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Abstract
Soybean is one of the most important food crops around the world. Despite its economic importance, the effect of sowing date 
and climatic conditions on soybean development and productivity of grain and oil has not yet been studied in detail. Such a 
study can yield valuable information regarding the interaction of this crop with its environment. In this context, the aim of 
this study was to estimate the soybean potential productivity of grains and oil for eight sowing dates, using historical series 
of climate data from Piracicaba (SP), Brazil. For this a stochastic model is proposed, with truncated normal distribution for 
maximum, minimum and average temperature data. The information generated in this study is important in order to provide 
farmers with relevant information about the importance of an adequate sowing date, as well as to further understand of the 
influence of the climate variations on soybean production. The September 1 sowing date, without lack of water, provides 
more adequate conditions for accumulated dry matter, grain and oil productivity. It was concluded that: (i) the stochastic 
model (Potential and Depleted Model for Soybean Grain and Oil Production) can be used as a valuable tool for analyzing 
variability and complex interactions between plants and climate conditions. In this model, the air temperature and global 
radiation parameters were adequate to estimate the duration of the crop cycle, dry matter production, photoassimilates parti‑
tion, and grain and oil productivity of soybean plants grown in different sowing dates in Piracicaba–SP; (ii) considering the 
historical data of air temperature, global radiation and other optimal ecophysiological needs for the crop, the model results 
define September as best period for sowing soybean in Piracicaba (SP), Brazil.
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Introduction

Soybean (Glycine max (L.) Merril) is an important source 
of vegetable oil and protein cultivated in several regions of 
the planet. It can be used for human and animal consump‑
tion, as well as industrial application and biofuel production, 
mainly. In 2017, 352 million tons of soybeans were produced 
in the world (FAO 2019) of which 114.07 million tons were 

produced in Brazil (Conab 2017). However, the current rate 
of seed productivity increase is insufficient to meet the goal 
of the United Nations to double food production by 2050 
(Ray et al. 2013). In order to meet future demand for grain, 
bran and biodiesel, it is important to find management pro‑
cedures that lead to greater potential for soybean production 
worldwide. Brazil is one of the countries with the greatest 
potential to meet the worldwide increase in demand for food, 
and especially demand for soybeans. In this context, efforts 
must be made to increase soybean productivity.

Thus we propose a crop growth model to estimate the oil 
productivity as well as the yield of soybean grains, based on a 
climatic series of a given region. With the use of crop growth 
models within a climatic series, it is possible to estimate the 
performance plants in these environments, also to seek man‑
agement strategies that maximize soybean grain, oil and pro‑
tein productivity (Dourado Neto et al. 1998; Marin et al. 2014; 
Martins et al. 2017). This can optimize the use of resources, 
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reduce the cost and time of research, and anticipate results 
with high reliability. Also could reduce the probability of crop 
frustration. The model was tested using a representative cli‑
matic series for one soybean producing region of Brazil. This 
model also contributes to estimating potential productivity at 
different sowing times, based in air temperature, rainfall and 
solar radiation interception during the soybean crop cycle.

Among the available soybean sowing dates significant 
changes can occur in environmental conditions, affecting 
soybean productivity and grain composition. For example, 
in some regions, late sowing dates are known to lead to lower 
grain productivity and grain oil content (Pierozan-Junior 
et al. 2017; Umburanas et al. 2018). Models can help to 
choose the best sowing date because they can assess complex 
interactions between the plant and climatic conditions. In 
addition, the oil content will be lower when the maturation is 
closer to periods of lower temperatures, more precisely, with 
greater interaction during the grain filling phase. The delay of 
the sowing date can reduce productivity due to a shortening 
of the cycle and grain filling period (De Bruin and Pedersen 
2008; Fatichin et al. 2013; Meotti et al. 2012; Umburanas 
et al. 2019). From early sowing to late sowing, the length of 
both vegetative and grain-filling phases are reduced, and con‑
sequently reducing productivity (Egli and Cornelius 2009).

Plant growth and development are a function of accumu‑
lated biomass through photosynthesis. Biomass production 
in plants depends upon the quantity of absorbed photosyn‑
thetically active radiation (PARa) by leaves and the efficiency 
with which the leaves can convert the solar radiation into 
assimilates through photosynthesis. Thus, the intercepted 
photosynthetically active radiation (PARi) that is converted 
into biomass reveals the radiation use efficiency (RUE) by 
the species (Monteith 1977; Van Heerden et al. 2010). All 
these concepts were considered in the proposed model.

Despite being a robust tool, plant growth models are still 
little used in soybean cultivation studies, mainly in Brazil. 
The present study aims to estimate the potential productivity 
of grains and oil, using climate data from Piracicaba (SP), 
Brazil. The proposed model considers the eco-physiological 
characteristics of the soybean crop in response to climate 
data. In a stochastic way, the model estimates leaf area index, 
PARi, cycle length, photoassimilates partition, accumulated 
dry matter, attainable and depleted productivity of grains and 
oil including consideration of its advantages and limitations.

Materials and Methods

The “Potential and Depleted Model for Soybean Grain and 
Oil Production” (PDMSO) is proposed and shown in Fig. 1. 
This model is based on the model Light Interception and 
Utilization–LINTUL (Bouman et al. 1996). For the devel‑
opment of PDMSO, statistical tools were incorporated into 

LINTUL to improve the determination of grain and oil pro‑
ductivity in relation to variability and climate. These tools 
generate random values of air temperature between the upper 
and lower limits of the historic minimum and maximum 
temperatures (oC). The process was simulated thousand 
times for each day of the crop growth cycle.

PDMSO has entry data as shown in the first line of Fig. 1 
and the crop growth cycle is sized according to the sum 
of degree-days required for the closing of the crop growth 
cycle. Soybean development parameters are shown in 
Table 1. Climate elements as rainfall, irrigation, air rela‑
tive humidity and actual evapotranspiration are considered 
as optimum, as well as the availability of nutrients, pest, 
disease and weed control.

Sowing Dates

Eight sowing dates were considered in the simulations, all in 
the first and the 15th day of the months of September, Octo‑
ber, November and December, covering a wider period than 
the officially recommended sowing period for Brazil. In the 
Midwest region, the best season begins on October 20 and 
ends on December 10, and may be extended until 20 Decem‑
ber in areas of well corrected soil, of high fertility and high-
tech management (Embrapa 2005). In general, in the South, 
Southeast and Midwest regions of Brazil the highest grain 
productivities occur when soybeans are planted between the 
second half of October and November (Embrapa 2005, 2007).

Phenology and Growth Analysis

Carbon Partition

Available carbohydrates are allocated to the different plant 
organs in defined proportions according to the phenological 
stages (Fehr and Caviness 1977) and aiming to obtain daily par‑
tition coefficients for each organ (root, stem, leaf and reproduc‑
tive organs), the PDMSO model uses an allocation function for 
each organ, so that the partition to all organs adds up 1.0 in all 
relative development stages (Ds) (Penning de Vries et al. 1989).

Soybean Relative Development

The relative development of the crop depends on the air 
temperature. The rate and moment of the appearance of the 
different organs depends on the energy availability for the 
system. During the period before anthesis, for a given soy‑
bean variety, the critical photoperiod (13 h) does not change 
for different sowing dates, but the vegetative growth period 
is the longer the earlier sowing is performed in relation to 
the critical photoperiod.

The longer the period prior to anthesis higher values of 
leaf area index (LAI, m2 [leaf] m−2 [soil]) can be achieved, 
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Fig. 1   Stochastic model for the estimation of the potential soybean oil 
productivity. (I) Entry values (first line): Julian day (j); a random vari‑
able normally distributed with zero mean and unity standard devia‑
tion, generated stochastically with uniform distribution between 0 
and 1 (z); average air temperature (avgT, °C); standard deviation (sT, 
°C); minimum air temperature (minT, °C); maximum air temperature 
(maxT, °C); basal crop temperature (bT, °C); critical relative devel‑
opment values (Rd); carbohydrate partition (p); global radiation (Qg, 
MJ  m−2  day−1); radiation extinction coefficient (k); radiation use 
efficiency (RUE, g MJ−1); specific leaf area (SLA, m2 g−1); harvest 
index (HI, kg kg−1); grain water (u, kg kg−1) and oil (β, kg kg−1) con‑
tents. (II) Calculation variables: simulated average daily temperature 
(Ts, °C); soybean crop relative development (Rd); leaf area index 

(LAI, m2 m−2); carbohydrate partition to the leaf (Lp, kg kg−1), stem 
(Sp, kg  kg−1), reproductive organs (ROp, kg  kg−1), and root (Rp, 
kg kg−1); photosynthetic active radiation (PAR, MJ m−2 day−1); rela‑
tive senescence rate (RSr, kg  kg−1); daily increment of green leaf 
(digL, kg ha−1 day−1), senescence leaf (disL, kg ha−1 day−1), total leaf 
(diL, kg  ha−1  day−1), stem (diS, kg  ha−1  day−1), reproductive organ 
(diRO, kg ha−1 day−1), dry matter of root (diR, kg ha−1 day−1), and 
total dry matter (diTDM, kg ha−1 day−1); cumulative increment of dry 
matter of green leaf (cigL, kg  ha−1), stem (ciS, kg  ha−1), reproduc‑
tive organ (ciRO, kg ha−1) and root (ciR, kg ha−1); Leaf senescence 
(Ls, kg ha−1), and total dry matter (ciTDM, kg ha−1). (III) Outlet vari‑
ables: potential grain productivity (PP, kg ha−1) and potential oil pro‑
ductivity (PoP, kg ha−1)

Table 1   Soybean development 
parameters used in the PDMSO 
model

Parameter Values References

Extinction coefficient (k) 0.7 Müller et al. (2017)
Critical leaf area index (LAI) 4.0 Board and Harville (1992)
Initial leaf area index (LAI) 0.017 Santos et al. (2003)
Radiation use efficiency (RUE) 2.3 g MJ−1 Sinclair et al. (1992)
Specific leaf area (sLA) 0.038 m2 g−1 Wu et al. (2017)
Lower basal temperature 10 °C
Higher basal temperature 40 °C
Lower optimum temperature 25 °C Setiyono et al. (2007)
Higher optimum temperature 30 °C Setiyono et al. (2007)
∑ degree-days for emergence (ADSe) 80 °C day
∑ degree-days from emergence to anthesis (ADSa) 500 °C day
∑ degree-days from anthesis to maturity (ADSm) 888 °C day
Harvest index (HI) 0.55 kg kg−1 Spaeth et al. (1984)
Depletion factor (df) 0.65 kg kg−1

Grain water content (u) 0.12 g g−1
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resulting in a higher productivity potential. There is a limit to 
increase productivity in relation to LAI, above which there is 
no plant response. The interception of PAR becomes maxi‑
mum at the R1 stage when the LAI for soybeans is between 3.5 
and 4.0 (Board and Harville 1992). In this study, the photoper‑
iod will not exert effect on the results, because it will be con‑
sidered above the critical photoperiod. Since the crop develop‑
ment rate is altered by day length, this effect is included in the 
PDMSO model by modifying the growth rate of the thermal 
unit. After anthesis, the photoperiod is not decisive for the 
definition of the phenological stages. The model uses the scale 
that is the relative crop development (Rd) for the vegetative 
phase, with a value of 0.0 at emergence and 1.0 at anthesis 
(Eq. 1), and for the reproductive phase, with a value of 2.0 at 
maturity (Eq. 2) (Penning de Vries et al. 1989):

where t is the time in days after sowing (DAS), tn refers to 
the day of the nth evaluation, tn−1 to the previous evaluation, 
t0 to the first evaluation, tv to the final date of the vegetative 
period (for t0 ≤ t < tv – VE–R1), tr to the final date of the 
reproductive period (for t0 ≤ t ≤ tr − R1–R8), Rdv to the veg‑
etative phase, and Rdr to the reproductive phase.

Accumulated Degree‑Days

The thermal sum values are dependent on the maturation 
cycle, growing region and adopted value of basal tempera‑
ture. This study uses the following thermal sums related to 
the early maturity group of soybean cultivars, the most used 
group by growers in Brazil: (i) between sowing and emer‑
gence, 80 °C day (ADSe); (ii) between the emergence and 
anthesis, 500 °C day (ADSa), and (iii) in the reproductive 
phase between anthesis and maturation, 888 °C day (ADSm).

Leaf Area Index

Vegetative Phase  The calculation of the intercepted pho‑
tosynthetically active radiation (PAR) is dependent on the 
LAI, because leaves are the organs of highest photosynthetic 
activity. In the period of emergency (Ve) until before the 
start of blooming (R1). At this stage, the temperature is the 
predominant environmental factor, both for the final leaf 
size and for the rate of new leaf appearance (Hofstra 1972). 
In this initial period, the leaf area increases exponentially 
until the end of juvenile phase:

(1)RdvVn − Vn−1 =

∑tn
t=tn−1

(Ts − Tb)

∑tv
t=t0

(Ts − Tb)
,

(2)RdrRn − Rn−1 = 1 +

∑tn
t=tn−1

(Ts − Tb)

∑tr
t=t0

(Ts − Tb)
,

where cre (°C day−1) is the relative growth rate of the leaf 
area during its exponential growth, TEF is the daily effective 
temperature (°C) and t (day) the time. Therefore, for daily 
changes (t + Δt), we have:

where LAIt is the leaf area index referring for the tth day 
after emergence, and LAIt + Δt for the (t + Δt)th day. So, for 
the PDMSO model the rate of increase in leaf area is calcu‑
lated during juvenile growth by:

Reproductive Phase  After the juvenile period, the increase 
in leaf area depends on the availability of assimilates. The 
growth of leaf area is calculated by the model by multiply‑
ing the increase in mass of the leaf partition (Lp) by the 
specific leaf area (SLA) of new leaves. Thus, SLA operates 
as the ratio of the leaf area and its biomass:

A relative mortality rate (RMR, day−1) defines the rate of 
senescence of leaves, and the LAI is obtained by integrating 
the result of the leaf growth rate and leaf senescence rate 
over time.

The use of global radiation by crops depends on the leaf 
area capable of interception. At the beginning of soybean 
development, LAI is low until 20 DAS, when there is expo‑
nential growth until the crop reaches the critical LAI, which 
is around 3.5–4.0 (Board and Harville 1992). From there on 
the intercepted radiation remains at that level for the period 
before senescence starts and thereafter decreases with the 
progression of leaf loss.

Biomass Production and Radiation Use Efficiency

Under optimum development conditions, the solar radia‑
tion use efficiency (RUE, g [dry matter] MJ−1 [PAR]) is 
regarded as linear in time (Monteith 1972) and is the ratio 
of the rate of biomass production (g m−2 day−1) and the 
rate of absorbed radiation (PARa, MJ m−2 day−1). PARa 
depends on LAI, the incident daily global radiation rate (Qg, 
MJ m−2 day−1), and the intercepted fraction of the PAR, 
corresponding to about 50% of the total daily radiation. It is 
assumed that the interception of the radiation increases with 
the increase of LAI, since the light transmittance diminishes 
as it enters the canopy. Thus, the specific light extinction 

(3)LAI = LAI0 ⋅ e
cre⋅TEF ⋅t,

(4)LAIt+Δt = LAIt ⋅ e
cre⋅TEF ⋅Δt,

(5)

(

ΔLAI

Δt

)

Ve−Vn
=

LAI
t+Δt − LAI

t

Δt
=

LAI
t
.e
cr

e
⋅T

EF
⋅Δt − LAI

t

Δt

=
LAI

t
(ecre⋅TEF ⋅Δt − 1)

Δt
.

(6)
(

ΔLAI

Δt

)

(R1−R8)
= Lp ⋅ SLA.
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coefficient (k) characterizes a negative exponential function 
of the leaf area index.

Applying the radiation transmission law of Beer–Lam‑
bert–Bouguer, we can say that:

We adopted a critical LAI (Table 1) beyond which absorp‑
tion remains constant. The daily RUE is considered constant 
because most leaves are not exposed to saturating radiation 
intensities during most of the day (Monteith 1972; Sinclair 
1991; Sinclair and Muchow 1999).

The daily increment of total dry matter (diTDM) of the crop 
(g [dry matter] ha−2 day−1) can then be calculated by multiply‑
ing PARa by the constant RUE:

Finally, the total dry matter (ciTDM) of the crop is obtained 
integrating Eq. (8) along time.

Photoassimilates Partition

The partition of assimilates can be estimated by the differ‑
ence in dry matter of the different plant organs (leaves, roots, 
stems and pods) between two consecutive assessments (growth 
analysis), divided by the difference of the relative development 
(Rd) of each stage, in percentage terms. The sum of the parti‑
tions for the different plant organs, in a given time (usually 
using phenological scale) is in general taken equal to 1.0.

Data for the daily partition coefficient of the photoassimi‑
lates were obtained by Penning de Vries et al. (1989) and used 
in the PDMSO model to estimate the partition and the poten‑
tial productivity of the soybean crop.

Photoassimilate Conversion

Glucose from photosynthesis is converted mainly into five 
basic organic constituent components of plant tissues: carbo‑
hydrates (CHO, %), proteins (PRO, %), lipids (LIP, %), lignin 
(LIG, %) and organic acids (ORA, %) at a cost of conversion 
dependent of the type of organ and plant species. The conver‑
sion cost denotes the photosynthetic efficiency of each species 
in the transformation of solar energy into assimilates (Penning 
de Vries et al. 1989).

For the calculation of the conversion efficiency (CEi) for 
leaf (l), stem (s), root (r) and reproduction organs (ro), using 
the contents (Ti) of CHO, PRO, LIP, LIG, ORA, and minerals 
(MIN), and also the conversion efficiency (CE), i.e. gram of 
product per gram of glucose, we have:

(7)PARa = 0.5Qg

[

1 − exp(−k.LAI)
]

.

(8)diTDM ∶
ΔW

Δt
= RUE ⋅ PARa.

Plant Dry Matter

The cumulative increment dry matter (ci) of each organ is the 
result of the product of the net photosynthesis (diTDM) by the 
conversion efficiency (CE); and the partition of the respective 
carbohydrate (P). (i) as leaf partition (Lp), stem partition (Sp), 
root partition (Rp), reproductive organ partition (ROp):

Therefore, the cumulative increment of total dry matter 
(ciTDM, kg ha−1) is:

Stochastic Procedure to Determine Oil Content

Distribution of  Asymmetric Triangular Probability  The 
asymmetric triangular distribution is used when it is pos‑
sible to determine the most probable value of the random 
variable, its minimum and maximum values, and when a 
linear function seems appropriate for the description of 
the distribution of the error values of the variables. Given 
these requirements, the triangular distribution can be used 
because it is a good model between the normal distribution 
and the rectangular distribution.

The area under the curve of the normal distribution plus 
or minus the standard deviation of one mean corresponds to 
0.6827. The areas under the curve of the triangular and rec‑
tangular distributions are 0.64983 and 0.57735 respectively 
(Bressan 2002). This probability distribution is used in two 
situations: (i) when the objective is to obtain an approximation 
in the absence of data, which allows adjusting a more adequate 
distribution, or (ii) when only the most probable (m), mini‑
mum (a) and maximum (b) values of the variable are known, 
but not much is known about the empirical distribution of the 
data (Bressan 2002).

(9)

CE(l) = T(l)CHO ⋅ CECHO + T(l)PRO ⋅ CEPRO

+ T(l)LIP ⋅ CELIP + T(l)LIG ⋅ CELIG

+ T(l)ORA ⋅ CEORA + T(l)MIN ⋅ CEMIN,

(10)

CE(s) = T(s)CHO ⋅ CECHO + T(s)PRO ⋅ CEPRO

+ T(s)LIP ⋅ CELIP + T(s)LIG ⋅ CELIG

+ T(s)ORA ⋅ CEORA + T(s)MIN ⋅ CEMIN,

(11)

CE(r) = T(r)CHO ⋅ CECHO + T(r)PRO ⋅ CEPRO

+ T(r)LIP ⋅ CELIP + T(r)LIG ⋅ CELIG

+ T(r)ORA ⋅ CEORA + T(r)MIN ⋅ CEMIN,

(12)

CE(ro) = T(ro)CHO ⋅ CE
CHO

+ T(ro)PRO ⋅ CE
PRO

+ T(ro)LIP ⋅ CELIP
+ T(ro)LIG ⋅ CE

LIG

+ T(ro)ORA ⋅ CE
ORA

+ T(ro)MIN
⋅ CE

MIN
.

(13)ci(i) = diTDM(i) ⋅ P(i) ⋅ CE(i).

(14)ciTDM = cigL + ciS + ciRO + ciR.
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When the values of magnitude in the variable under study 
have a central tendency, being more likely with values close to 
the mean value, we use the normal distribution, or the triangu‑
lar distribution, the latter with a probability density function of 
the random variable triangular (Bressan 2002):

The distribution function of the triangular random vari‑
able is given by:

The mean and variance are determined according to the 
following equations:

Normal Symmetric Truncated Probability Distribution  It is 
used to fit mixed linear models in which the distributions of 
the random effects are asymmetric normal multivariate and 
that can have normal distribution if the asymmetry param‑
eter is equal to zero.

The symmetric truncated normal probability distribu‑
tion (a, b, μ, σ2) is given by the following expression (Eaton 
and Kortum 2002):

on what f refers to the density function of the standard nor‑
mal; F to its cumulative distribution; and σ2 to the corre‑
sponding non-truncated normal variance.

The mean ( �TS ) and variance ( �2
TS

 ) of the symmetric trun‑
cated normal probability distribution are thus calculated:

(15)f (x) =

⎧

⎪

⎨

⎪

⎩

2 (X−a)

(m−a)(b−a)
if a ≤ X ≤ m

2(b−X)

(b−m)(b−a)
if m < X ≤ b

0 if X < a ou X > b

(16)f (x) = if

X < a 0

a ≤ X ≤ m
(X−a)2

(m−a) (b−a)

m < X ≤ b 1 −
(b−X)2

(b−m) (b−a)

b ≤ X 1

(17)E (X) =
(a + m + b)

3
,

(18)Var(X) =

(

a2 + m2 + b2 − ma − a b − mb
)

18
.

(19)

f (x) =

0
1

√

2𝜋𝜎2
exp

�

−
1

2

�

x−𝜇

𝜎

�2
�

{P(x<a)+P(x>b)}

0

if

x ≤ a

a < x < b,𝜇 ∈ R, 𝜎2 > 0

x ≥ b

(20)�NTS =
(a + b)

2
,

(21)

�
2
NTS

= �
2

{

1 −

[

b ⋅ f (b) − a ⋅ f (a)

F(b) − F(a)

]

−

[

f (b) − f (a)

F(b) − F(a)

]}

.

Potential grain and oil productivity

The potential grain productivity (PgP, kg ha−1) of the soy‑
bean is given by:

where HI is the harvest index and u the grain water content, 
based on mass (Table 1). The potential oil productivity (PoP, 
kg ha−1) represents between 18 and 22% of PgP. For the 
determination of the oil content (Oc), the stochastic pro‑
cedure was used. The values varied around the average of 
19%, with extremes of 18.05 and 20.9%. The potential oil 
productivity is given by:

Depletion Factor

The depletion factor estimates the reduction of the poten‑
tial productivity taking into account the reality of the field 
conditions. In general, growing areas are extensive and is 
not always possible at the best time or place in the sown 
area the detailed control of nutritional deficiencies, diseases, 
pests and weeds, and water stress. Thus, the depletion factor 
reduces the potential productivity to the actual productiv‑
ity. This study adopted a reduction of 35% of the potential 
productivity (Sinclair et al. 1992).

Climate Variables

The potential productivity of soybean oil was estimated for 
Piracicaba (SP), Brazil (22°42′S, 47°38′W, altitude of 546 m 
above sea level), based on historical series of climate vari‑
ables temperature (maximum, minimum and average) from 
1966 to 2009 (40 years) and global radiation from 1978 to 
2009.

Temporal Variation of Air Temperature in Piracicaba (SP)

Air temperature along with solar radiation are the most 
important production factors for the definition of crop poten‑
tial productivity. Soil water and other climatic components 
define productivity depletion.

The stochastic simulation of air temperature with 1000 
samples were applied to historical data of daily average 
minimum, average, and maximum temperatures (Fig. 2). 
The average daily temperature equals the average annual 
temperature (21.8 °C) in late April and early October.

The average daily temperatures throughout the year 
(Fig. 2) are within the recommended values as upper and 
lower basal temperatures for soybean, respectively 10 and 
40 °C.

(22)PgP = HI ⋅ TDM∕(1 − u),

(23)PoP = PgP ⋅ Oc.
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Despite the fact that the months of September and Octo‑
ber present minimum temperatures below the basal mini‑
mum temperature of 10 °C, the average daily temperature 
is always above this level. The basal upper temperature is 
rarely reached by the daily maximum temperature.

Temporal Variation of Radiation in Piracicaba (SP)

Historical data of average daily radiation (MJ m−2 day−1) 
covering the period from 1966 to 2009 in Piracicaba are 
shown in Fig. 3.

Global Radiation and Intercepted Photosynthetic 
Active Radiation

The photosynthetically active radiation (PAR, 400–700 nm) 
is approximately 50% of global solar radiation and varies 
with radiation intensity (Monteith 1972). The PAR inter‑
cepted by the crop canopy is a function of the LAI, the inci‑
dent global radiation, and light extinction coefficient.

Statistical Analysis

Given the natural variability of climate data, the use of 
a probabilistic tool was necessary to quantify the uncer‑
tainties in the stochastic model of maximum temperature 
parameters, minimum temperature and potential produc‑
tivity average. In the stochastic procedure a variable is 
generated following a uniform distribution between 0 
and 1. Subsequently, this value is turned into a random 
variable (z) following the normal distribution, zero mean 
and unit standard deviation {z (0, 1)}, according to rou‑
tine computation (in Visual Basic) (Maia and Dourado 
Neto 2004). A stochastic simulation was inserted into the 
model, with 1000 samples for the determination of the 
productivities, using the truncated normal probability dis‑
tribution for daily temperature values. To determine the oil 
content a stochastic procedure was also used, including a 
computational routine (in Visual Basic), according to Maia 
and Dourado Neto (2004).

Fig. 2   Stochastic simulation 
of air temperature with 1000 
samples applied to historical 
data of average daily tem‑
perature (mT, °C), average daily 
maximum (TM, °C) and average 
daily minimum (Tm, °C) and 
the annual average temperature 
for 43 years (1966–2009) in 
Piracicaba (SP), Brazil
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Results

Climate Conditions

As sowing date is delayed, the maximum PAR incident 
(November and December) is obtained in the beginning of 
the soybean crop cycle. In the first sowing date (September 
1), the culture reaches the maximum PAR around 40 after 
sowing (DAS), while the last sowing date (December 15), 
the maximum PAR is until 45 DAS, then decreases.

The interception of the radiation decreases with the 
increase of leaf senescence. In the first sowing date this 
decline starts after 80 DAS, while in last sowing date at 
60 DAS.

Cycle Duration

The duration of the cycle in this study, called production 
cycle, was divided into vegetative phase (V), which extends 
from emergence (VE) to anthesis (R1), and the reproductive 
phase (R), which goes from anthesis (R1) to full senescence 

(R8). For the cycle length, periods from sowing to emer‑
gence (VE) and from full senescence (R8) to harvest, are not 
considered. Throughout the eight sowing dates, the number 
of days to complete the crop cycle decreased with delayed 
sowing due to temperature rise in the course of time.

For the September 1 sowing date there was a probability 
of 90.4% for a cycle length of 109 days or less to occur. For 
the September 15 sowing date, 93% for 106 days or less. For 
October 15, 97.5% for 101 days or less. For the November 
15, 99.1% 98 days or less, and finally for December 15, 95% 
for 96 days or less.

Carbon Partition

The evaluation of the different sowing dates showed a reduc‑
tion in the growth cycle, promoted by the increase of the 
average daily air temperature, which modified the photo-
assimilate partition (Figs. 4 and 5).

For the early sowing dates, the partition for leaves, 
roots and stems reaches periods longer than 60 DAS and 
the partition for storage organs starts at 50 DAS. For the 
last sowing dates, the partition for leaves, roots and stem 
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occurs approximately at 56 DAS and the partition for 
storage organs starts at 40 DAS. Since the time evolu‑
tion of the different sowing dates present very similar 
behavior, Fig. 4 shows only the graphs of the extreme 
dates, September 1 and December 15. In all graphs it can 
clearly be seen that when the productive organs start to 
be produced, the partition to leaves, stems and roots start 
to decline, reducing to minimum values about 10 days 
later.

Dry Matter Accumulation

The dry matter accumulation per organ follows a similar 
behavior in relation to the photo-assimilate partition (Fig. 5), 
as expected. The reduction of the cycle length due to the 
increase in air temperature, accelerates the accumulation of 
dry matter. We also show only the graphs of the first and last 
sowing dates due to the similarity of all of them. During the 
vegetative growth period, the dry matter accumulation of 
root and stem reach a peak and become stabilized at the end 
of the cycle at the R8 growth stage. The growth of leaves 
reaches the maximum before flowering and declines to zero 

due to leaf senescence, also at the end of cycle (R8). The 
dry matter accumulation of the reproductive organs begins 
at anthesis (R1) and reaches a maximum at the end of the 
cycle (R8).

As mentioned before, with the delay in sowing date the 
average air temperature increased during the vegetative 
phase, which anticipated the peak of dry matter accumu‑
lation and reduced its amount. For plants sown at the first 
sowing date (September 1), the dry matter of root and 
stem became maximum at 66 DAS and for plants sown 
at the last sowing date (December 15) it occurred at 56 
DAS. The dry matter of green leaves became maximum 
at 41 DAS for plants of the first sowing date and 36 DAS 
for the last.

The dry matter accumulation of the reproductive organs 
begun at 52 DAS and ended at 114 DAS for plants sown 
at the first sowing date (September 1) and begun accumu‑
lation at 43 DAS and ended at 100 DAS for plants sown 
at the last sowing date (December 15). The maximum dry 
matter accumulation of the reproductive organs, which was 
achieved at the R5.5 growth stage with a value nearly of 
900 g m−2 for plants from the first and second sowing dates, 
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and decreased below 800 g m−2 for plants from the last 
sowing date.

Potential and Depleted Grain Productivity

Additionally, to the reduction of the crop cycle, the poten‑
tial and depleted productivities were also reduced with the 
delay of the sowing date (Fig. 6). The best potential and 
depleted productivity results occur for the first sowing date 
and a linear decay was observed until the last sowing date 
(Fig. 7).

In first and second sowings dates (September 1 and 15), 
the distribution of the potential grain productivity (PgP) 
observed after a thousand sample randomization resulted 
in values ranging from 6500 to 7000 kg ha−1, with aver‑
ages of 6765 and 6700 kg ha−1, respectively. For the two 
latest sowing dates, December 1 and 15, the amplitude of 
PgP was reduced to 5700–6000 kg ha−1, with averages of 
5974 and 5866 kg ha−1, respectively, representing a decline 
ranging from 11.7 to 12.4% compared to the first two sow‑
ing dates, which represents the same trend for depleted 
productivity.

As already mentioned, for the simulations of our model 
a maximum RUE value of 2.3 g MJ−1 was adopted (Sin‑
clair et al. 1992). Figure 8 shows the sensitivity of the 
model for this parameter showing how the productivity 
performance is altered using other RUE values reported 
in the literature.

With the combined use of the value of RUE and of the 
depletion factor, it is possible to approximate the simula‑
tion to field results. High productivities obtained at field 
levels range from 3300 to 3600 kg ha−1. The change of the 
RUE to 1.72 g MJ−1 (Leadley et al. 1990; Muchow et al. 

1993) would bring results closer to field levels without the 
need to apply a depletion factor.

Figure 9a shows a good relation between the depleted 
productivity and cycle duration. The effect of the average 
air temperature can also clearly be seen in Fig. 9b. The 
amount of the average global solar radiation occurring 
throughout duration of the cycle (Fig. 9c) shows no cor‑
relation with the depleted productivity. The depleted oil 
productivity (Fig. 9d), however, followed the grain pro‑
ductivity, as expected.

Oil Productivity and Content

The oil productivity after randomization and simulated by 
the PDMSO model shows decreasing values with the delay 
of the sowing date (Fig. 10). From the first to the last simu‑
lated sowing date, average oil productivity decreased in 
average from 743 to 644 kg ha−1, a reduction of 99 kg ha−1 
or 13.3%.

The grain oil content was randomized with lower and 
upper limits of 18.1 and 20.9% (Penning De Vries et al. 
1989). The model generated frequencies near 70% in the 
range from 19.0 to 19.5% oil content (Fig. 10, Table 2). 

Discussion

The effects of changes in sowing date and climate condi‑
tions on the ecophysiological characteristics such as cycle 
duration, photoassimilate partition, dry matter production, 
leaf area index, photosynthetically active radiation intercep‑
tion, attainable and depleted productivity of grains and oil of 
soybean plants were assessed in this study using a stochastic 
model.

Sowing Date Determines the Cycle Duration 
of Soybean

The chosen eight sowing dates start in September 1. Offi‑
cially, soybean sowings are recommended from mid-Sep‑
tember until mid-December. The sowing should not be 
delayed to dates after December 15. During these three 
periods, the average air temperature is in an increasing trend 
for the Piracicaba region (Fig. 2), which accelerates plant 
growth (Setiyono et al. 2007). Therefore, the duration of 
the crop cycles simulated by the PDMSO showed a decrease 
in the course of time. For the September 1 sowing date the 
thousand simulations indicate a probability of 90.4% for a 
cycle length of 109 days or less. For the September 15 sow‑
ing date, 93% for 106 days or less, this being the sowing date 
of largest cycle. The shortest cycle was for the last sowing 
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date, December 15, with a 95% probability for 96 days or 
less. This shows a total difference of 10 days, which might 
be of significance for soybean growers in this area.

Air Temperature Affects the Carbon Partition 
of Soybean

The different sowing dates simulated by PDMSO modified 
the photoassimilate partition, mainly due to the increase in 
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Table 2   Frequency of oil content results at different sowing dates 
from the Potential and Depleted Model for Soybean Grain and Oil 
Production (PDMSO) after a thousand simulations, for Piracicaba 
(SP), Brazil (22°42′S, 47°38′W, altitude 546 m)

Oil content (%)

18.0–18.5 18.5–19.0 19–19.5 19.5–20.0

1-Sep 16 117 757 110
15-Sep 12 138 745 105
1-Oct 15 199 687 99
15-Oct 4 206 693 97
1-Nov 12 212 673 103
15-Nov 8 207 678 107
1-Dec 11 218 656 115
15-Dec 12 197 689 102
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the average air temperature. For the September 1 sowing 
date, the partition of carbon to storage organs started at 50 
DAS, while for the December 15 date the partition started at 
42 DAS, 8 days before. For all sowing dates it was observed 
that when the reproductive organs start to be produced, the 
carbon partition to leaves, stems and roots start to decline, 
reducing to minimum values close to zero, about 10 days 
later.

Regarding the partition of assimilates produced, the bio‑
mass accumulated in the leaves decreased gradually through‑
out the crop cycle, especially during the maturation stage 
due to the senescence of the lower leaves and the realloca‑
tion of the assimilates for grain filling (Fig. 5). The results 
observed are consistent with those of Taiz et al. (2017) who 
reported that the priority order of the assimilated partition 
is determined according to the stage of crop development: 
roots, leaves and vegetative buds are the priority in the veg‑
etative stage, and flowers, pods and grains, in the reproduc‑
tive stage.

The translocation of assimilates to sink organs is deter‑
mined by factors such as the proximity of source to sink; 
thus, the leaves allocated in the lower layer direct their 
assimilates to the roots, while the leaves of the upper layer 
send assimilates to the growing apices, and the leaves of 
the middle layer to both directions (Taiz et al. 2017).

Relationship Between Dry Matter Produced 
and Climate Conditions

Simulations also show that the dry matter accumulation 
per organ are in accordance to the photoassimilate parti‑
tion, as expected. The pattern of the cumulative curves 
is very similar for all dates, only with anticipations up 
to 10 days due to cycle shortening. Between 40 and 60 
DAS root, leaf, and stem accumulation of dry matter starts 
declining while that of the reproductive organs speeds up 
to about five times higher values. The results show clearly 
that there is an anticipation of the accumulation curves 
that, however did not affect the carbon accumulation in 
reproductive organs.

The soybean dry matter accumulation analysis, which 
is the response of the plant in function to the biomass 
produced and assimilated, may be of great importance for 
a better understanding of the mechanisms that influence 
productive efficiency of the crop in response to meteoro‑
logical conditions and sowing date.

The relationship between total dry matter produced and 
grain and oil productivity is due to the sowing date and 
its interaction with climate conditions. Considering the 
importance of solar radiation in the process of photosyn‑
thesis, a greater use efficiency of solar radiation does not 
necessarily result in a higher grain and oil productivity. In 
this way, the same cultivar can present a lower dry matter 

accumulation in a given crop year, regardless of greater 
or lesser availabilities of solar radiation and variations in 
air temperature, give that this response does not be neces‑
sarily related to an increase in crop productivity (Koester 
et al. 2014; Petter et al. 2016).

Potential and Depleted Grain Productivity

The thousand simulations shown in Fig. 6 indicated the 
stability of the PDMSO program in estimating poten‑
tial and depleted grain productivities. Results also show 
the importance of the difference between potential and 
depleted values, which was 35% reduction for all sowing 
dates. This fact evidences that there is room for grain pro‑
ductivity implementation through management practices. As 
shown in Fig. 7, the best potential and depleted productivity 
results occur for the first sowing date and a linear delay was 
observed until the last sowing date (Fig. 7). A linear regres‑
sion of these results shows an average decline of 5.5 and 
8.5 kg ha−1 of grains per day of delay of the sowing date for 
depleted and potential productivity, respectively.

Since the highest productivities occurred for the first sow‑
ing date, which is extremely dependent on the start of the 
rainy season in Piracicaba, an analysis of the cost/benefit 
ratio for the adoption of irrigation has to be investigated.

Oil Productivity and Content Decrease 
with the Delay in the Sowing Date

Simulated values of oil productivity after randomization 
followed the dry matter trend, as expected (Fig. 10). A lin‑
ear regression of these results shows an average decline 
of 0.93 kg ha−1 of oil per day of delay of sowing date 
for depleted productivity. Grain oil content simulated by 
PDMSO show that the most frequent values fall between 19 
and 19.5%, independently of the sowing date.

The decrease in the oil productivity and content with the 
delay of the sowing date can be related with the reduction of 
the cycle duration and the reduction of air temperature and 
solar radiation availability for the soybean plants (Figs. 2, 
3). The results found in this study were confirmed by Zuil 
et al. (2012), Oliva et al. (2006), and Izquierdo et al. (2009), 
when analyzing the soybean oil content and composition 
for different genotypes, which observed greater effect of the 
air temperature and solar radiation interception in the oil 
content and composition.

The information generated in this study is important in 
order to provide farmers with relevant information about 
the importance of adequate sowing date, as well as to fur‑
ther the understanding the climate variations and soybean 
production. The September 1 sowing date, without lack of 
water, provides more adequate conditions for accumulated 
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dry matter, grain and oil productivity; thus, the appropriate 
implementation of the sowing date, can maximize the pro‑
ductivity of a soybean crop.

Conclusions

We proposed a model for the stochastic estimation of poten‑
tial and depleted productivity of soybean grain and oil in 
which air temperature was the determining climatic param‑
eter in simulation of the duration of the crop cycle, which 
decreased as average temperature increased.

In this model, the global radiation, when considering its 
average over the cycle, did not correlate with the grain and 
oil productivity. However, the model considers the global 
radiation incident 30 days after blooming as positively cor‑
related with productivity, which is consistent because more 
intercepted PAR values increase accumulation of assimilates 
in the partition into storage organs, which resulted in higher 
grain and oil productivity.

Considering the historical data of air temperature, global 
radiation and other ecophysiological needs optimal for the 
crop, the model results define September as best period for 
sowing soybean in Piracicaba, Sao Paulo, Brazil. The model 
can be tested to identify the most promising sowing dates 
for other regions.

Stochastic statistical treatments of the truncated normal 
distribution for the data of temperature, and an asymmet‑
ric triangular distribution is a new approach that improved 
the estimation of grain and oil yields of soybean crops. 
For future improvements in the model, a coefficient can be 
inserted considering the composition of oil that may suffer 
small variation according to the cultivar if more accurate 
estimates are needed.

The PDMSO model can be used as an estimator of the 
potential soybean grain and oil productivity in any part of 
the globe. This model, including pertinent equations, also 
allows to simulate productivity under stress by water defi‑
cit, loss of leaf area per incidence of diseases and pests and 
weed competition. The proposed model was not calibrated, 
which could better be made with photoassimilates parti‑
tion and radiation use efficiency data obtained through field 
measurements.
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