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Fig. 5. Observed vs predicted days to 50% heading for rice variety M-206. Cases
where heading was delayed or accelerated compared to average (85 d) are less
accurately predicted by ORYZA.

with a range of 8.7–15.3 t ha−1 (cool sites included) or 14.3 t ha−1

(cool sites excluded). Observed yields across all sites averaged
10.4 t ha−1, with a range of 7.8–14.1 t ha−1.

3.2. Relative growth rate of leaves

The adjustments to RGRLMX required to bring the simulated
harvest index within the range of 50–55% were opposite the plant-
ing densities for each variety. For M-206, which is planted at high
density (350–470 plants m−2, UCCE, 2015), the relative growth rate
had to be decreased from the default of 0.0085–0.0060 (Table 1).
For CXL745, which is planted at low density (40–150 plants m−2,
Runsick and Wilson, 2009), the relative growth rate was increased
to 0.0110 (Table 1). (For the response of harvest index to changes
in both RGRLMX and planting density, please refer Supplemental
Fig. 2).

3.3. Cold responsiveness

Model response to cold temperature was improved with adjust-
ments to COLDREP without influencing simulations of non-cold
affected sites, but the influence of cool temperatures on yield was
still not fully captured by the model (Fig. 4). Sensitivity analyses
revealed simulated yields were only responsive to changes in COL-
DREP greater than 25 ◦C (Fig. 6). Despite greater than 60% simulated
spikelet fertility factor (Fig. 6B), yields increased as Tmin decreased
(Fig. 6A) when COLDREP equaled 25 ◦C or lower. The adjustment
of −5 ◦C brought the average Tmin below temperatures known to
induce sterility (12–15 ◦C) in CA rice production systems (Board
and Peterson, 1982; UCCE 2015) for most of the critical period
between panicle initiation and 50% heading. Complete spikelet
sterility would be expected in this extreme case, yet ORYZA sim-
ulates 4 t ha−1 grain yield. This discrepancy is due to cold-induced
sterility being applied in the model later than the start of grain
accumulation (development stage 1.2 and 1.0, respectively). Thus
for the most cold-affected sites in our data, our calibration of ORYZA
still predicts a difference between observed yields and simulated
Yp of up to 5 t ha−1 (Fig. 4).

3.4. Physiological maturity

Simulated yields of M-206 at a high-yielding site increased by
roughly 230 kg ha−1 for each extra day increase in simulation for
maturity dates earlier in the season (25–35 d after 50% heading,
Fig. 7), though this relationship tapered off as maturity was pushed
later in the season. Our determination of physiological maturity
(based on a number of heat units following the observed date of R7)
resulted in simulations that met  our expectations, with observed
yields roughly 85% of simulated Yp in most cases.

4. Discussion

4.1. Relative growth rate of leaves

Rice has a well-documented plasticity in response to planting
density (UCCE, 2015; Connor et al., 2011; Yoshida, 1981). Rice
plants can aggressively produce tillers at low planting densities

Fig. 6. Sensitivity of ORYZA to changes of cold sterility threshold (i.e., COLDREP parameter) and daily minimum temperature in weather data. The threshold is the Tmean below
which  ORYZA accumulates cold sterility. A higher threshold signifies greater sensitivity to cold. The critical period is defined as the period from just after panicle initiation to
50%  heading (crop development stage 0.75–1.2). Simulations of yield and spikelet fertility factor were not different for thresholds between 21–25 ◦C (not displayed). Due to
the  fact that ORYZA applies a reduction in spikelet number at development stage 1.2, but yield formation begins at development stage 1.0, ORYZA simulates some yield gain
even  at complete spikelet sterility. Increasing yields despite increased spikelet sterility suggests that simulated yields are not sink limited and that decreased temperatures
are  predicted to benefit yield formation, likely due to decreases in respiration.



M.B. Espe et al. / Field Crops Research 193 (2016) 123–132 129

Fig. 7. Simulated yield resulting from extending the date of physiological maturity
for  rice variety M-206. The yield increase per day extension of the grain filling period
is strongest early in the simulation. For M-206, 50% heading typically occurs at 85 d
after emergence.

to have equivalent yield components as higher density plantings.
Hence it is possible to observe similar grain yields and harvest index
values across a wide range of planting densities (Hill, 2013). In this
study we had both extremely low and high planting densities, yet
similar observed yields, suggesting differences in relative growth
rates. Changing the RGRLMX partially captured this plasticity of
rice plants. Our values suggest that the hybrid variety (planted at
low densities) has the capacity for much faster growth compared
to the non-hybrid (planted at high densities) which supports pre-
vious reports of increased rates of growth in hybrid compared to
non-hybrid rice varieties (Bueno and Lafarge, 2009). It has also been
observed that the same rice variety sown at higher densities has
lower relative growth rates compared to that same rice variety
sown at low densities (San-oh et al., 2004), further supporting the
results found here.

However, our solution has some notable disadvantages. First, we
did not possess the required data to validate the RGRLMX parame-
ter, therefore the values of RGRLMX for these two varieties should
be treated as an untested assumption until more work can properly
validate these values. Second, our implementation requires manual
adjustment of RGRLMX in response to changes in planting density.
A better implementation would make simulated LAI responsive to
planting density and thereby would reflect the real-world plasticity
of rice plants that is currently missing from the ORYZA model.

It is worth noting that in early calibration attempts, we  found it
possible to calibrate the model using the default values such that
simulated yields approximated the calibration sets, yet the model
performed poorly for the validation set in these cases (data not
presented). It is possible this issue with LAI would have gone unno-
ticed had the only output of concern been yield, or had we  not
had a multi-year, multi-site data set to validate against. Although
this specific issue was relatively easy to resolve via adjustment of
a single parameter, it highlights one of the pitfalls of applying a
crop model to new production systems. Researchers attempting to
use such a model in production systems outside its system of ori-
gin should be aware of these possibilities. Best practices such as
utilizing both a calibration and validation step and inspecting the
complete model output rather than just the output of interest are
critical.

4.2. Cold responsiveness

ORYZA’s subroutine for cold induced sterility during flowering is
empirically derived from the accumulation of cooling degree days

Fig. 8. Comparison of Tmin and Tmean for CA sites between June 25th and Aug. 28th
(the range of simulated panicle initiation to 50% heading in CA rice for all planting
dates) from 1999 to 2014. The vertical dashed line (12 ◦C) is widely regarded as the
threshold at which cold induced sterility is experienced by CA rice varieties.

(Bouman et al., 2001). Ultimately, we show here that this sub-
routine is not adequate, especially for environments such as CA
where there are large range of diurnal temperature variation. Cool-
ing degree days are calculated as a function of the number of days
with Tmean below a certain threshold (21 ◦C by default). This fails
to capture cold induced sterility in environments where the diur-
nal swing of temperatures is large. For example, a site with Tmax of
30 ◦C and Tmin of 20 ◦C will have the same cooling degree days as
one with Tmax of 40 ◦C and Tmin of 10 ◦C.

Research supports the importance of Tmin rather than Tmean dur-
ing the sensitive period between panicle initiation and 50% heading
for the determination of cold-induced sterility (Farrell et al., 2006).
For CA rice varieties (widely regarded as cold-tolerant) Tmin of
12–15 ◦C during this critical period is generally acknowledged as
the threshold for cold-induced sterility (Board et al., 1980; Board
and Peterson, 1982). In our comparison of Tmin against Tmean for
CA sites, it is clear that if rice experiences spikelet sterility below
12 ◦C Tmin, this corresponds to a 10 ◦C range of observed Tmean

values (Fig. 8). To fully capture every occurrence of cool temper-
atures at or below 12 ◦C, a Tmean-based threshold would need to be
increased to roughly 25 ◦C. However, at this high threshold many
occurrences of Tmin above 12 ◦C would also be considered as cool
enough to induce sterility, creating over-sensitivity in the model.
Thus it is clear that for environments with a large range of diur-
nal temperature fluctuations, ORYZA cannot hope to capture cold
sterility appropriately using the existing Tmean-based model struc-
ture.

Unfortunately, there are several other sources of error that can
also lead to gross inaccuracies in the modeling of cold induced yield
reductions. First, since ORYZA’s crop model is phenology driven,
and since cold induced sterility impacts the crop during a relatively
narrow window between panicle initiation and flowering, the accu-
racy of ORYZA’s cold sterility routine is directly tied to the accuracy
of the phenology sub-model. Second, sterility is highly dependent
on the micro-climate directly surrounding the panicle (Julia and
Dingkuhn, 2013) which might not be accurately reflected in the
weather data. Third, the model assumes that cold induced sterility
can be modeled as an accumulation of cold-stress over the period
from panicle initiation, yet the pattern of flowering is non-linear
(Yoshida, 1981) and cool nights during certain points of flower-
ing may  have greater impact than others. Lastly, ORYZA reduces
spikelet number all at once at a relatively late stage (development
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stage 1.2), but simulates yield beginning at development stage 1.0.
Due to this, ORYZA simulates some yield gain even at complete
spikelet sterility (Fig. 6).

Hence there are broadly four scenarios where model simulations
of cold induced sterility will be inaccurate: 1) The site experiences
a large range of diurnal temperature fluctuation and any thresh-
old based on Tmean cannot accurately capture cool temperatures
experienced by the crop, 2) phenology is not accurately modeled,
so the simulated crop experiences a different set of temperatures
than the observed crop, 3) phenology is accurately modeled, but
climate data does not reflect the micro-climate experienced by
the developing spikelets, and 4) a short period of cool tempera-
tures coincides with peak spikelet sensitivity, which will have little
impact on the total accumulated cooling degree days in the model
but a large impact on observed sterility. The structure of ORYZA’s
sub-routine for cold-induced sterility is poorly equipped to counter
these sources of error. Taken together, these issues suggest that
the sub-routine ORYZA uses to simulate cold effects on sterility
requires substantive revision.

4.3. Physiological maturity

We  show that simulated yields are highly influenced by adjust-
ing the date of physiological maturity. Yields increased by roughly
the theoretical maximum carbohydrate accumulation for a C3
crop under non-limited situations (200–300 kg ha−1; Connor et al.,
2011). Although this behavior is not unexpected, it is important to
highlight how critical the determination of physiological maturity
is for accurate modeling of crop yield performance. As mentioned
previously, there are many definitions of physiological maturity
currently in use which all imply different dates of physiological
maturity. As shown here, in non-limiting environments relatively
small differences in physiological maturity can result in large dif-
ferences in simulated Yp. Users of crop models need to be explicit
about how physiological maturity was determined and the sen-
sitivity of their conclusions to this measure. Unfortunately, this is
rarely the case (e.g., Zhang and Tao, 2013; Amiri et al., 2014; Artacho
et al., 2011). This is especially important in cases where matu-
rity is estimated from inaccurate proxies such as average harvest
date, approximate days since planting, etc. It should be noted that
there are many determinants of harvest maturity (i.e., when the
crop is deemed ready to harvest) that are distinct from the deter-
minants of physiological maturity. Determining harvest maturity
often involves factors other than the point at which carbohydrate
accumulation ceases (e.g., grain quality, drying, and avoidance of
losses during harvest), and therefore indicators of harvest tim-
ing often are not suitable for determining physiological maturity.
In cases where these inaccurate measures are necessitated, we
recommend a sensitivity analysis to help readers understand the
implications of error in the estimate of physiological maturity.

4.4. Final calibration and validation

To our knowledge, this is the first large-scale effort to calibrate
and validate ORYZA for US rice production systems. Furthermore,
it is unique for modeling studies to have a validation data set of
the quality and temporal and spatial scope such as ours here. We
found that for the Southern US, the model performed well after
calibration of only the four development rate parameters and cal-
ibration of RGRLMX (Table 1). This is possibly due to similarities
between the Southern US and the environment that ORYZA was
originally developed under. It is noteworthy that the ORYZA model
can perform well outside its original domain with such a simple
calibration.

This stands in contrast to the calibration of ORYZA for CA. Addi-
tional calibration of cold-sterility thresholds was needed before

Table 1
Calibrated ORYZA parameter values for two  varieties representative of US  rice
varieties.

Variety DVRJ DVRI DVRP DVRR RGRLMX COLDREP

Default 0.00077 0.00076 0.00078 0.00178 0.0085 21.0
CXL745 0.00088 0.00076 0.00080 0.00151 0.0110 21.0
M-206 0.00159 0.00076 0.00088 0.00235 0.0060 23.3

Table 2
ORYZA parameter abbreviations and definitions.

Abb. Description

DVRI Development rate for early juvenile phase
DVRJ Development rate for photo-period sensitive phase
DVRP Development rate for flowering phase
DVRR Development rate for grain filling phase
RGRLMX Maximum relative growth rate for leaves
TBD Base temperature for phenological development
TOD Optimum temperature for phenological development
TMD  Maximum temperature for phenological development
COLDREP Threshold for cold induced sterility

the model could capture yield trends as well as in the Southern
US (Table 1). Persistent poor simulation of Yp for the most cold-
affected site (Fig. 4) suggests model inaccuracies in simulation of
cold-induced sterility need to be better addressed for better fit.
While it is possible that the use of a modified version of ORYZA with
a different cold-sterility routine (e.g.—ORYZA2000v2n13sXX; van
Oort et al., 2015) may  have been able to simulate CA rice produc-
tion more accurately, we sought to calibrate and validate the most
widely used branch of ORYZA (v. 3). In general, this fragmentation
of the model is problematic; ideally improvements to the model
structure would be integrated into the main branch when possible.
That said, current rice production in the most cold-affected region
(the Delta region) of CA is limited to less than 3000 ha (less than
10% of CA rice production area; Fig. 1). Hence this deficiency in the
model may  have little impact on region-wide estimates of current
Yp. However, given that all CA sites have some potential to expe-
rience sterility inducing night-time temperatures, the impact may
extend beyond just the Delta region in certain years. The develop-
ment of a more accurate cold-sterility routine would improve our
understanding of mechanism leading to cold-induced sterility, and,
while beyond the scope of this effort, is needed for more accurate
simulation of this system and systems like it.

Since ORYZA relies on phenology to trigger various events
throughout the simulation, it is also possible that the persistent
phenology error we  encountered (Fig. 5) has contributed to the
inaccuracy of the model simulations. Contrary to van Oort et al.
(2011), calibration of cardinal temperatures did not improve model
performance (Supplemental Fig. 1) and therefore default cardinal
temperatures were used in our final calibration for both varieties.
Similar results are reported and more thoroughly analyzed by Shar-
ifi et al. in CA rice production systems. A potential cause of this
discrepancy with van Oort et al. (2011) is the bias-variance tradeoff
in predictive models (James et al., 2015). By removing temperature
bias for the calibration data set, the model was  potentially over-fit
which would account for increased variance for the validation data
set. Unfortunately, van Oort et al. (2011) did not utilize separate cal-
ibration and validation steps, so we  are unable to assess whether
they would have seen similar results with out-of-sample predic-
tions. Likewise, we lack the required data for the Southern US to
investigate if this error is unique to CA or present throughout US rice
simulations. Lastly, it is difficult to assess the specific cause of this
error in the face of other differences from the system that ORYZA
was developed for (e.g., arid to semi-arid climate with large range
of diurnal variation, direct-seeded rice at extremely high seeding
rates via water-seeding, varieties developed with quality as a pri-
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ority, little disease or pest pressure, etc.). Further investigation is
needed to determine the cause and scope of this persistent error
and the mechanism behind this discrepancy from van Oort et al.
(2011).

Estimates of Yp in this study differ substantially from previous
estimates. For example, all estimates in this study (Figs. 3 and 4)
were much less than those of Sheehy and Mitchell (2015) for sub-
tropical semi-dwarf rice Yp (20.1 t ha−1). However, their estimate
assumes a longer growing season (168 d) than is feasible in tem-
perate regions. Therefore, our estimates are likely more applicable
to US rice production systems. On the other hand, estimates of Yp
from our study are generally higher than estimates of rice Yp based
on the maximum average regional yields in similar climates (e.g.,
Mueller et al., 2012; Foley et al., 2011). Our results suggest, contrary
to these previous studies, there may  be an exploitable yield gap
in these highly intensified rice production systems. Further work
is needed to quantify the yield gap for these systems using these
revised estimates.

Lastly, while we were able to achieve an acceptable calibration
of ORYZA for US rice production, a full calibration of the model using
more extensive data on carbohydrate partitioning throughout the
season could further improve model performance and provide val-
idation for our values for relative growth rates. However, more
extensive calibration would not address the fundamental issues
with the CA calibration (phenology error and poor simulation of
cold-sterility). Modification of the model structure is required to
address these issues.

5. Conclusions

ORYZA can adequately simulate Yp for Southern US envi-
ronments with straightforward calibration of variety-specific
phenological parameters. Simulation of Yp for CA required more
extensive calibration with attention to representation of cold tol-
erance and physiological maturity. More extensive calibration,
however, will not address structural deficiencies, such as the mod-
eling of plasticity in tillering or cold-induced sterility. Accurately
capturing these complex phenomena will likely require updating
several structural components of the model. Despite these issues,
we show that ORYZA can be acceptably calibrated and validated
for the majority of US rice production environments, both in the
Southern US and CA.
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Supplemental Information 

Supplemental Table 1: Weather stations used to simulate yields in US rice 

production systems 

State Station Name Latitude Longitude Elevation (m)  

LA Sweet potato a 32.100 -91.700 21 

LA Rice center (Crowley) a 30.220 -92.370 6 

MS Stoneville b 33.430 -90.910 38 

MS Lyon b 34.220 -90.540 53 

AR Stuttgart c 34.480 -91.420 64 

AR ASU d 35.850 -90.690 79 

AR Corning d 36.420 -90.586 88 

CA Durham e 39.610 -121.820 130 

CA Colusa e 39.230 -122.020 55 

CA Lodi West e 38.130 -121.390 25 

CA Verona e 38.800 -121.610 24 

TX Beaumont f 30.070 -94.302 5 

TX Eagle Lake f 29.600 -96.345 53 
 

Sources: a http://weather.lsuagcenter.com/; b www.deltaweather.msstate.edu; c 

http://www.ars.usda.gov/Main/Docs.htm?docid=23623; d http://www.ncdc.noaa.gov/data-access/land-based-station-

data; e http://www.cimis.water.ca.gov/; f https://beaumont.tamu.edu/climaticdata/  

 

  



Supplemental Table 2. Values of calibrated cardinal temperatures. Calibration followed the steps 

outlined in van Oort et al. (2011) to calibrate the base (TBD), optimum (TOD), and maximum 

(TMD) temperatures for phenological development using the ‘pheno_opt_rice3’ program and the 

“bilinear1” routine. Two search routines were used: (1) large step with TMD up to 999°C, and 

then (2) small step to narrow in on optimal values. The values displayed are those that resulted in 

the lowest correlation between temperatures and phenology prediction error from emergence to 

flowering. Calibration reduced the correlation between temperature and phenology prediction 

error, but at the cost of increased error in phenology predictions (Supplemental Fig. 1). 

  

 Base temperature 

(TBD) 

Optimum temperature 

(TOD) 

Maximum temperature 

(TMD) 

Calibrated value 4.0 26.0 40.0 

  



 

Supplemental Figure 1: Observed date of 50% heading verses the predicted date of 50% 

heading for model simulations in which the cardinal temperatures used to calculate heat units 

have been calibrated according to van Oort et al. (2011). Calibration of cardinal temperatures 

decreased the correlation between phenology error and temperature in the calibration data set, 

but resulted in poorer predictive performance in the validation data set compared to using 

default temperatures (RMSE of 7.6 verses 5). 



 

Supplemental Figure 2: Sensitivity of simulated harvest index values in the ORYZA crop 

model to changes in the maximum relative growth rate of leaves (RGRLMX) for two values of 

RGRLMX and plant density values ranging from 50 to 500 plants m-2. The target harvest index 

was between 50 and 55%, typical of modern high-yielding rice varieties. In order to achieve 

these harvest index values, RGRLMX was assumed to be 0.0060 for variety M-206 (planted at 

350 plants m-2) and 0.0110 for variety CXL745 (planted at 50 plants m-2). 

 


