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a b s t r a c t
SoySim is a new soybean (Glycine max, L. Merr) simulation model that combines existing approaches for
the simulation of photosynthesis, biomass accumulation and partitioning with several new components:
(i) ﬂowering based on ﬂoral induction and post-induction processes, (ii) leaf area index based on logistic
expansion and senescence functions, (iii) integration of canopy photosynthesis using a beta function, and
(iv) yield simulation based on assimilate supply and seed number. Simulation of above ground dry matter
(ADM) and seed yield by SoySim were validated against data from ﬁeld studies at Lincoln (NE), Mead (NE),
Whiting (IA), and West Lafayette (IN) that included 147 site-year-cultivar-planting date-plant-plant population combinations. In each of the four ﬁeld studies, agronomic management other than planting date
and plant population was optimized to achieve growth with minimal limitation from pests, nutrients, or
other controllable factors. SoySim requires just two genotype-speciﬁc and two crop management-speciﬁc
input parameters and yet provides reasonable accuracy in simulating growth and yield under optimum
growth conditions across a wide range of sowing dates, plant population, and yield (2.5–6.4 Mg ha−1 ) in
the North-Central U.S. Corn Belt. Simulated seed yield had a RMSE of 0.46 Mg ha−1 . Few cultivar-speciﬁc
parameter input requirements, lack of requirements for speciﬁcation of key developmental stages, and
mechanistic treatment of phenological development, canopy photosynthesis, and seed dry matter accumulation give several advantages to SoySim for use in research and for use as a decision-support tool to
evaluate the impact of crop management options on yield potential in favorable environments.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Yield potential is deﬁned as the yield obtained when a crop is
grown under ﬁeld conditions with management practices that seek
to eliminate growth reductions from nutrient deﬁciencies, insect
pests, diseases, weeds, and moisture deﬁcits or excess throughout
crop growth—from planting to maturity (Evans, 1993). Under these
favorable conditions, crop growth and yield are limited only by
solar radiation and temperature. Soybean yields of 5.0–6.6 t ha−1
have been reported from a few replicated ﬁeld studies in which
researchers used crop and soil management practices to achieve
yields near the yield potential ceiling, and yields at the high end of
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this range have been reported in sanctioned on-farm yield contests
(Cooper, 2003; Specht et al., 1999). At issue is whether soybean
growth simulation models have the ability to simulate soybean
yields when the crop is grown in a manner that allows full expression of its yield potential.
A process-based soybean model must simulate phenology,
biomass partitioning among organs, and yield formation. Accuracy in simulating biomass and grain yields across a wide range of
environments requires an understanding of the biophysical determinants of these ecophysiological processes and incorporating
such knowledge in mathematical formulations that constitute the
model. To ensure that a model is credible in simulating yields over
the full environmental range of possible yields, it is important to
evaluate model performance under high-yield conditions where
yields approach the yield potential ceiling, as well as in more stressful environments that produce lower yield levels.
Yet, relatively few publications documenting high-yield soybean environments (deﬁned as yield at >4.5 Mg ha−1 range) can
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Table 1
Description of datasets used for SoySim model validation.
Latitude, longitude,
elevation

Tillage, soil series (family)

Years

Cultivarsb (MG)

Sowing dates
(month/day)

Plant population densities (plants m−2 )

Lincoln, NE (Setiyono et al.,
2007)

40◦ 50 10 N,
96◦ 39 43 W, 357 m
a.s.l.

Conventional tillage,
Kennebec silt loam
(ﬁne-silty, mixed,
superactive, mesic,
Cumulic Hapluddols)

1999 through
2007

4/26 to 6/14

21–45

2.45–5.90

Mead, NE (Verma et al.,
2005)

41◦ 9 53 N,
96◦ 28 12 W, 351 m
a.s.l.
40◦ 28 7 N,
86◦ 59 31 W, 190 m
a.s.l
42◦ 8 1 N,
96◦ 9 0 W, 323 m
a.s.l

No-till, Tomek silt loam
(Fine, smectitic, mesic,
Pachic Argiudolls)
No-till, Drummer
(Fine-silty, mixed, mesic,
Typic Hapaquoll)
Conventional tillage, Salix
silty clay loam (Fine-silty,
mixed, mesic, Typic
Hapludolls)

2002 through
2006

NE3001 (3.0)
P93M11 (3.1)
NE3201 (3.1)
DKB 31-52 (3.1)
L1067RR (3.1)
NEX8903 (3.1)
K323RR (3.2)
P93B36 (3.3)
KAUP335 (3.3)
U98-307917
(3.4)
AG3401 (3.4)
S3632-4 (3.4)
P93B47 (3.4)
U98-307162
(3.6)
U98-311442
(3.9)
P93B09 (3.0)
P93M11 (3.1)

5/12 to 6/02

30–33

3.86–4.00

P92M61 (2.6)
BECK321(3.2)
BECK367 (3.6)
P91M90 (1.9)
IA2068 (2.6)
AG2801RR (2.8)
PB291N (2.9)

3/27 to 6/07

20–44

3.11–4.66

4/27 to 6/06

13–56

3.72–6.39

W. Lafayette, IN (Robinson
et al., 2009)
Whiting, IA (De Bruin and
Pedersen, 2008)

a

2006 through
2007
2004 through
2006

Seed yields (13% m.c.) (Mg ha−1 )

Experimental details not listed in table are provided in the cited publications.
The ﬁrst letter(s) of the cultivar brand name denote company/source that provided the soybean seed: NE (Univ. of Nebraska, Lincoln, NE), P (Pioneer Hi-Bred Intl. Inc., Johnston, IA), DKB (Dekalb, Monsanto Seed Co., Cortland,
IL), L (Latham Hi-Tech Seeds, Alexander, IA), K (Kruger Seed Co., Dike, IA), KAUP (Kaup Seed, West Point, NE), U (Univ. of Nebraska, Lincoln, NE), AG (Asgrow, Monsanto Seed Co., Cortland, IL), S (Stine Seed Co., Adel, IA), BECK
(Beck’s Hybrids, Atlanta, IN), IA (Iowa State University, Ames, IA).
b
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be found in the scientiﬁc literature (Salvagiotti et al., 2008). Given
the limited availability of data, it is not surprisingly that the most
widely used soybean models have not been validated against
ﬁeld observations from high-yield environments. Models such as
Sinclair-Soybean (Sinclair, 1986) and CROPGRO-Soybean (Boote et
al., 1998a) have, of course, been used to evaluate soybean production in many lower yield environments (1–3 Mg ha−1 ), involving
now-obsolete soybean cultivars (i.e. Williams and Bragg, released
in the 1980s) grown at a limited number of sites, cultivars, and years
(Boote et al., 1997; Carbone et al., 2003; Irmak et al., 2000; Jagtap
and Jones, 2002; Muchow and Sinclair, 1986; Wang et al., 2003).
And though Spaeth et al. (1987) did use high yield environments
in their evaluation of Sinclair-Soybean, their experiments involved
crop rotations, management practices and cultivars not typical of
those widely used in the U.S. Corn Belt.
The U.S. Corn Belt region is a particularly important soybeanproducing region because it accounts for about 75% of U.S. soybean
production (2007–2009 National Agricultural Statistics Service,
USDA, http://www.nass.usda.gov) and 30% of global production
(2007 FAOSTAT, FAO, Rome, Italy, http://faostat.fao.org). Pedersen
et al. (2004) used CROPGRO-Soybean to simulate the effect of
environment and management on soybean yield under irrigated
systems in north-central U.S. Corn Belt, and the authors noted
the relatively poor agreement between observed and simulated
yields (Fig. 3, Pedersen et al., 2004). Moreover, CROPGRO-Soybean
requires a large number of cultivar-speciﬁc inputs to initiate the
model, and gaining access to these parameters is difﬁcult due
to difﬁculties in measuring them. For example, while most seed
companies provide information about the maturity group for each
soybean cultivar they sell, they do not routinely provide, and may
in fact not even have, information on cultivar-speciﬁc parameters required for CROPGRO-Soybean. Moreover, soybean cultivar
turn-over in the North Central USA is rapid, which can render a
cultivar-speciﬁc coefﬁcient only transiently useful for model use.
Lack of easy access to input parameters required by a crop model is
a signiﬁcant problem in that it limits the usefulness of that model
in decision support for crop producers, industry professionals, and
researchers.
Seed dry matter accumulation (hereafter referred to as seed
growth) is particularly crucial for accurate simulation in high
yield environments. This domain of relevance – a term used by
Sinclair and Seligman (2000) in their discussion of new crop
models – and the need to have a soybean model that more
accurately simulate seed growth, motivated development of the
SoySim model described in the present paper. When soybeans are
grown with minimal limitation from biotic and abiotic stresses, we
hypothesized that seed growth is no longer source-limited, but
instead becomes sink-limited. Seed growth processes, however,
are dynamic and inﬂuenced by reproductive duration and environmental factors such as solar radiation and temperature which, in
turn, are inﬂuenced by sowing date (Bastidas et al., 2008). Existing
models rely on a ﬁxed rate of increase in harvest index during seedﬁlling (Sinclair-Soybean), a ﬁxed partitioning coefﬁcient (WOFOST,
van Diepen et al., 1989), or a temperature-sensitive seed growth
rate (CROPGRO-Soybean). At issue, then, is whether the approaches
used in these three models are sufﬁciently robust for accurate prediction of soybean yields in high yield systems across a wide range
of production environments in the North Central USA.
And while Sinclair-Soybean and WOFOST do not require a large
number of cultivar-speciﬁc input parameters, vis-a-vis CROPGROSoybean, they do require speciﬁcation of initiation of ﬂowering
and physiological maturity for the cultivar being simulated. Hence,
neither model predicts phenological stages ex ante, which means
in-season decision-support is not possible with either model. For
example, some fungicides are the most effective when applied at
the R3 stage (beginning pod stage, Fehr and Caviness, 1977), but
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not so effective earlier or later (Blaine et al., 2005; Trybom and
Jeschke, 2008). Ability to project the calendar date of occurrence
of this stage, including in-season continuous updating of that date
using a combination of real-time and historical weather data would
greatly facilitate the timely scheduling of labor and equipment for
this ﬁeld operation.
Given the lack of soybean model validation in high-yield environments, and the motivation to create a soybean model requiring
only easily accessible cultivar-speciﬁc parameters, yet still providing in-season projections of soybean crop phenology based on
real-time and historical weather data, our objectives were to (1)
develop and validate a new soybean model – SoySim – designed
with new formulations for key processes such as phenology, LAI,
and seed growth while minimizing the need for cultivar-speciﬁc
parameters, (2) compare the new model with the existing soybean
models of CROPGRO-Soybean (representing a sophisticated crop
model with extensive requirements for genotype-speciﬁc inputs),
Sinclair-Soybean (representing a simpler model with few cultivarspeciﬁc inputs), and WOFOST (a generic crop model). As previously
noted, the domain of relevance, for which SoySim was designed
to accurately simulate, is a high-yield soybean environment. Such
environments are common in many locations across the U.S. Corn
Belt in most years, and particularly so in irrigated production systems used in western areas. The emphasis in the present study
was to determine if SoySim, or any existing soybean model, could
reliably simulate growth and yield response with varied genotype × environment × management practices. We speculate that
improved formulations incorporated into SoySim for phenology,
LAI, and seed growth would improve the simulation of soybean performance in these high-yield environments, even with relatively
few cultivar-speciﬁc input parameters.

2. Materials and methods
2.1. Field experiments and photosynthesis measurements
Development and validation of SoySim relied on high quality
data generated from well-managed ﬁeld experiments supervised by agronomists who were attempting to use crop and soil
management practices to minimize abiotic and biotic stresses.
Such data were obtained from ﬁeld experiments in Lincoln,
NE (40◦ 50 10 N, 96◦ 39 43 W, 357 m above sea level), Mead, NE
(41◦ 9 53 N, 96◦ 28 12 W, 351 m above sea level), W. Lafayette, IN
(40◦ 28 7 N, 86◦ 59 31 W, 190 m above sea level), and Whiting, IA
(42◦ 8 1 N, 96◦ 9 0 W, 323 m above sea level). Soybean (Glycine max
L. Merr) seed yield (at 13% moisture) in these experiments ranged
from 2.4 to 6.4 Mg ha−1 , with the lower yields associated with late
sowing dates (Table 1). Experimental sites included both conservation tillage and no-till residue management. The soybean cultivars
ranged in maturity group (MG) from 1.9 to 3.9, which are typical cultivar MGs used across the U.S. Corn Belt. Plant population
densities at emergence varied from 13 to 56 plants m−2 (Table 1).
Additional details about management of these ﬁeld experiments
were described in Setiyono et al. (2007), Verma et al. (2005),
Robinson et al. (2009), and De Bruin and Pedersen (2008).
Relationships between net photosynthesis and intercepted photosynthetically active radiation (PAR) were evaluated in the 2004
Lincoln ﬁeld experiment with cultivar NE3001. Leaf photosynthesis was measured with a portable photosynthesis system LI6400
(LI-COR, Lincoln, NE) on the uppermost fully expanded trifoliolate
leaf at 43 and 71 days after emergence. Measurements were made
between 11:00 and 14:00. Mean relative humidity was 55% and
57% on 43 and 71 days after emergence, respectively. On each day,
measurements were taken on four representative plants from a
treatment with optimal management (Setiyono et al., 2007). Mean
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Fig. 1. Relational diagram of the SoySim model. The diagram follows the standard Forrester’s system (Forrester, 1961), with slight modiﬁcations. The outer rectangular
box encloses the system (soybean crop) with abiotic, genetic, and management factors that inﬂuence phenology and growth shown outside the box. MG = maturity group
(number), plant population density (plants m−2 ), stem termination type (indeterminate or semi-determinate), temperature (◦ C), daylength (h), solar radiation (MJ m−2 d−1 ),
RH = relative humidity (%), air pressure (mbar, estimated from site elevation), CGR = crop growth rate (kg ha−1 d−1 ), LAI = leaf area index (m2 m−2 ), SLA = speciﬁc leaf area
(cm2 g−1 ), ADM = total above ground dry matter (Mg ha−1 ), RDM = root dry matter (Mg ha−1 ), LDM = Leaf dry matter (Mg ha−1 ), STDM = stem dry matter (Mg ha−1 ), SGR = seed
growth rate (kg ha−1 day−1 ), SDM = seed dry matter (3% m.c., Mg ha−1 ).

seed yield (at the standard 13% moisture content) was 4.9 Mg ha−1
in this treatment.
2.2. Model structure
The SoySim model includes a new approach for simulation of
soybean dry matter production combined with previously developed phenology (Setiyono et al., 2007) and LAI (Setiyono et
al., 2008) components. Phenology, LAI, and dry matter production components interact dynamically and each is inﬂuenced by
weather variables (Fig. 1). Material ﬂows in the relational diagram
of the SoySim model in Fig. 1 are marked by a single assimilate
deposit point driven by photosynthesis and several assimilate withdrawal points due to crop and seed maintenance respiration and
leaf senescence, and utilization points governed by partitioning
patterns and dry matter conversion efﬁciency. The model assumes
that leaf and seed growth result from a dynamic interaction among
the sink- and source-limited processes. The term ‘limited’ is used
in the context of individual organ growth processes rather than at a
whole plant level. Sink-limited growth describes growth associated
with expansion of an organ as driven by cell division and expansion.
When there is no water stress, these processes are inﬂuenced by
temperature and phenology. Source-limited growth is associated
with assimilate acquisition, loss, and partitioning, and is therefore
governed by the amount of carbon resources available for allocation. The components of SoySim and their sources are described in
Table 2. The current version simulates growth and yield in optimal
conditions that allow expression of yield potential without abiotic
and biotic stresses.
This paper highlights new formulations and approaches
used in SoySim. A complete mathematical description of the
model is provided in the SoySim user manual (available at
http://soysim.unl.edu). New formulations in the SoySim model
include: (1) explicit ﬂoral induction and evocation processes in
simulation of ﬂowering, and use of non-linear temperature and
photoperiod functions for soybean developmental rates (Setiyono
et al., 2007), (2) phenology- and temperature-driven leaf expansion
and senescence processes with logistic functions, and a feedback
effect of plant population density on maximum plant leaf area

(Setiyono et al., 2008), (3) interacting effects of leaf N content, ambient [CO2 ], PAR, air temperature, and RH on leaf photosynthesis
rate, (4) a more accurate integration of photosynthesis from leaf
to canopy level for a forbs-type leaf area density proﬁle typical of
the soybean canopy, and (5) seed dry matter accumulation driven
by phenology and available assimilate during early reproductive
stages. Descriptions of (3)–(5) of the above formulations novel to
SoySim are provided in the following section.
The SoySim model is a Windows-based software and was written in Object Pascal language using the Delphi® 2007 for Win32
Integrated Development Environments (IDE).
2.3. Simulation of dry matter accumulation and partitioning
Above and below ground dry matter (WDM), aboveground dry
matter (ADM), and root dry matter (RDM) in kg ha−1 were simulated using the framework of Supit and Van der Groot (2003):
WDM = WDMi−1 + (WGR)t

(1)

ADM = ADMi−1 + (1 − RDM )(WGR)t

(2)

RDM = RDMi−1 + RDM (WGR)t

(3)

where WGR is growth rate of above and below ground dry matter
(kg ha−1 d−1 ), t is time interval (one day), RDM is the partitioning coefﬁcient for root dry matter (kg kg−1 ), and the subscript i−1
indicates the crop biomass (kg ha−1 ) on the previous day. The root
partitioning coefﬁcient for root (RDM ) was derived from a compilation of data obtained from multiple published reports (Fig. 2).
WGR is estimated by gross assimilation and maintenance respiration following Supit and Van der Groot (2003):
WGR = Yg (A − Rm )

(4)

where Yg is a conversion efﬁciency factor for assimilate (kg kg−1 ), A
is the gross assimilation rate (kg ha−1 d−1 ), and Rm is maintenance
respiration rate (kg ha−1 d−1 ). Yg is deﬁned as:
Yg =

1
(RDM (1 − RDM )/YADM ) + (RDM /YRDM )

(5)
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Table 2
Description and source (if not new) of major SoySim components.
Component
1. Vegetative developmental stages (V)
2. Reproductive developmental stages (R)
3. Leaf area index (LAI)
4.Dry matter accumulation
a. Photosynthesis rate (Ps )
b. Respiration rate (Rs )
d. Partitioning (below and above ground dry matter)
c. Crop growth rates (CGR)
f. Yield formation
i. Sink size determination
ii. Seed growth rate (SGR)
5. Weather data input (conversion of daily
to hourly weather data)
i. Temperature (T)
ii. Solar radiation (Rs )
iii. Relative humidity (RH)

Source/Approach

Step

Driving variables

STICS , SOYDEV
SOYDEVb
Logistic approachc

Daily
Daily
Daily

Tmean , P, MG, ST, R
Tmean , P, MG, ST, V
Phenology, Tmean

Farquhard , Harleye , Yinf , WOFOSTg , Newh
Farquhar, Harleye , Yinf , WOFOSTg
WOFOSTg , Newh , i
WOFOSTg

Hourly
Hourly
Daily
Daily

Rs , Phenology, RH, T, [CO2 ], [O2 ]
T, ADM, RDM, Phenology
Phenology
Ps , Rs , ADM

Newh
Newh

Daily
Hourly

Phenology, Tmean , CGR
Phenology, Tmean

WAVEj
Michalskyk , KASM-KCl
Newh

Daily
Daily
Daily

Tmax , Tmin , P
B, ATMTR, P
Daily RH, Tmax , T

a

b

MG = maturity group (number). ST = stem termination type. ATMTR = atmospheric transmission. B = solar elevation angle (◦ ), P = daylength (h), Tmax = maximum daily temperature (◦ C), Tmin = minimum daily temperature (◦ C), Tmean = average daily temperature (◦ C), [CO2 ] = ambient CO2 concentration (375 l l−1 ), [O2 ] = ambient CO2 concentration
(210 ml l−1 ). ADM = above ground dry matter (Mg ha−1 ). RDM = below ground (root) dry matter (Mg ha−1 ).
a
Brisson et al. (2003).
b
Setiyono et al. (2007).
c
Setiyono et al. (2008).
d
Farquhar et al. (1980).
e
Harley et al. (1985).
f
Yin and van Laar (2005).
g
Boogard et al. (1998).
h
Setiyono et al. (this study).
i
Mayaki et al. (1976), Cassman et al. (1980), Roder et al. (1989), Watt and Evans (2003), and Cheng et al. (2003).
j
de Wit et al. (1978).
k
Michalsky (1988).
l
Badescu (1997).

where YADM and YRDM are conversion efﬁciency factors for assimilate to ADM and RDM, respectively (kg kg−1 ), which were estimated
using values from WOFOST and the calibration dataset (Section 2.4).
Eq. (5) is a simpliﬁed version of the function described in Supit and
Van der Groot (2003) in that Eq. (5) does not account for biomass
partitioning among structures such as stems, leaves, and storage
organs. Rm was sensitive to temperature as follows:
Rm = Rmr Q10 (T −Tr )/10

(6)
(kg ha−1

d−1 )

where Rmr is maintenance respiration
at a reference
temperature (Tr ) of 25 ◦ C, Q10 is the fractional increase or decrease
in respiration rate per 10 ◦ C change in temperature, and T is temperature (◦ C). Rmr was simulated as a function of biomass and
maintenance respiration coefﬁcients for ADM and RDM:
Rmr = rADM ADM + rRDM RDM

(7)

where rADM and rRDM are maintenance respiration coefﬁcients
(kg kg−1 d−1 ) for ADM and RDM, respectively. These coefﬁcients
were also estimated using values from WOFOST and the calibration
dataset (Section 2.4).
Photosynthesis converts six moles of CO2 into one mole of carbohydrate:
light

6CO2 + 6H2 O−→C6 H12 O6 + 6O2

Fig. 2. Soybean root dry matter fraction of whole plant dry matter during the
growing season based on Setiyono (2009, unpublished data, ﬁeld experiment) and
published data from experiments conducted in the ﬁeld (Mayaki et al., 1976; Roder
et al., 1989), greenhouse (Bozsa and Oliver, 1990; Cassman et al., 1980; Cheng et al.,
2003; Watt and Evans, 2003), and growth chamber (Caba et al., 1999; Vessey and
Layzell, 1990; Williams et al., 1981). Above-ground vegetative (V) and reproductive
(R) developmental stages (Fehr and Caviness, 1977) are shown at top of the graph.
The solid line is a composite mean of all reports, and represents the root dry matter
fraction values used in SoySim.

(8)

thus the gross assimilation rate is calculated based on the carbon
exchange rate as:
A = Pn

 180 
264

(9)

where Pn is daily canopy photosynthesis rate (kg CO2 ha−1 d−1 ) and
the term 180/264 represents the molecular weight ratio of one
mole of carbohydrate to 6 moles of CO2 . The conversion term is
commonly simpliﬁed to 30/44 kg carbohydrate kg−1 CO2 .
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Pn is calculated by integrating the hourly net canopy photosynthesis (Pc ) rate over the day. Pc is simulated by integration of
individual leaf photosynthesis rates over the whole canopy using a
multi-layer approach that distinguishes between sunlit and shaded
leaves, and separation of PAR into direct and diffuse components
(Goudriaan, 1986; Kropff and van Laar, 1993; Spitters et al., 1986;
Supit and Van der Groot, 2003). Sunlit leaves receive both direct and
diffuse components while shaded leaves receive only diffuse radiation (Supit and Van der Groot, 2003). Photosynthesis rate for sunlit
and shaded leaves is simulated as function of absorbed PAR, ambient CO2 concentration ([CO2 ]), temperature, relative humidity (RH)
and leaf N (g m−2 ) using a modiﬁed C3 plants photosynthesis model
(Farquhar et al., 1980). Relationships between net photosynthesis
and intercepted PAR or ambient [CO2 ], derived from measurements
taken in this study (as mentioned earlier), were used in these
functions, whereas the relationship between light-saturated photosynthesis and temperature was taken from Harley et al. (1985).
Optimal leaf N (not limited by soil nutrient availability or symbiotic N ﬁxation in root nodules) at different phenological stages was
estimated from the data of Boote et al. (1998b), and the relationship between leaf photosynthetic rate and leaf [N] was taken from
Sinclair and Horie (1989).
Seed dry matter is simulated by estimating the number of seeds
and the mean individual seed growth rate:
SDM = SW Sct 0.01

(10)

where SDM is seed dry matter (kg ha−1 ), SW is mean individual seed
weight (mg seed−1 ), Sct is number of seeds (seeds m−2 ) and the
term 0.01 represents the unit conversion factor. Seeds still contain
about 3% residual moisture when dried to constant weight in an
oven at 70 ◦ C, so for simulation purposes, seed yield at the standard
13% moisture content was calculated as: seed yield = (97/87)SDM.
The number of seeds per square meter is simulated as a function of assimilate availability, assimilate demand, and a partitioning
coefﬁcient using a modiﬁed Charles-Edwards model (CharlesEdwards et al., 1986):
Sct = Scti−1 + (Sct)t
Sct =

(11)

S ∇ F − Rms
asct Ads

(12)

where Sct is the rate of change in the number of seeds
(seeds m−2 d−1 ), t is time interval (one day),  S is the partitioning
coefﬁcient for seeds (kg seed kg−1 aboveground biomass), F is the
assimilate available for growth (kg ha−1 d−1 ). Rms is the seed maintenance respiration (kg ha−1 d−1 ), AdS is the assimilate demands
required for continuing growth of an individual seed (kg ha−1
seed−1 d−1 ), asct is a proportional constant (m2 d−1 ). Above-ground
growth rate is used as an estimate F (Charles-Edwards et al., 1986;
Egli and Zhen-wen, 1991), and  S was simulated using a Gaussian
function of developmental stage:



S = as exp

−(bs − xd )
2(cs )2

2



(13)

where xd is a developmental progress variable for reproductive
growth stage, as , bs , cs are Gaussian coefﬁcients for  S . Variable
xd is calculated as the cumulative rate from R1 to R7 based on temperature and daylength (value of zero at R1 and 1.0 at R7, Setiyono
et al., 2007). From R7 to R8, the cumulative rate is continued to a
value of 2.0 at R8. AdS is estimated from the reproductive growth
rate, which is the sum of growth rates for seed and maternal tissue
of the reproductive organs (ﬂowers, pod walls, and seed coats):
AdS = MGR + SGR

(14)

where MGR is maternal tissue (ﬂowers, pod walls, and seed coats)
growth rate (kg ha−1 d−1 ) and SGR is seed growth rate (kg ha−1 d−1 ).

The inclusion of maternal tissue for assimilate demand is based on
Sheldrake’s (1979) hypothesis that pods require a small but critical
amount of assimilate during initial pod growth (during which the
change in seed weight is negligible), followed by a much greater
assimilate demand for seed growth. As a result, the availability
of assimilate to support both sinks (maternal tissue and seeds)
determines the daily number of seeds in the cohort that survive
to contribute to the ﬁnal seed number. SGR in Eq. (14) is calculated
as the difference between the current and previous day SDM, while
MGR is simulated using the ﬁrst derivative of a logistic function and
developmental stages:
MGR =

(amgr /bmgr ) exp(−(cmgr − xd )/bmgr )
(1 + exp(−(cmgr − xd )/bmgr ))

2

(15)

where xd is developmental progress from R1 to R7 and R8 (also used
in Eq. (13)), and amgr , bmgr , cmgr are logistic function coefﬁcients
for MGR. These coefﬁcients and those in Eqs. (17) and (18), were
estimated from the calibration dataset (Section 2.4).
Individual seed weight, SW in Eq. (10), is estimated by the relationship:



SW = SWi−1 +



SW −

Rms 102
Sct



t

(16)

where SW is gross rate of change in mean individual seed weight
(mg seed−1 d−1 ), the term i−1 represents the value of SW from the
previous day, Rms is seed maintenance respiration (kg ha−1 ), Sct
is number of seeds (seeds m−2 ), the term 102 represents the unit
correction factor ([mg m−2 ][ha kg−1 ]), t is time interval (one day).
SW is simulated using the ﬁrst derivative of a logistic function
and developmental stages:
SW =

(aSW /bSW ) exp(−(cSW − xd )/bSW ))



2

(17)

1 + exp(−(cSW − xd )/bSW )

where xd is developmental progress from R1 to R7 and R8 (also used
in Eqs. (13) and (15)), aSW , bSW , and cSW are logistic function
coefﬁcients for SW.
Rms in Eqs. (12) and (16) is simulated as a function of temperature, seed maintenance respiration coefﬁcient, and SDM as follows:
−Trefrms )/10
Rms = (RmsCref Q 10(T
)SDM
Rms

(18)

where RmsCref is seed maintenance respiration coefﬁcient at reference temperature (kg kg−1 d−1 ), Q10rms is fractional change in
respiration rate with a 10 ◦ C increase or decrease in temperature,
Trefrms is reference temperature for seed maintenance respiration
(25 ◦ C), SDM is seed dry matter (kg ha−1 ).
2.4. Model evaluation
The SoySim model was ﬁrst calibrated against data from ﬁeld
experiments conducted in 2004 and 2005 at Lincoln, NE and in
2002 at Mead, NE. The calibration involved parameters governing
relationships between maturity group and optimum developmental rates (Setiyono et al., 2007), plant population density and
leaf expansion rates (Setiyono et al., 2008), and key biomass
accumulation parameters that included maintenance respiration
coefﬁcients, conversion efﬁciency factor for assimilate, and partitioning coefﬁcient for seed dry matter (this study). The revised ﬁnal
SoySim model was validated against data collected from ﬁeld sites
located in Lincoln NE (1999 through 2007), Mead NE (2002–2006),
W. Lafayette IN (2006 and 2007), and Whiting IA (2004–2006)
(Table 1).
For comparative purposes, soybean growth and yield at the validation sites were also simulated using CROPGRO-Soybean in the
DSSAT version 4.0.2.0 software (Jones et al., 2003), Sinclair-Soybean
(Sinclair, 1986; source code is available upon request), and WOFOST
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Fig. 3. Relationships governing photosynthesis rate (leaf-area basis) relative to three environmental variables as used in SoySim. Simulated responses are shown as lines in
each of the three panels, whereas symbols represent observed published data or actual ﬁeld measurements. Panels: (a) published observed data from Harley et al. (1985)
and simulated light saturated photosynthesis (Pml ) in relation to temperature, (b) measured values from the current study and simulated net photosynthesis (Pn ) in relation
to intercepted PAR at four levels of leaf N, and (c) measured values from the current study versus ambient [CO2 ] and simulated Pn versus [CO2 ]. Measurements in (b) and (c)
were taken at 43 (䊉, 54.9% RH) and 71 days after emergence (, 57.4% RH) in Lincoln, NE in 2004. Standard errors are shown for each observed value, although some are too
small to see relative to symbol size.

version 7.1 (Boogard et al., 1998). To ensure an impartial comparison, cultivar-speciﬁc inputs needed for the three models were ﬁrst
estimated using the same calibration dataset used for SoySim (Lincoln, NE in 2004 and 2005 and Mead, NE in 2002). During calibration
of the three models, input parameters were optimized to allow each
model to accurately simulate of phenology, LAI, ADM, and ﬁnal seed
yield in that calibration dataset, following the same method as that
used in Hunt and Boote (1998).
Root mean square error (RMSE) and mean error (ME) were calculated for simulated values from all models following the methods
given in Janssen and Heuberger (1995):



RMSE =
ME =

(si − oi )2
n

(si − oi )
n

(19)
(20)

where s = simulated data for the ith site-year-cultivar-planting
date-plant population combination (experimental unit),
o = observed data on the ith experimental unit, n = number of
pairs of simulated and observed data.
3. Results
3.1. Model description and calibration
Model-based estimation of leaf photosynthesis rate under
optimum conditions must account for interacting inﬂuences of
temperature, light intensity, ambient [CO2 ], and leaf N. Although
the SoySim model utilizes the relationship between maximum pho-

Fig. 4. Simulation of soybean photosynthesis rate (ground-area-basis) as function of
heights within a soybean canopy. Symbols are Ps rates simulated with SoySim at discrete elevations within the canopy (䊉) and Gaussian coefﬁcients (Goudriaan, 1986;
Kropff and van Laar, 1993) for multilayer integration of Ps rate (). Line is simulated
Ps rates with beta function (Yin et al., 1995) with cardinal elevations of 0.1, 0.7, and
1.0 (rmin , ropt , and rmax , respectively). The integrated Ps rate with this beta function
was 0.36 (on a relative scale). With a maximum Ps rate (at ropt ) of 600 g CO2 ha−1 h−1 ,
the integration with this beta function resulted in 216 g CO2 ha−1 h−1 of canopy
photosynthesis.

168

T.D. Setiyono et al. / Field Crops Research 119 (2010) 161–174

Fig. 5. Soybean above-ground dry matter as observed (O) and simulated (S) by the (a) CROPGRO-Soybean, (b) Sinclair-Soybean, (c) WOFOST, and (d) SoySim models.
RMSE = root mean square error, ME = mean error, Reg = regression line (dashed line). Inserts are plots of residual (S–O) versus observed above ground dry matter. Observed
values represent measurements taken at different growth stages up to physiological maturity. Data shown were of progressive crop growth.

tosynthetic rate at optimal light intensity as deﬁned by Harley et
al. (1985, Fig. 3a), actual data from our ﬁeld experiments in Lincoln NE were used to establish the response of photosynthesis to
light intensity at optimal temperature (Fig. 3b), and response of
photosynthesis to [CO2 ] levels (Fig. 3c). Cardinal temperatures for
the photosynthesis response curve were 5, 36, and 50 ◦ C for Tmin ,
Topt , and Tmax , respectively. Small differences in leaf N (g m−2 ) may
explain some of the variability in observed data that were used
to deﬁne the light response curve as evident by the simulated Pn
versus intercepted PAR in Fig. 3b. In contrast to the response to
intercepted light, the response of Pn to [CO2 ] did not show saturation up to highest CO2 treatment of 400 L L−1 (Fig. 3c).
The standard Gaussian approach of integrating photosynthesis
from individual leaves to whole canopy (Goudriaan, 1986; Kropff
and van Laar, 1993) was not compatible with the photosynthesis rate distribution along the vertical canopy axis of a soybean
plant community. The Gaussian approach gives greater weight to
photosynthesis in the middle of canopy (Fig. 4), whereas leaf area
distribution in soybean is more heavily weighted towards the upper
canopy (ﬁeld observations). Beta functions (Wang and Engel, 1998;

Yin et al., 1995) describe a canopy photosynthesis proﬁle that is
more similar to soybean leaf area distribution compared to Gaussian coefﬁcients (Fig. 4). Thus, a Beta function was used in SoySim
to integrate Ps rate along the vertical canopy axis.
SoySim calibrations included phenology parameters governing
the relationship between maturity groups and maximum developmental rates for key developmental stages (Setiyono et al., 2007),
and growth functions relating LAI parameters to stem termination
type (indeterminate or semi-determinate) and plant population
density (Setiyono et al., 2008). As a result, SoySim requires speciﬁcation of only two cultivar-speciﬁc parameters: maturity group
(MG) and stem termination growth habit (i.e. semi-determinate or
indeterminate types, though the latter is the predominant cultivar
type available in most North Central USA regions). MG information
is typically embedded in the brand name of proprietary cultivars
and certainly easily obtainable from company web sites and seed
dealers. Other growth parameters, including those governing the
canopy leaf density proﬁle, photosynthesis, respiration, and partitioning, are assumed in SoySim to be non-cultivar speciﬁc for
commonly used cultivars within the MG range of 1.9–3.9. The
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Table 3
Comparative list of inputs and key-processes algorithms for simulation of soybean yield potential in the four crop models evaluated in this study.
Aspects

Models
CROPGRO-Soybeana

Sinclair-Soybeanb

WOFOSTc

SoySimd

• Latitude (◦ ), longitude (◦ )

• Solar radiation (MJ m−2 )

• Solar radiation (MJ m−2 )
• Tmax (◦ C)
• Tmin (◦ C)

• Tmax (◦ C)
• Tmin (◦ C)

• Longitude (◦ ), latitude (◦ ),
elevation (m)
• Solar radiation (kJ m−2 )
• Tmax (◦ C)
• Tmin (◦ C)

• Latitude (◦ ), longitude (◦ ),
elevation (m)
• Solar radiation (MJ m−2 )
• Tmax (◦ C)
• Tmin (◦ C)
• RH (%)

(1) SOW to EMG (td)
(2) EMG to V1 (td)
(3) Critical short day length (h)
(4) Photoperiod sensitivity
(h−1 )
(5) V-stages (leaves (td)−1 )
(6) EMG to R1 (ptd)
(7) R1to R3 (ptd)
(8) R1 to R5 (ptd)
(9) R5 to R7 (ptd)
(10) R1 to end-of-leaf (ptd)
(11) Seed ﬁlling duration (ptd)
(12) Pod ﬁlling duration (ptd)

(1) SOW to V1 (◦ Cd)
(2) PLI coefﬁcient ([◦ Cd]−1 )
(3) SOW to end-of-leaf (d)
(4) SOW to R5 (d)

(1) SOW to EMG (◦ Cd)
(2) EMG to R1 (◦ Cd)
(3) R1 to R7 (◦ Cd)

(1) Maturity group number
(2) Type of stem termination

(1) SLA (cm2 g−1 )

Exponential function
coefﬁcients (a, b, and c) for
plant leaf area and PLI
relationship.

(1) LAI at EMG (ha ha−1 )

Type of stem termination

Weather inputs

Cultivar-speciﬁc inputs
Phenology

Leaf growth

(2) Maximum leaf size (cm2 )

(2) Maximum relative increase
in LAI (ha ha−1 d−1 )
(3) SLA (ha kg−1 )

(3) V-stage when leaf growth
switch from sink to source
driven (VSINK)
(4) Coefﬁcients (a, b, c, d, e)
relating V-stage and leaf area
per plant

Seed growth

Model algorithms
Phenology

Leaf growth

(1) Maximum weight per seed
(g)
(2) Average seed number per
pod (seeds pod−1 )
(3) Maximum seed growth rate
(kg ha−1 d−1 )

(4) DM conversion efﬁciency
for leaves (kg kg−1 )

(1) Initial HI
(2) Rate of increase in HI (d−1 )

(5) DM partitioning coefﬁcient
for leaves (kg kg−1 )
(1) DM conversion efﬁciency
for seeds (kg kg−1 )
(2) DM partitioning coefﬁcient
for seeds (kg kg−1 )

Type of stem termination

(3) Seed nitrogen (g N g−1 )

Key stages: (1) EMG, (2) R1 (3)
R3, (4) R5, (5) end-of-leaf (6)
R7, (7) R8. Approach: linear
spline function with four
cardinal values (Tmean ) and
inverse linear function with
two coefﬁcients (P).

Key stages: (1) V1, (2)
end-of-leaf, (3) R5. Approach:
thermal time with a Tbase .

Key stages: (1) EMG, (2) R1, (3)
R7. Approach: thermal time
with Tbase and Topt .

Key stages: (1) EMG, (2)
V-stages, (3) R1, (4) R3, (5) R5,
(6) R7, (7) R8. Approach:
non-linear functions of Tmean
and P with distinct ﬂoral
induction and evocation
processes for ﬂowering and
dynamic interactions between
V-stages and R-stages.

Leaf growth is sink-driven
prior to VSINK stage and source
limited thereafter. Sink-driven
leaf area expansion is an
exponential function of
cultivar coefﬁcients and
V-stages. Leaf area after VSINK
depends on the partitioning of
dry matter to leaf, speciﬁc leaf
area of new leaf tissue, and
total carbohydrates available
for growth.

Leaf growth is driven by PLI
and plant population density
until end-of-leaf stage.
Thereafter reduction in leaf
area is driven by N
remobilization from leaves as
results of N demand from the
growing seed.

Leaf growth is driven by
minimum of either sink or
source driven processes.
Sink-limited leaf growth is
based on the maximum rate of
leaf area expansion (a cultivar
speciﬁc parameter) and
temperature using an
exponential function.
Source-limited leaf expansion
is driven by SLA, partitioning
coefﬁcients of dry matter to
leaf, and available dry matter
for growth.

Leaf growth is driven by
simultaneous leaf expansion
and senescence processes at
the whole plant and population
level. The rates of leaf area
expansion and senescence are
simulated using logistic
functions taking into account
that high plant population
density reduces the maximum
leaf area per plant due to
inter-plant competition effect.

170

T.D. Setiyono et al. / Field Crops Research 119 (2010) 161–174

Table 3 (Continued )
Aspects

Models
CROPGRO-Soybeana

Sinclair-Soybeanb

WOFOSTc

SoySimd

Crop growth

Crop growth is driven by
photosynthesis, respiration,
and detailed carbon and
nitrogen utilization and
allocation processes.
Simulation of maintenance
respiration considers the effect
of crop dry weight and
photosynthesis activity. Crop
photosynthesis is simulated
based on hourly leaf level and
hedgerow photosynthesis.

Crop growth is driven by
intercepted solar radiation and
RUE (1.2 g biomass/MJ
intercepted irradiance).
Partitioning of ADM to stem
and leaf is governed by the
speciﬁc leaf N contents in each
organ.

Crop growth is driven by
photosynthesis and
respiration. Leaf
photosynthesis rate is
calculated as a function of
maximum photosynthesis,
initial light use efﬁciency, and
absorbed PAR, and is
integrated into canopy level
using Gaussian approach. Net
assimilation is calculated based
on gross photosynthesis,
maintenance respiration
(Tmean -driven), and growth
respiration
(phenology-driven).

Crop growth is driven by
photosynthesis and
respiration. Photosynthesis
rate at the individual leaf level
is inﬂuenced by solar radiation,
air temperature, leaf-N
dynamic regulated by crop
phenology, RH, and [CO2 ]. Leaf
photosynthesis rate is
integrated from leaf into
canopy scale using beta
function. Net assimilation is
calculated based on gross
photosynthesis, maintenance
respiration
(temperature-driven), and
growth respiration
(phenology-driven).

Seed growth

Seed growth is driven by crop
C and N status, partitioning
coefﬁcients, and production
cost of pods and seeds. Flower,
pod, and seed addition, growth,
and abortion are simulated.
Number of pods is governed by
air temperature and pod ﬁlling
duration (cultivar- speciﬁc
coefﬁcient). Number of seeds is
calculated based on number of
seeds per pod (cultivar-speciﬁc
input), while seed growth rate
is simulated based on
maximum seed growth rate
(cultivar-speciﬁc input). Both
number of seeds and seed
growth rate are inﬂuenced by
air temperature and P.

Seed growth is driven by ADM
and HI increase rate
(0.11 kg ha−1 d−1 ). Seed growth
removes nitrogen from leaves
and stems. The reduction in
leaf N results in leaf
senescence, which in turn
results in leaf abscission
causing an additional loss in
nitrogen and vegetative dry
matter.

Seed growth is driven by crop
ADM accumulation and
partitioning coefﬁcient to
seeds. Partitioning coefﬁcients,
including for other organs such
as stems, leaves, and roots are
phenology-driven.

Seed growth is simulated
based on number of seeds
(driven by crop growth rate
during early reproductive
stage, Charles-Edward et al.,
1986) and individual seed
growth corrected for
maintenance respiration.

Abbreviations: (1) Weather variables: P, daylength; RH, relative humidity; Tmean , daily average air temperature; Tmax , daily maximum air temperature; Tmin , daily minimum
air temperature; (2) Model variables: DM, dry matter; HI, harvest index; ptd, photothermal day; RUE, crop radiation use efﬁciency; SLA, speciﬁc leaf area; Tbase , base mean
temperature for crop development; td, thermal day; ADM, above ground dry matter; Topt , optimum average temperature for crop development; (3) Developmental stages:
end-of-leaf, end of leaf development; EMG, emergence; PLI, plastocrhon index; R1, ﬁrst ﬂower; R3, ﬁrst pod; R5, ﬁrst seed; R7, physiological maturity; R8, harvest maturity;
SOW, Sowing; V1, ﬁrst leaf.
a
Boote et al. (1998a).
b
Sinclair (1986).
c
Supit and Van der Groot (2003).
d
Setiyono et al. (this paper).

overall RMSE for SoySim simulations of ADM and SDM with the
calibration dataset was 0.59 and 0.09 Mg ha−1 , respectively.
3.2. Model validation
SoySim requires fewer cultivar-speciﬁc inputs compared to
CROPGRO-Soybean, Sinclair-Soybean, and WOFOST as summarized
in (Table 3). Despite use of just two cultivar-speciﬁc inputs, SoySim
simulated ADM and seed yield with similar or better accuracy compared to the other models (Figs. 5–7).
SoySim simulation of ADM with the validation datasets had an
RMSE of 1.24 Mg ha−1 versus the respective RMSE values of 1.16,
2.56, and 2.23 Mg ha−1 for simulations produced by CROPGROSoybean, Sinclair-Soybean, and WOFOST (Fig. 5). The positive mean
error (ME), which is indicative of overestimation bias, was evident in the ADM simulations of all four models, and especially
pronounced in the Sinclair-Soybean and WOFOST simulations. Distribution of differences between simulated and observed ADM
throughout the range of observed ADM values (inset graphs
in Fig. 5) had a standard deviation (s.d.) of 0.97 Mg ha−1 for
SoySim, compared to s.d. values of 1.12, 2.01, and 1.75 Mg ha−1 for
CROPGRO-Soybean, Sinclair-Soybean, and WOFOST, respectively.

The validation database in this study provided a wide range of
seed yield (from 2.4 to 6.4 Mg ha−1 ). Differences in observed seed
yields were primarily due to different sowing-date treatments at
some of the sites. Greater yields were associated with an earlier
sowing date. Simulation of seed yield across the validation sites
with CROPGRO-Soybean, Sinclair-Soybean, WOFOST, and SoySim
resulted in RMSE values of 0.72, 0.91, 1.61, and 0.46 Mg ha−1 ,
respectively (Fig. 6). Again, positive ME values indicated that simulated seed yields were, on average, overestimated by all four models
(inset graphs in Fig. 6). Linear regression of simulated seed yield on
observed seed yield generated regression coefﬁcients that were less
than unity for all four models. However, the coefﬁcient for SoySim
was substantively closer to unity (i.e. 0.94) than those of the other
three models (0.26, 0.12, and 0.26). The cross-over point between
regression trend line and 1:1 line indicates that seed yield begins to
be underestimated when observed yields exceed about 4.5 Mg ha−1
in the CROPGRO-Soybean simulations, and about 5.0 Mg ha−1 in
the Sinclair-Soybean simulations. Seed yield simulated by WOFOST
was generally overestimated at all observed yield levels. SoySim
simulated the variation in observed yields reasonably well and
with minimal bias across the range of measured values, as indicated by close agreement between the linear regression line and
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Fig. 6. Soybean seed yield (13% moisture content) as observed (O) and simulated (S) by the (a) CROPGRO-Soybean, (b) Sinclair-Soybean, (c) WOFOST, and (d) SoySim models.
RMSE = root mean square error, ME = mean error, Reg = regression line (dashed line). Inserts are plots of residual (S–O) versus observed seed yield.

the 1:1 line (Fig. 6). Distribution of differences between observed
and simulated seed yields throughout the range of observed seed
yields (inset Fig. 6) showed a distinct declining trend at higher
seed yields with CROPGRO-Soybean and WOFOST. The s.d. values
of these differences were 0.72, 0.77, and 0.80 Mg ha−1 , respectively, for simulations with CROPGRO-Soybean, Sinclair-Soybean,
and WOFOST. Observed versus simulated differences in seed yield
with SoySim had considerably smaller s.d. (0.46 Mg ha−1 ). Compared to the simulated yields generated by SoySim, those generated
by the other models were clearly not as effective in predicting
the observed yield values in this multiple-location validation data
set.
The SoySim model also provided reasonable simulation of the
ADM accumulation pattern (Fig. 7). In most cases, the simulated
ADM pattern obtained with SoySim aligned more closely with the
observed ADM pattern than did simulation patterns generated with
the other models, especially late in the growing season. SoySim simulated late season decline in ADM between R7 and R8 similar to that
of CROPOGR-Soybean and Sinclair-Soybean. A decline in observed
ADM from R7 to R8 is consistent with senescence and abscission
of leaves and petioles (i.e. lost dry matter) that occurs in a soybean
crop during this phase.

4. Discussion
The SoySim model simulates canopy and seed growth with reasonable accuracy across a wide range of environments and yield
potential in the U.S. Corn-Belt. For example, in the validation data
set at locations in IA, IN, and NE, observed seed yields ranged from
2.45 to 6.39 Mg ha−1 , sowing dates were as early as late March to
as late as mid June, plant population density varied from 13 to
56 m−2 , and cultivars differed in maturity from MG 1.9 to MG 3.9.
SoySim achieves this robust simulation capability with just two
cultivar-speciﬁc inputs and without the need for a priori speciﬁcation of calendar dates for the key developmental stages. New
formulations in SoySim provide for a more mechanistic treatment
of phenological development, leaf expansion and senescence, leaf
and canopy photosynthesis, and seed dry matter accumulation
driven by phenology and availability of assimilates during early
reproductive stage. SoySim’s mechanistic treatment of these processes was expected to improve the simulation of seed yield and
leaf area with fewer input parameter requirements relative to the
other models evaluated in this study. For example, SoySim simulates LAI by simultaneously accounting for both leaf expansion
and senescence processes at the whole plant and plant community

172

T.D. Setiyono et al. / Field Crops Research 119 (2010) 161–174

Fig. 7. Observed and simulated above ground dry matter (ADM) accumulation during the growing season in selected site × year × treatments combinations. Simulations
were performed using the CROPGRO-Soybean, Sinclair-Soybean, WOFOST, and SoySim models. PPD = Plant population density (plants ha−1 ).

level. Use of a logistic function for expansion and senescence allows
the termination of leaf growth to be a model output rather than the
required model input speciﬁcation needed in CROPGRO-Soybean
and Sinclair-Soybean (Table 3).
SoySim also avoids the need for difﬁcult-to-measure (or acquire) cultivar-speciﬁc parameters such as speciﬁc leaf area
(SLA) required in WOFOST, and the elapsed time to when leaf
growth switches from sink- to source-driven growth required in
CROPGRO-Soybean (Table 3). In addition, SoySim does not require
cultivar-speciﬁc parameters for seed growth that are required
in CROPGRO-Soybean, which necessitates speciﬁcation of podﬁlling duration, number of seeds per pod, and maximum seed
growth rate. While cultivars can differ in these parameters, those
genotypic differences are not necessary invariant to environmental inﬂuences arising from location and management decisions,

which makes difﬁcult the acquisition of pertinent parameter values
in the case of unplanned (i.e. on-the-ﬂy) simulations. In contrast, robust simulation of seed yield by SoySim across a wide
range of North Central USA environments was due in part to
simulation of seed number response to environmental conditions
as inﬂuenced by local weather and speciﬁc crop management.
Seed number was measured in a just ﬁve (validation) locations,
where measured seed yields ranged from 3.4 to 5.0 Mg ha−1
and seed number ranged from 2322 to 3512 ha−1 . There was
a strong correlation between the two variables (r = 0.913, n = 5).
The SoySim simulated number of seeds ranged from 2217 to
4379 seeds m−2 (RMSE = 625 seeds m−2 ). De Bruin and Pedersen
(2008) documented a strong positive correlation between soybean
seed yield and seed number across years, sites, and cultivars in
Iowa.
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The seed yield component of SoySim is not based on empirical relationships between environmental factors and seed growth
rates. Instead, seed growth is simulated as an integrated sink within
the plant (Farrar, 1996) that, in turn, has a minimum growth
requirement to sustain pod viability (Sheldrake, 1979), and a mechanistically determined ﬁnal seed number (Charles-Edwards et al.,
1986). This more fundamental approach captures the inﬂuence
of environmental factors on seed growth in a dynamic fashion,
thereby providing SoySim user with an opportunity to perform sensitivity analysis of pod development and seed abortion to identify
(and thus seed genetic or agronomic mitigation of) the possible barriers to higher soybean yield potential (Cooper, 2003), or to evaluate
the beneﬁt of early sowing for optimizing number of main stem
nodes for high yield (Bastidas et al., 2008). In SoySim, the simulation formulations for seed number determination are sensitive to
crop growth rate during early reproductive stage (R1–R4)—a sensitivity documented by Egli and Zhen-wen (1991). Indeed, in the rice
model ORYZA2000, accurate yield simulation relies on the number
of spikelets, which is based on crop growth rate in the period from
panicle initiation to ﬁrst ﬂowering (Bouman et al., 2001).
With access to historical weather data of adequate duration (e.g.
20–30 years) near the ﬁeld site, output from the SoySim model
allows the user to evaluate soybean yield potential at a given location with respect to any choice of planting date, North Central
USA cultivar maturity group, and plant population. Because the
model utilizes dynamic relationships for control of photosynthesis
in relation to [CO2 ], temperature, leaf nitrogen, solar radiation, and
relative humidity (Farquhar et al., 1980; Harley et al., 1985; Sinclair
and Horie, 1989; Yin and van Laar, 2005), and employs a multilayer
integration of canopy photosynthesis (Kropff and van Laar, 1993;
Supit and Van der Groot, 2003), it could be used to examine interactive effects of planting date, plant population and cultivar MG
on yield potential in favorable environments, explore the impact of
climate change on yield potential, and to assist breeders in identifying optimal canopy architecture and growth habit for higher yield
potential.
5. Conclusions
Results from the present study document that the SoySim model
met the criteria proposed by Sinclair and Seligman (2000) for publishing a new crop model. The new model has a well-deﬁned
domain of relevance (high yield environments), a mechanistic
framework for simulation of crop growth and yield, and our analysis
herein included an evaluation of scientiﬁc innovations embodied
in a new model. In contrast to existing models, SoySim uses new
mechanistic formulations to simulate phenology, canopy photosynthesis, and dry matter accumulation. Because SoySim requires
just two readily available cultivar-speciﬁc inputs and no a priori
speciﬁcation of key developmental stages, the model has potential
for a broad range of uses as a decision-support tool to improve soybean producer crop management and to support production-based
agronomic and cultivar development research.
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