
in wheat simulation models to predict the duration of emergence to stem elongation based on a thermal time concept. Also, the required

number of biological days from seedling to stem elongation using this model was 26.90.

Keywords: cardinal temperatures, non-linear fitting, photoperiod, stem elongation rate, wheat
Abbreviations: F, flat; S, segmented; Q, quadratic; C, cubic; V, curvilinear; D, dent-like; B, beta; L, logistic; Ne, negative-exponential

INTRODUCTION

A portion of a crop model is devoted to predicting the
timing of crop development processes (phenology) (Hodges
1991). In a crop model, the simulation of crop phenology is
generally divided into several growth stages to mark
sequential turning points in crop development and biomass
partitioning. Without accurate prediction of phenology, the
model will simulate growth processes as occurs at different
times and under different conditions that they actually do,
and conditions during each growth stage affect the ability of
the crop to respond to conditions during later stages (Jame
and Cutforth 2004). The simple concept of constant thermal
time is most commonly used for predicting the time re-
quired from emergence to stem elongation (thermal time
has the unit of degree-days (°C days) and is defined as (Eq.
1) (Hodges 1991).

TT:i(T—Tb) )

where T, T, and n are mean daily temperature, base tem-
perature and number of days until a given stage, respec-
tively.

Temperature is the most important driving force influ-
encing crop development rate and its function is linear at a
wide range of temperatures (Forcella 1993). The main envi-
ronmental variables that affect wheat development (when
expressed in thermal time unites) are temperature and
photoperiod (Slafer and Rawson 1994). Many studies have
demonstrated that photoperiod influences the rate of deve-
lopment well beyond the end of the vegetative phase (Slafer
and Rawson 1994).

The stem elongation phase in wheat [Triticum aestivum
(L.)] is considered to be critical for yield determination. A

longer duration of this phase could hypothetically increase
grain set and therefore yield (Whitechurch et al. 2007).
Wheat development from seedling emergence to flowering
can be divided into three sub-phases (Slafer and Rawson
1994): (i) vegetative (when all leaf primordia on the main
shoot are initiated until floral initiation, i.e. the formation of
the first reproductive primordium or collar); (ii) early repro-
ductive (from floral initiation to the formation of the termi-
nal spikelet when all spikelets and few florets within them
are differentiated); (iii) late reproductive (from terminal
spikelet initiation to flowering, a stem elongation phase
when most florets are differentiated to reach a maximum
number of floret primordia that then experience a drastic
reduction to end up with a number of fertile florets as
flowering).

The correct timing of phonological events is generally
considered to be the most important factor for adaptation
and maximum vyield in individual environments (Syme
1968; Fischer 1979; Richards 1991). The time from sowing
to anthesis is dependent on the cumulative durations of
three phenological phases, vegetative from sowing (S) to
double ridge (DR), spikelet initiation from DR to terminal
spikelet (TS) and stem elongation from TS to anthesis (A)
(Davidson and Christian 1984). The three phases contribute
differently to yield; thus, their relative durations must be
balanced within the time available from sowing to anthesis.
Early sowing increases the number of days or thermal units
to anthesis (Stapper and Fischer 1990), but the effects on
the duration of the three component phases are not known.
Knowledge of the effect of sowing date on development is
also necessary to improve wheat crop models (Manupeera-
pan and Pearson 1993).

Non-linear regression models have been extensively
used to quantify stem elongation of many crops. Ritchie
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Table 1 Non-linear regression models were fitted to stem elongation rate
versus combined temperature and photoperiod data.

Function Formula
Flat
i T-T If Tw<T<T,
#r)=2=10) b
(r,-1,)
7(1)=1 If To<T
Logistic
(Abbrev.L)  f(T)= [ %1 + Expleax(T-T, )))}
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(T _ Th) If T<T<T.
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=1, -1)
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S\T)=7—
D=7
7(1)=1 If To<T< Ty
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(Abbrev. Q) f(T)= {(T T, )x (T, —T)x (Thj }
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=
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(1991) used a dent-like function for response to temperature
and a quadratic function for response to photoperiod.
Ahmadi (2008) used a multiplicative model that included a
segmented function for response to temperature and photo-
period to describe development rate in wheat over a wide
range temperatures and photoperiods. Kamkar et al. (2011)
used a multiplicative model that included a segmented
function for response to temperature and an intersected line
function for response to photoperiod to determine cardinal
temperatures, photoperiod sensitivity coefficient and critical
photoperiod of cumin. Eshraghi-Nejad (2009) also used
logistic-quadratic and quadratic-quadratic models to deter-
mine cardinal temperature, photoperiod sensitivity coeffici-
ent and critical photoperiod of three millet varieties. Kam-
kar et al. (2005, 2008) used segmented and logistic models
to determine cardinal temperatures of germination of three
millet species and emergence of wheat cv. ‘Tajan’, respec-
tively.

This study aimed to formulate and validate cardinal
temperatures, critical photoperiod and the photoperiod sen-
sitivity coefficient and the effect of temperature and photo-
period on biological days required from emergences to stem
elongation of wheat (cv. ‘Koohdasht’, one of the most com-
mon cultivars in Iran).
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MATERIALS AND METHODS
Field experiments

A four replicated completely randomized block design was con-
ducted during 2009-2010 growing season at the Research Field of
Gorgan University of Agricultural Science and Natural Resources
located at 37° 45’ N, 54° 30" E, 13 m asl. Wheat grains (cv. ‘Kooh-
dasht’, as a high yield variety for irrigated systems, released by
CYMMIT with the most yield in Golestan province, North of Iran)
was sown on seven sowing dates (6 Nov, 19 Nov, 7 Dec, 14 Dec,
23 Dec, 17 Feb and 10 May) to expose them to different tempera-
ture and photoperiod regimes. In all sowing dates, soil water con-
tent was maintained constant up to field capacity to eliminate the
effects of soil moisture on results.

The field soil was a silty clay loam with pH = 7.9 and elec-
trical conductivity (EC) of 0.6 ds m™". Each plot (1 m x 1 m) inclu-
ded 7 rows, 15 cm apart. Seed rate was adjusted to 330 plants/m>
as target density. Weeding was done as needed. After sowing, stem
elongation (50% of plants with one node at the main stem that
growing point is above ground level 2-3 cm) was recorded every
1-3 days (Zadoks et al. 1974). Stem elongation rate was con-
sidered as 1/DSD to quantify stem elongation response to different
temperatures and photoperiods to estimate cardinal temperatures,
critical photoperiod and photoperiod sensitivity coefficient.

Model parameterization

In order to formulate and validate mathematical functions that can
be used to quantify the effect of temperature and photoperiod on
the biological days required from emergence to stem elongation of
this cultivar (‘Koohdasht’), for this, 8 non-linear regression
models and 24 multiplicative non-linear regression models (inclu-
ding 8 temperature functions (Table 1) and 3 photoperiod func-
tions) were fitted to stem elongation rate versus temperature and
photoperiod data, where T, Ty, Ty, To1, Toz and T, for flat (F), beta
(B) (Yin et al. 1997), dent-like (D) (Soltani et al. 2006), curvi-
linear (V) and quadratic (Q) (Ahmadi et al. 2009), logistic (L)
(Grimm et al. 1997), and segmented (S) Kamkar et al. (2005,
2008) models (Table 1) represent mean air temperature, base tem-
perature, lower optimum temperature, upper optimum temperature
and ceiling temperature, respectively. a and t0 are constant
coefficients in logistic function. In the cubic model (C) (Ahmadi et
al. 2009), T indicates mean daily temperature and a, b and c are
constant coefficients. In the beta model, a indicates shape bent
(Olsen et al. 1993; Yin et al. 1997; Robertson et al. 2002a, 2002b).

Functions used for photoperiod were:

Segmented function (Soltani et al. 2006):

1, if pp=P,

PP) =
/) Jl—(Pc—PP)xPS if pp<P

Quadratic function (Soltani et al. 2006):
L, if pp=P,

f(PP)= 2
I 1-PS(Pc—PP) if pp<P

Negative exponential (Ahmadi 2008):
f(PP) = {exp(—PS x (P.— PP)}

where PP, P. and PS are photoperiod, the critical photoperiod
below which development rate decreases due to short photoperiod
and the photoperiod sensitivity coefficient respectively.

To obtain the best estimates for models parameters, an itera-
tive optimization procedure was used and non-linear fitting was
done based on the PORC NLIN procedure in SAS program (SAS
Institute 1992). Root mean square of errors (Eq. 2), determination
coefficient (R%), model efficiency (EF) and model bias from a 1: 1
line were used as criteria to detect best estimates of parameters by
non-linear models.

RMSE = (i(Pi -0)*)/n)"

i=1
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Fig. 1 Predicted (solid line) and observed (solide circles) Values of
relative stem elongation rate versus mean experienced temperatures
(°C) and .photoperiods (h) by quadratic-quadratic (Q-Q) model.

where P; and O; indicate predicted and observed values of stem
elongation rate and n is the number of observations. The model
with lower RMSE, higher determination coefficient (R?), higher
model efficiency (EF) and correlation coefficient (closer to 1)
(Wallach et al. 2006), lower bias of linear regressed line between
observed versus predicted values from the 1:1 line was selected as
the best model to estimate stem elongation rate. a and b (as
intercept and slope values of stem elongation rate) were compared
with zero and unit. A closer a to zero and closer b to unit indicates
better estimates of models (Kamkar et al. 2012).

Model structure and algorithm

In order to evaluate required biological days from emergence to
stem eclongation the following equation (Eq. 3) was used to
compute development rate as a function of temperature and
photoperiod (Hammer et al. 1989; Horie 1994):

1/e= f(T)x f(PP)/eo 3)

where 1/e, f(T), f(P) and eo are stem elongation rate, temperature
function, photoperiod function and minimum days to stem elon-
gation in optimum temperature and photoperiod, respectively. The
mean daily temperature and photoperiod corresponded to sowing
dates used to calculate required biological days to stem elongation.

RESULTS AND DISCUSSION
Selection of models

Relative stem elongation rate (stem elongation rate divided
by maximum stem elongation rate, R/Rmax) versus mean
experienced temperatures and photoperiods is illustrated in
Fig. 1, which reflects the dual interaction of photoperiod
and temperature on stem elongation rate. The response of
wheat to photoperiod as a facultative long-day plant (LDP)
has been reported by others (Davidson and Christian 1984;
Slafer and Rassown 1996; Ahmadi 2008). Also, estimated
parameters for different models are presented in Table 3.
The results indicate that the flat-quadratic model (combina-
tion of flat model for temperature and quadratic model for
photoperiod) was not an appropriate model to predict stem
elongation rate because at least one (a or b) coefficient of
linear regressed line between observed versus predicted val-
ues was significantly different from zero or unit (Table 3).
A significant coefficient indicates significant bias of inter-
cept of the regressed line against the 1: 1 line. The remain-
ing models performed similarly with respect to R*, RMSE
and regression of predicted versus observed days from
emergence to stem elongation. However, results of evalua-
tion of the model using independent data (Ahmadi 2008)
indicated that a model that included the quadratic function
for both temperature and photoperiod was the best model,
because neither a nor b were significant (Fig. 2; Table 2)
and R* was higher. RMSE was almost similar and ranged
from 0.001 to 0.1 for all the functions.

Estimates of cardinal temperature based on a superior
model (Q-Q) 7.62°C for Ty, and 37.6°C for T, for wheat (cv.
‘Koohdasht’) are presented in Table 4.

The base temperature for stem elongation of wheat re-
ported in a segmented-segmented model was 4.14°C (Ah-

Table 2 Root mean square of errors (RMSE), determine coefficients (R?),
correlation coefficient (r), model efficiency (EF) of models used to des-
cribe relationship between stem elongation rate versus temperature and
photoperiod in wheat (cv. ‘Koohdasht’) using independent data (Ahmadi
2008). g and b are regression coefficients.

Model R? a b

Quadratic-Quadratic  0.99  0.0001 0.99

EF
0.3

RMSE r
0.009  0.55

Table 3 Root mean square of errors (RMSE), determination coefficients (R?), correlation coefficient (r) and model efficiency (EF) of multiplicative
models (8 temperature functions and 3 photoperiod functions) used to describe relationship between stem elongation rate as a function of temperature and
photoperiod in wheat (cv. ‘Koohdasht”). a and b are intercept and slope of regression line between observed versus predicted stem elongation.

Photoperiod functions Temperature functions R? a b RMSE r EF
Quadratic Quadratic 0.98 0.0001 0.99 0.0009 0.99 0.98
Beta 0.99 -0.0003 1.001 0.0008 0.99 0.99
Segmented 0.99 0.0001 0.99 0.0008 0.99 0.99
Cubic 0.98 -0.0002 0.90 0.0129 -0.58 -1.24
Curvilinear 0.99 0.0010 0.908 0.001 0.997 0.985
Logistic 0.99 0.00009 0.99 0.0007 0.99 0.99
Dent-like 0.99 0.0001 0.99 0.0008 0.99 0.44
Flat 0.32 0.011 0.18 0.13 0.14 0.57
Segmented Quadratic 0.98 0.001 0.89 0.001 0.97 0.99
Beta 0.99 0.00003 0.99 0.0008 0.99 0.99
Segmented 0.99 0.0001 0.99 0.0008 0.99 0.99
Cubic 0.98 -0.0002 1.01 0.0009 0.98 0.99
Curvilinear 0.99 0.0010 0.90 0.011 -0.72 -0.09
Logistic 0.99 0.0001 0.99 0.0007 0.99 0.99
Dent-like 0.99 -0.0002 1.002 0.0009 0.98 0.99
Flat 0.98 0.0007 0.94 0.001 0.98 0.99
Negative exponential Quadratic 0.98 0.0001 0.98 0.0009 0.98 0.99
Beta 0.99 0.00007 0.99 0.0008 0.99 0.99
Segmented 0.95 0.001 0.94 0.001 0.95 0.97
Cubic 0.99 -0.0009 1.03 0.0009 0.98 0.99
Curvilinear 0.99 0.0020 0.83 0.01 -0.40 -0.11
Logistic 0.99 0.0001 0.99 0.0007 0.99 0.99
Dent-like 0.99 -0.00002 1.0002 0.0008 0.99 0.99
Flat 0.98 0.001 0. 89 0.001 0.97 0.99
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Fig. 2 Observed versus predicted values of stem elongation rate using independent data (Ahmadi 2008) by multiplicative models (8 temperature
functions in combination with negative exponential and segmented models for photoperiod). Solid line indicates 1:1 line. V-Q, curvilinear-quadratic;
V-S, curvilinear- segmented; V-Ne, curvilinear-negative exponential; Q-Q, quadratic-quadratic; Q-S, quadratic- segmented; Q-Ne, quadratic-negative
exponential; S-Q, segmented-quadratic; S-S, segmented-segmented; S-Ne, segmented —negative exponential; D-Q, dent like-quadratic; D-S, dent like-
segmented; D-Ne, dent like-negative exponential; B-Q, beta-quadratic; B-S, beta-segmented; B-Ne, beta-negative exponential; C-Q, cubic-quadratic; C-
S, cubic-segmented; C-Ne, cubic-negative exponential; F-Q, flat-quadratic; F-S, flat-segmented; F-Ne, flat —negative exponential; L-Q, logistic-

quadratic; L-S, logistic-segmented; L-Ne, logistic-negative exponential.

madi 2008). Other reported base temperatures for stem
elongation of wheat cultivars are 4°C (Slafer and Savin
1991; Slafer and Rawson 1996), 1°C (Wier et al. 1984), and
3.6°C (for spring wheat, Angus et al. 1981). Estimated
ceiling temperatures were comparable with reported values
of 37°C by Ahmadi (2008) and Narciso ef al. (1992) and
38°C by Peter (1991).

Estimated photoperiod parameters by the superior
model (Q-Q) were 14.006 h for P, 0.11 for PS and 26.13
for photothermal days from emergence to stem elongation
(eo) (Table 4). Other reported critical photoperiod and
photoperiod sensitivity coefficients for stem elongation of
wheat cultivars (‘Arapahoo’ and ‘Karel 92”) are 9.5 and 7 h,

70

0.34 and 0.16 h™' respectively (Xue 2000), while Ahmadi
(2008) reported P. and PS for stem elongation of wheat cul-
tivars 12.96 to 14.002 h and 0.1 to 0.18 h™', respectively.
These values are basic and primary data needed to
simulate emergence to stem elongation duration. These data
are used directly in thermal time calculation and determine
extreme temperatures and photoperiod which will suppress
stem elongation. This temperature range has been defined
as cardinal temperatures, i.e., a minimum or base tempera-
ture (Ty), maximum temperature (T.) that stem elongation
rate at above of that would be zero, and optimum tempera-
ture (T,) at which the stem elongation rate is highest
(Whitechurch et al. 2007), PP is photoperiod (h), P the crit-
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Table 4 Estimated values of base temperature (T}), optimum temperature (T,), ceiling temperature (T.), photoperiod sensitivity coefficient (PS),critical
photoperiod (P.) and minimum days from emergence to stem elongation under optimum temperature and photoperiod (eo) by multiplicative models (3

photoperiod functions and 8 temperature functions).

Photoperiod Temperature Ty(C) a t0 Tou(C) To2('C) To('C) T.(C) [ PS(h') P.(h)
Functions Functions
Quadratic 7.62 - - - - - 37.60 26.90 0.11 14.006
Beta 3.08 - - - - 21.85 38.19 22.79 0.01 12.04
Segmented 7.14 - - - - 23.04 36.97 16.70 0.11 12.007
Quadratic Cubic - - - - - - - 20 0.15 15.70
Curvilinear 7.64 - - - - 18.51 34.60 26.82 0.16 12.04
Flat 7.24 - - - - 22.07 - 17.25 0.15 12.32
Logistic - 0.35 13.8 - - - - 18.97 0.13 12.03
Dent-like 6.59 - - 21.53 28 - 37 20.48 0.11 12
Quadratic 7.46 - - - - - 37.93 27.59 0.17 14.18
Beta 3.79 - - - - 21.95 37.98 23.15 0.17 0.17
Segmented 7.15 - - - - 24.80 37 15.06 0.34 0.34
Segmented Cubic - - - - - - - 22 0.11 0.11
Curvilinear 7.83 - - - - 17.99 36 27.32 0.16 0.16
Flat 7.24 - - - - 22.14 - 17.16 0.15 0.15
Logistic - 0.35 13.8 - - - - 18.97 0.02 12.03
Dent-like 7.15 - - 20 29 - 37 20.67 0.27 13.19
Quadratic 7.69 - - - - - 38.37 26.29 0.02 14.19
Beta 6.49 - - - - 22.22 35.77 24.02 0.004 12.03
Segmented 2.19 - - - - 29.58 38.77 22.5 0.12 16.00
Negative Cubic - - - - - - - 20 0.15 15.70
exponential Curvilinear 7.83 - - - - 18.33 35 28.89 0.16 12
Flat 7.24 - - - - 20.57 - 19.18 0.15 12.76
Logistic - 0.35 13.8 - - - - 18.97 0.06 12.04
Dent-like 7.15 - - 20.53 28 - 37 19.85 0.06 12.01
ical photoperiod below which development rate decreases  REFERENCES

due to short photoperiod and PS the photoperiod sensitivity
coefficient (Soltani et al. 2006).

Other considerations

Despite us having used a wide range of sowing dates, ob-
tained and used points to fit models did not include a tem-
perature higher than ceiling temperature. Therefore, the
model introduced as the best model (quadratic-quadratic
model) can only be used in a temperature range of around 3
to 39°C. If temperatures higher than the ceiling temperature
are faced, it is likely that other models, especially those that
can extrapolate the diminishing trend of development rate
after extra-ceiling temperature, can be used as the superior
model. Therefore, it is advisable to repeat this experiment
with more sowing dates to clarify the response of wheat
stem elongation rate to higher temperatures along with
photoperiod.

Also, all models’ estimates showed that ceiling tem-
perature changes between 35 to 39°C. Although these val-
ues were just extrapolated by models, they can be con-
sidered warily as a range of ceiling temperatures for related
calculations.

In addition, this study on the effect of temperature and
photoperiod on stem elongation phase indicated that ‘Kooh-
dasht’ has a quantitative or facultative LDP response to
photoperiod. This means that with increasing photoperiod
to 14.002 h, quickly entering the reproductive phase of
wheat increased and with a photoperiod exceeding 14.002 h,
no effect on development rates and growth rate constant
remains. If this plant were exposed to a short photoperiod,
there would be a reduction in growth rate, but it would not
stop development.
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