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SI 1 Model description
Sl 1.1 Phenological development

The models differed largely in their approaches and complexity in simulating crop
developmental rate, as well as in the number of reproductive stages they simulated (Figure 2, Table
1). Timing of beginning seed and physiological maturity were simulated by all models, while in
the more complex models (e.g., CROPGRO, MONICA) the start of anthesis, and the onset of pod
growth were also simulated. Out of the ten models, nine models simulated anthesis, four models
simulated beginning pod, and all ten simulated beginning seed and physiological maturity. In a
group of models (AQUACROP, LINTUL, SWB, and MONICA), the time to anthesis and

beginning seed coincide (Figure 2).

To simulate rate of reproductive development, most models accounted for both the effect
of temperature and photoperiod (Table 1). Models employed different approaches to account for
an interactive effect of temperature and photoperiod on the rate of development, but different
approaches have shown similar accuracy in the literature for simulating timing of developmental
reproductive stages (Archontoulis et al., 2014). However, in a group of models (AQUACROP,
DNDC, and SWB), the rate of development was only temperature dependent (Table 1). In addition,
models differed in the cardinal temperatures defining rate of development as well as in the number
of reproductive phases affected by photoperiod (Table 2). Models also differed in other abiotic

factors affecting rate of development, such as water stress/excess (Table 1).

The APSIM model uses a thermal time target method, where the target thermal time (°C-
d) is calculated from temperature and adjusted to photoperiod, and a crop phase is completed when
the cumulative thermal time reaches the target thermal time, which varies based on photoperiod
response of the cultivar (Archontoulis et al., 2014). Another group of models (DSSAT, SSM and

STICS) employs a cumulative photothermal day approach to simulate rate of development in each



phase, where the daily development rate is computed from two (0—1) factors that depend on
temperature and photoperiod (Boote et al., 1998). MONICA follows a mixed approach, accounting
for accumulated thermal time to complete each crop phase, where daily thermal time (°C-d) is
adjusted for a photoperiod function (0-1), where 1 is the value when environmental photoperiod is
below the critical value from cultivar, and 0 when is above the upper limit of photoperiod for that
cultivar (Battisti et al., 2017). In LINTUL, crop development between emergence and maturity is
triggered by the accumulated temperature sum (TSUM). TSUM is increased daily by the rate of
effective temperature (e.g. degree day), which is calculated based on the base temperature of the

crop and photoperiod requirements.

SI 1.2 Leaf area development

Based on the classification by Soltani and Sinclair (2012), leaf area development in crop
models can be defined into three categories: 1) carbon-based method; 2) temperature-based
method; and 3) hybrid method. In the carbon-based method, leaf area is a function of the
assimilates available for leaf growth and is calculated as the daily leaf dry matter growth times the
specific leaf area. In our study, a group of models (DNDC, LINTUL, MONICA, and SWB)
simulated daily leaf area development based on the new leaf mass growth and a specific leaf area
(Table 2). This same group of models can also account for temperature, water, and nitrogen stress
affecting the rate of leaf area expansion as well as simulated leaf senescence (Table 1 and 2). In

the case of MONICA, the biomass partitioned to leaf and senescence are driven by crop phenology.

In the temperature-based method, leaf area is not restricted by assimilate availability but is
dependent on the temperature, such as the method employed in the SSM model. Under non-limited
water and N conditions, leaf number in SSM model is simulated based on the phyllochron, which
is an accumulated temperature unit, also known as degree day or thermal time, between emergence

of successive leaves (Soltani and Sinclair, 2012). After calculating node number increment from
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the ratio of daily temperature unit to the phyllochron and integrating to the cumulative node
number, the plant leaf area is computed by an allometric relationship between main-stem node
number and plant leaf area, which is later multiplied with plant density to calculate LAI. In SSM,
leaf senescence starts from the beginning of seed-fill and progresses linearly until harvest maturity,
based on the ratio of cumulative daily thermal time to the defined thermal time from beginning
seed fill to maturity. Under water and/or N limited conditions, however, calculated leaf
development and senescence are adjusted by water and N stress. Leaf senescence due to N
limitation may occur any time from emergence to physiological maturity. The APSIM model
follows the same approach of predicting leaf number and leaf area based on an allometric
relationship between main-stem node number and plant leaf area. In APSIM, new nodes appear
depending on the thermal time, and new leaves appear per node according to the node number and
leaf area per node relationship; maximum specific leaf area sets a threshold on the maximum LAI

(LAImax); leaf senescence depends on crop age, light competition, temperature and water stress.

The remaining models (DNDC, DSSAT-CROPGRO, and STICS) may be grouped in the
hybrid method category for simulating leaf area. The DNDC model simulates leaf area as the
difference between leaf growth and leaf senescence, leaf growth is derived from assimilate
allocation to leaves and senescence is based on growth stage, water and N stress (Zhang et al.,
2002). The leaf growth is derived from the assimilate allocation whereas the leaf senescence is
based on phenological stages and stress factors. In DSSAT-CROPGRO, daily leaf area growth is
simulated based on the new leaf mass growth and a specific leaf area that is a function of solar
radiation, temperature, and water deficit (Table 2); however, the fraction partitioning to new leaf
mass varies over time and is strongly dependent on main stem node number as well as partitioning
to reproductive which has priority. Leaf senescence in DSSAT-CROPGRO is dependent on N

mobilization, water stress, and light intensity penetrating to the lowest leaf position in the canopy



(Table 2). In the STICS model, the LAI is computed from a logistic function that describes the
relationship between leaf area per plant and thermal time, and that accounts for a plant density

factor, and water and nitrogen stress indices (Brisson et al., 2009).

Lastly, the AQUACROP model does not simulate leaf area, it simulates canopy cover,
which is the fraction of soil covered by the canopy. Canopy cover increases over time following
an exponential curve, and canopy senescence follows an exponential decay curve (Steduto et al.,
2012). The initial canopy cover needed for the canopy growth function is calculated from the plant
density and mean canopy size per plant at the time of 90% emergence. The other parameter, canopy

growth coefficient or the fraction of canopy growth per unit time, is given as model input.

S1 1.3 Crop photosynthesis and growth

A description of the approaches for simulation of photosynthesis and growth for the models
in this study is provided in Kothari et al (2022) and documented elsewhere: APSIM
(https://www.apsim.info), AQUACROP (Raes et al., 2009; Steduto et al., 2009), DSSAT-
CROPGRO (Boote et al., 1998), DSSAT-EBL (Cuadra et al., 2020), DNDC (Li et al., 1992; Li et
al., 1994; Smith et al., 2020), LINTULS (Wolf, 2012), MONICA (https://github.com/zalf-
rpm/monica/wiki), SSM (Sinclair, 1986; Soltani and Sinclair, 2012), STICS (Brisson et al., 2003;
Brisson et al., 2009), and SWB (Annandale et al., 2000). In brief, some models employed a crop
radiation use efficiency (RUE) approach to simulate net new growth (APSIM, LINTUL, SSM, and
STICS). Three transpiration-based models simulate crop growth from crop transpiration and a
transpiration efficiency (AQUACROP), an empirical biomass growth curve driven by
transpiration efficiency (DNDC), and a combination of RUE and transpiration (SWB). A more
complex group of models simulates leaf-to-canopy gross photosynthesis, maintenance respiration,
and growth respiration or conversion costs to grow different types of tissues (CROPGRO and

MONICA).



SI 1.4 Assimilate partitioning to vegetative plant components

All models partition new assimilates or growth to different vegetative plant organs
according to partitioning fractions that are dependent on the developmental phase. The DSSAT-
CROPGRO model drives fraction partitioning to leaf, stem, and root as a function of vegetative
growth phase (main stem node number), but there is a transition as the crop goes into reproductive
growth which has first priority (Boote et al., 2002). All models simulate assimilate partitioning to
roots, with the exception of the SSM model. While two models simulate the assimilate cost
associated with biological N fixation (APSIM and DSSAT), only the DSSAT-CROPGRO models
simulate nodule mass as an additional growth component. In DSSAT-CROPGRO models, nodule
mass is not the result of a partitioning fraction, but it depends on the crop N demand for biological

N fixation.

During model calibration, some models allowed more or less flexibility to modify
partitioning fractions to different vegetative plant components. Within this study, only four models
(DNDC, LINTUL, MONICA, and SWB) modified partitioning fractions to vegetative organs as

part of the model calibration.

SI 1.5 Reproductive growth and yield formation

Most models simulate reproductive growth as a single component (seed), while three models
(APSIM, DSSAT, MONICA) simulate pod growth in addition (Table 1). In this case, MONICA
used a fixed parameter by cultivar to express the fraction of seed weight in the total pod biomass.
To allocate new growth to reproductive tissues, most models used a reproductive allocation that
increases linearly over time, allowing for overlapping of vegetative and reproductive growth.
Following this approach, the SSM model uses a fixed rate of increase in HI, that partitions

reproductive growth into a single reproductive component (seed), and overlaps vegetative and



reproductive growth. In the AQUACROP model, new growth is also partitioned into a single
reproductive component (seed) at the start of seed growth to get the final yield, but without
overlapping of vegetative and reproductive growth. For MONICA, pod biomass is added following

a matrix of biomass partitioning driven by crop phenology.

Reproductive partitioning in the DSSAT-CROPGRO models is simulated by adding
individual pod and seed cohorts over time until assimilate-carrying capacity is achieved, so
reproductive partitioning is a result of simulation of addition and individual growth of reproductive
sinks. DSSAT simulates seed number as a function of photosynthesis divided by single seed
growth demand. The STICS model also simulates seed number, which is fixed before the onset of
grain filling, based on assimilate supply. In DSSAT-CROPGRO, the number of seeds set are based
on assimilate supply at the moment of reaching full-assimilate-carrying capacity. In very rare
cases, yield may be sink-limited during seed filling in these models if seed set (number) is
extremely low followed by high assimilate availability during seed filling. For the remaining

models in this study, soybean yield is not sink-limited and depends on assimilate supply.

S1 1.6 Senescence and remobilization

All models with the exception of AQUACROP simulated senescence of leaves during the
crop life cycle (Table 2). The models simulated senescence as a function of temperature, solar
radiation, crop phenology, and specific leaf nitrogen depending on the model (Table 2). All models
accounted for a temperature effect on leaf senescence, and most models for an effect of water stress
(Table 2). Only the DSSAT and DSSAT-EBL models accounted for the effect of PAR intensity at
lower canopy positions on leaf senescence (Table 2). A few models (LINTUL, MONICA)
accounted for photoperiod effects on leaf senescence. Some models (DSSAT-CROPGRO, SSM,
APSIM, MONICA, and SWB) simulate remobilization of assimilates and nitrogen from vegetative

to reproductive tissues as a function of assimilates and N available from senescing tissues. In the
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SSM model, leaf senescence starts from the beginning of seed-fill and continues linearly until
harvest maturity, based on the ratio of cumulative daily thermal time to the defined thermal time
from beginning seed fill to maturity. Under water and/or N limited conditions, however, leaf
senescence can increase in the SSM model. In addition, senescence in the SSM model will occur
due to remobilization of N from vegetative tissues in response to N demand for seed growth. In
the CROPGRO models, leaf and petiole senescence during seed-fill is strongly dependent on N
remobilization from leaves, but different from SSM, the N mobilization rate is driven by
photothermal progress during seed-fill rather than seed N demand. In the MONICA model, the
senescence followed parameters for crop parts that define senescence fraction from biomass based

on crop stage, where part of that can be remobilized.

SI 2 Parameters changed during model calibration

A detailed list of parameters adjusted to improve the simulation of dry matter production
from Blind to Full calibration is provided in Supplementary Table 2. Out of the 19 location by
treatment combinations included in this study, 11 were rainfed and allowed model evaluation
under water-limited conditions. To account for the water stress effect on biomass, modelers
modified different parameters related to crop water demand and root physical properties. In
particular, parameter svp (saturation vapour pressure) affecting crop water demand and
evapotranspiration was modified in APSIM. The dry matter to water ratio was modified in SWB,
and drought stress threshold was modified in MONICA. Parameters related to root growth and
development included maximum rooting depth (MONICA, SWB, LINTUL, AQUACROP),
rooting profile shape (DSSAT), root growth fraction (SWB), root growth rate (SWB, LINTUL),
and partitioning to roots (MONICA and LINTUL). In addition, the soil hydraulic properties that
were generated from the pedotransfer functions were modified in the DSSAT models to better
simulate the in-season soil water contents as well as to account for water stress effect on growth.

In the APSIM model, soil water model was changed from SoilWat to SWIM to better simulate the
8



water table dynamics in [IOWA. Thus, modelers adjusted parameters related to potential root water
uptake (i.e., root biomass, rooting depth, root profile shape) and crop water demand to improve
simulation of aboveground biomass especially under rainfed conditions. However, measured data
on root mass and growth were not available in this study to verify if the adjustment in root
parameters was in line with root growth under field conditions. Root mass is typically not evaluated
in crop modeling studies and its measurement and inclusion in future studies along with good time-
series observations of soil water measurements, could provide opportunities for evaluating a

complete mass balance in the soybean models.

SI 3 Description of crop growth indices used for model evaluation

To better evaluate and summarize model performance for simulation of in season-growth,
we computed physiological indices related to leaf development, reproductive growth, and

reproductive partitioning from simulated and measured data (Supplementary Table 3).

We obtained LAlImax as the “one-time” LAImax occurring in the daily in-season simulated
and measured data. To calculate DaysLai9o, we fit a logistic growth function to describe the increase
in relative LAI over time up to LAlmax. We calculated relative LAI by dividing daily LAI data by
LAlImax within each model and treatment. We used the GLIMMIX procedure in SAS v9.4 with a
logit link to fit a logistic model of relative LAI with days after planting as covariable, and with
location, treatment, model, calibration and date as fixed factors. Data after the time when LAImax
was achieved was not considered to fit the logistic model. From the fitted logistic model, we

extracted the DaysLaI9o.

We computed the leaf area expansion rate, pod growth rate, seed growth rate, and rate of
increase in seed HI from the measured and simulated data as the slope of a linear model fit during
the period when daily leaf area, pod, seed growth, or HI increased from 10% to 90% of their

maximum growing-season value. The effective seed filling period was computed for simulated
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data as final yield divided by seed growth rate, following the approach described by Egli et al
(1998). The linear models to obtain leaf area expansion rate, pod growth rate, seed growth rate,
and rate of increase in seed HI were fitted using the GLIMMIX procedure in SAS v9.4, with
location, treatment, model, calibration, and date as fixed factors. We found these linear models
were suitable to describe the periods of rapid increase in leaf area, pod mass, seed mass, or HI over
time across all models and for the measured data (the model sum of squares described > 72% of
the data variability across all variables). For measured data, some early and late data points outside
of the 10-90% maximum value range were still allowed in the model if they showed a linear
response. Some locations and treatments had insufficient measurements to compute rate indices.
Thus, leaf area indices were not calculated in AKNS, BRZL, and FRNC in 2018, pod growth rate

was not obtained in AKNS in 2012 and FRNC in 2018.
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Supplementary Table 1. Temperature response functions for leaf expansion and internode elongation, and for plant growth processes in soybean models in this study. Shaded
cells indicate the model does not account for this process or temperature effects on it. Letters before the dash indicate the shape of the temperature response, and letters after
the dash indicate the type of temperature inputs used. Numbers in brackets indicate the cardinal temperatures in °C describing temperature functions [e.g. (T1, T2, T3, T4)
indicates a base temperature of T1, optimal temperatures between T2 and T3, and an upper failure temperature of T4]. Adapted from Kothari et al. (2022, European J.
Agronomy).

Model Vegetative phase /rate of Leaf expansion Internode Pod addition Seed growth Harvest index
leaf appearance length

APSIM L-Ta(10, 30, 30 40)

AQUACROP I _Tq(5,30, o0,00)

DNDC B-Ta(5,29,29,40) B-Ta(5, 29, 29, 40) [Reduction based on heat stress
above 29°C during anthesis

DSSAT L-Ta(7, 28, 35, 45) L-Ta(8,22, «, o0)! L-Ta(4,26,©, [Q-Ta(14,21,26.5, 40) Q-Ta(6, 21, 23.5,

00) 41)

LINTUL L-Ta(7, 22, 30, 45)

MONICA 'WE-Ta(5, 25, 36)

SSM L-Ta(7, 27, 34 ,45)

STICS L-Ta(5,25,25,45) L-Tc(4,25,25,45) Tmc=5 Txc=30 and no filling
below and above

SWB L-Ta(10, 25, 25, )

L = linear look up function; Q = Quadratic/parabolic look up function; B = Beta distribution; Wang-Engel function (min, opt, max).

Ta, mean daily air temperature; Tx, daily maximum air temperature; Tm, daily minimum air temperature; Th, hourly or sub daily air temperature; Tc, canopy temperature;
Txc, daily maximum canopy temperature; Tme, daily minimum canopy temperature; Thc, sub daily canopy temperature; Ts, soil temperature; TT, thermal time;

! Temperature effect on specific leaf area.

11



Supplementary Table 2. List of the parameters optimized during model calibration, and the values used in simulations after Blind and Full calibration for each site and

model. Shaded cells mean the parameter was not changed during calibration. This list is provided as a separate supplementary file in excel format.
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Supplementary Table 3. List of observed and simulated variables used for model evaluation, and method for
obtaining each type of data.

S. Variable Method for obtaining the variable

No.
Simulated data Observed data

1. Date of anthesis Direct output Measured

2. Date of beginning pod | Direct output for some models Measured based on Fehr and Caviness
(Photothermal), and from first date (1977)
of simulated pod weight (Growth)

3. Date of beginning Direct output from models Measured based on Fehr and Caviness
seed (Photothermal), and from first date (1977)

of simulated seed weight (Growth)

4. Date of physiological | Direct output Measured based on Fehr and Caviness
maturity (1977)

5. Biomass Direct output Direct measurement

6. LAI (m?> m?) Direct output Direct measurement

7. Leaf weight Direct output Direct measurement

8. Stem weight Direct output Direct measurement

9. Pod weight Direct output for some models Direct measurement

10. Seed weight Direct output Not available

11. Leaf to vegetative Computed from direct outputs of leaf | Computed from direct measurements of
weight ratio (g leaf g! | and stem weight (leaf/(leaf+stem)) leaf and stem weight (leaf/(leaf+stem))
leaf plus stem)

12. Pod growth rate (kg Computed from direct pod weight Computed from direct pod weight
ha'ld) outputs, by fitting a linear model of measurements, by fitting a linear model

pod weight data over time. Pod of pod weight data over time. Pod
growth rate was computed as the growth rate was computed as the slope
slope of the model fit when pod of the model fit when pod growth >10%
growth >10% and <90% of and <90% of maximum pod weight..
maximum pod weight..

13. Final seed harvest Direct output (seed weight/total Direct measurements (seed weight/total
index aboveground biomass) aboveground biomass)

14. Rate of increase in Computed from direct HI outputs, by | Not available
pod HI (g g d'h) fitting a linear model of HI data over

time. The rate of increase in HI was
computed as the slope of the model
fit when HI >10% and <90% of final
HI.

15. Rate of increase in Computed for some models from Computed from direct pod weight and
pod harvest index (g direct pod weight and aboveground aboveground biomass measurements, by
gld?) biomass outputs, by fitting a linear fitting a linear model on the pod HI

model on the pod HI (ratio of pod (ratio of pod weight/aboveground
weight/aboveground biomass data biomass data over time). The rate of
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over time). The rate of increase in
pod HI was computed as the slope of
the model fit when pod HI >10% and
<90% of final pod HI.

increase in pod HI was computed as the
slope of the model fit when pod HI
>10% and <90% of maximum pod HI.

16.

Final seed yield

Direct output

Direct measurement

17.

Effective seed filling
period (d)

Computed from direct seed weight
and yield outputs following the
approach by Egli et al (1998). First
we fit a linear model of seed weight
data over time. Seed growth rate was
computed as the slope of the model
fit when seed weight >10% and
<90% of final yield. The effecting
filling period was computed as final
yield divided by seed growth rate.

Not available

18.

Individual seed
growth rate

Computed from direct outputs of
final seed number and yield, by
dividing total seed growth rate by
seed number at maturity.

Not available
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Search criteria

B *MODEL* & "Soybean"

A *MODEL* & *Evaluation®™ OR *Calibration* & "Yield"

B *MODEL* & *Evaluation®™ OR *Calibration* & "Biomass" OR "Leaf area"

B *MODEL* & *Evaluation® OR *Calibration* & "Pod weight" OR "Seed weight"
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Supplementary Figure 1. Number of peer-reviewed articles found in the Web of Science database for each of the
participating models under different abstract search criteria. The search criteria is related to model calibration or
evaluation with experimental data for the simulation of soybean yield and growth. The *MODEL* refers to the name
of an individual model, or the different versions of it. The abstracts could contain any variation of the words
*calibration* and *evaluation®, and could contain exact words in quotes such as “yield”.
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