1069-9422/99 $10.00 + .00
Copyright © 1999 Cognizant Comm, Corp.

Life Support & Biosphere Science, Vol. 6 pp. 273-278, 1999
Printed in the USA. All rights reserved.

PHASIC TEMPERATURE AND PHOTOPERIOD CONTROL FOR
SOYBEAN USING A MODIFIED CROPGRO MODEL

JAMES CAVAZZONL* TYLER VOLK,t BRUCE BUGBEE,{ and TRACY DOUGHER#

*Department of Bioresource Engineering, Rutgers, The State University of New Jersey,
20 Ag Extension Way, New Brunswick, NJ 08901-8500
+Department of Biology, 1009 Main Bldg., New York University, New York, NY 10003
$Department of Plant, Soils, and Biometeorology, Utah State University, Logan, UT 84322-4820

A modified CROPGRO model is applied to phasic temperature and photoperiod control in order to optimize soy-
bean production for NASA’s program in Advanced Life Support. Baseline model simulations were established
using data from soybean temperature experiments conducted at elevated CO, levels (1100 pmol mol) at Utah State
University (USU). The model simulations show little advantage in using phasic temperature control alone to in-
crease average seed yield rate over the USU experimental values. However, simulations that combine phasic control
of temperature (two phases) and photoperiod (two phases) do indicate the potential to improve seed yield (in g m™
day™) by approximately 15% over those currently obtained experimentally at USU for soybean cultivar Hoyt. This
temperature and photoperiod phasing is experimentally practical. The simulations suggest extending photoperiods
over those typically used experimentally during later phases of the crop life cycle, which would lengthen grain fill
duration and thereby increase mass per seed. The model simulations indicate that the timing and duration of ex-
tended photoperiods would be very important due to possible reductions in seed number m™. Besides affecting seed
yield directly, the model simulations suggest that such reductions may also cause feedback inhibition of photosyn-
thesis due to low seed sink strength at elevated CO, levels.
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INTRODUCTION

CROPGRO is a dynamic model that integrates plant
processes to calculate daily plant growth and develop-
ment for field conditions (2,6,8). It was previously modi-
fied for controlled, hydroponic environments to be a tool
in the analysis and optimization of soybean production
for NASA’s program in Advanced Life Support (3). In
this article, the model is applied to phasic control: the
specification of a series of different environmental con-

ditions during a crop’s life cycle, with the goal of opti-
mizing some aspect of productivity (11). Here, the focus
is on maximizing seed yield averaged over the duration
of the crop life cycle (i.e., maximizing g seed m day™).
These units are useful for advanced life support, where
crops can be successively planted and harvested. The
objective is that model simulations will guide the design
of specific phasic control experiments.

Soybean phenology is dependent on both tempera-
ture and photoperiod (5). As modeled in the phenology

Address correspondence to James Cavazzoni. Tel: (732) 932-9753; Fax: (732) 932-7931; E-mail:cavazzon @bioresource.rutgers.edu.




274 CAVAZZONIET AL.

subroutines of CROPGRO, soybean becomes more
>hotoperiod sensitive and less temperature sensitive
luring development (9). Thus, both phasic tempera-
ure and photoperiod control are assessed here. As
C"ROPGRO was previously modified for a single light/
lark cycle temperature regime (26-22°C) (3), data from
soybean temperature experiments are used for further
nodel modification, as explained subsequently.

EXPERIMENTAL HYDROPONIC
SOYBEAN DATA

Data came from hydroponic soybean [Glycine max
L.) Merr. cv. Hoyt] experiments conducted at Utah State
University (USU) [(4); T. Dougher, unpublished data].
These experiments were conducted at elevated CO, lev-
21s (1100 pmol mol™), with adaily light integral of about
20 mol PAR m™ day™ (PAR, photosynthetically active
radiation), using a 12-h photoperiod. Soybean cultivar
cv.) Hoyt (MG 111, determinate growth habit) was grown
due to its relatively high productivity and dwarf charac-
eristics. The following light/dark cycle temperature re-
simes (°C) were used: 21/21 (n = 2), 23/19 (n = 2), 24/
24 (n = 2),26/22(n = 4),29/25 (n = 4), and 32/28 (n = 2),
with root temperatures maintained at the average daily
emperature of the shoot (n = number of experiments).
Other environmental conditions and plant cultural tech-
niques were described previously (4).

MODEL DEVELOPMENT FOR
PHASIC TEMPERATURE CONTROL

For phasic temperature control analysis, seed yield,
seed number m, mass per seed, pod abortion, biomass,

phenology, and daily gas exchange data from the USU
temperature experiments were used to modify and cali-
brate CROPGRO. The evapotranspiration component
of CROPGRO has not been adapted for growth cham-
ber conditions, so air and canopy temperatures are as-
sumed equivalent for the simulations in this article.
Water and nutrients are simulated to be nonlimiting for

the near optimal controlled, hydroponic environment ~

at USU.

‘Model calibration resulted in simulated seed yield,
seed number m2, mass per seed, and average seed yield
rate to be within 10% of the USU data for all tempera-
ture experiments (Table 1). In order to achieve this
agreement, it was necessary to increase the sensitivity
of pod addition rate to cooler temperatures in
CROPGRO for the USU experiments at 21/21°C and
23/19°C. Similarly, an increased sensitivity of seed
growth rate to higher temperatures was necessary to
better simulate mass per seed for the 32/28°C experi-
ment (see Table 1), Thus, the available data and present
model suggest a greater sensitivity to temperature ex-
tremes for cv. Hoyt than calibrated for soybean in origi-
nal CROPGRO.

A modification to the model was found to be neces-
sary, because it originally overpredicted total biomass
by approximately 20-30% for these same low and high
temperature regirhes (i.e.,21/21,23/19, 32/28°C). This
was even though seed yield, seed number m?, and mass
per seed were all predicted within about 5%. By com-
parison, biomass was simulated within 10% for the other
temperature experiments. As developed for field con-
ditions, CROPGRO uses all the assimilate produced by
photosynthesis each day for either vegetative or repro-

Table 1. Comparison of Modified CROPGRO Simulations With USU Data for Soybean cv. Hoyt*

Temperature (Light/Dark Cycle)

21/21°C (n=2) 23/19°C (n=2)

24/24°C (n=2)

26/22°C (n=4)  29/25°C (n=4) 32/28°C (n=2)

Data ) Model Data  Model

Data Model Data  Model Data Model Data  Model

Seed yield (g m?) 352 367 369 372

Harvest index (%) 33 30 33 30

Seed No. m? 2044 2175 2206 2220

Mass per seed (mg) 169 169 167 168

Crop life cycle durationt 97 103 97 103

Average seed yield rate 3.63 3.56 3.80 3.61
(g m? day)

453 442 472 444 445 380 379
41 39 40 38 40 37 32
2809 2805 2919 2771 2926 2812 2790
161 158 162 161 152 136 136
92 91 92 8% 87 87 88

4.64 4.92 4.86 5.14 4.99 5.12 4.37 4.31

*Modified model with feedback inhibition of photosynthesis (see text). Data are averaged over n experiments. See text for experimental conditions.

tDays after planting.
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ductive growth when nitrogen availability is simulated
to be nonlimiting (i.e., the model is source driven). This
resulted in considerable simulated vegetative growth
during seed fill for the determinate soybean cultivar
Hoyt, when seed demand, thus sink strength, for pho-
tosynthate was low compared to supply. The low-tem-
perature USU experiments produced low seed numbers,
while the higher temperature experiments produced low
mass per seed, which resulted in relatively low yields
in both cases (Table 1).

A feedback inhibition of photosynthesis due to low
sink strength was therefore incorporated into
CROPGRO, in order to prevent excessive vegetative
growth during seed fill for determinate soybean culti-
vars (1). The mechanism used was to simulate an accu-
mulation of starch in the leaves after the cessation of
leaf expansion, producing a decline in the maximum
leaf photosynthetic rate when starch levels exceed ap-
proximately 30% of total leaf mass (7). The inclusion
of this feedback inhibition in modified CROPGRO suc-
cessfully reduces the overprediction in biomass to be-
tween 10% and 15% for the 21/21, 23/19, and 32/28°C
experiments, with a less than 1% change in simulated
yields and other biomass values.

RESULTS USING PHASIC CONTROL

Incorporating the modifications described above, we
next established baseline simulations, where light/dark
cycle temperatures were kept constant throughout the
crop life cycle. Photoperiod was set at 12 h as in the
USU experiments. A default parameter setting devel-
oped for field conditions (9) was used for the photope-
riod sensitivity of ¢cv. Hoyt (MG III). For our simula-
tions, soybean development was insensitive to
photoperiods less than a critical value of 13.2 h (i.e.,
plant developmental rate as a function of photoperiod
is maximal for photoperiods up to 13.2 h, and decreases
for photoperiods greater than 13.2 h).

Representative baseline simulations of average seed
yield rate (g m™ day™) versus temperature are presented
in Figure 1 for the USU experimental conditions. These
results were generated by simulating different light and
dark cycle temperatures in 1°C increments over arange
of 20-32°C. Peak production for these simulations oc-
curs at light/dark cycle temperatures of 27/23°C (5.3 g
m2day™). This yield rate is only about 3% greater than
those simulated for the temperature regimes of 26/22
and 29/25°C used in the USU experiments (Table 1).
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Figure 1. Baseline model simulations: average seed yield rate vs. temperature. Simulations are for constant light/
dark cycle temperatures throughout the crop life cycle. Photoperiod = 12 h. Other environmental conditions are
simulated as in the USU temperature experiments (see text). Peak production occurs for light/dark cycle tempera-
tures of 27/23°C.
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Phasic control, in general, is applied to improve seed
yield rate by shortening the duration of vegetative
growth, and lengthening that for seed fill. This was done
here by simulating different light and dark cycle tem-
peratures as for the baseline simulations, but for sepa-
rate soybean developmental phases. The individual
phases considered were plant emergence to first flower,
first flower to first pod, first pod to first seed, first seed
o end of pod set, and end of pod set to crop harvest.
These individual phases were combined to produce two
or three phases for the crop life cycle (e.g., emergence
to first flower, first flower to harvest). A summary of
the best simulations of seed yield rate for baseline, and
for phasic temperature and photoperiod control sce-
narios is presented in Table 2.

As may be seen in Table 2, simulations of phasic
temperature control with nonphasic photoperiod result
in only modest improvements in seed yield rate for both
two and three temperature phases (photoperiod = 12 h).
Warmer temperatures through first flower (28/28°C) had
the desired effect of decreasing the duration of vegeta-
tive growth by about 3 days over the best baseline simu-
lation. However, soybean development in CROPGRO
after first seed (R5) is fairly insensitive to temperature

(9). Using cooler temperatures (~22°C) from RS
through harvest to increase the duration of grain fill
adversely affected seed number, and lowered simulated
seed yield rate (not shown).

The next phasic control scenario considered was to
extend the duration of grain fill by increasing the pho-
toperiod over the critical value of 13.2 h. The net effect
of this on seed yield depends on the dynamics of seed
growth rate and number, which in CROPGRO decline
when photoperiods exceed critical values. The model
was used to determine when in the crop life cycle to
increase the photoperiod, and to what extent. Phasic
temperature control was also used to maximize seed
number, and so offset the negative effects of longer
photoperiods. Extending the photoperiod at a constant
daily light integral reduces PPF (photosynthetic pho-
ton flux, umol m s7!), while maintaining a constant
PPF requires a greater daily light integral. Both cases
were examined for this study.

The results of the combined phasic temperature and
photoperiod control scenarios suggest that it may be
possible to improve seed yield rate over the best baseline
and phasic temperature control simulations by extend-
ing the photoperiod from 12 to 14 h at the end of pod

Table 2. Baseline and Phasic Control Simulations for Soybean cv. Hoyt

Phasic Temperature and Photoperiod Control

Two T Phases Three T Phases

Planting—R1: Planting—R1:
Phasic Temperature Control 28/28: 12 h 28/28; 12 h
R1-End of Pod Set: R1-End of Pod Set:
Three T Phases 23/23; 12 h 23/23; 12 h
Planting—R1:  gng of pod Set->Harvest: End of Pod Set—Harvest:
Two T Phases 28/28; 12 h 23/23, 14 h 27/23; 14 h
Baseline Planting—>R1: R1-RS:
28/28;12h 24/24; 12 h Constant Constant
Life Cycle: Life Cycle:  RI—Harvest: R1-»> Harvest: Constant Light Constant Light
27/27; 12 h*  27/23; 12 h 27/23;12h 27/23; 12 h PPF Integral PPF Integral
Seed yield (g m?) 451 475 468 475 582 552 586 550
Harvest index (%) 41 41 40 40 42 42 42 42
Seed No. m? 2881 3079 3048 3103 2955 2955 2955 2955
Mass per seed (mg) 157 154 153 153 197 187 198 186
Crop life cycle duration? 86 90 87 88 95 95 95 95
Photosynthetic efficiency 0.266 0.271 0.273 0.274 0.290 0.294 0.292 0.293
(g seed mol™)}
Average seed yield rate 5.24 5.28 5.38 5.40 6.13 5.82 6.17 5.79

(g m™ day™)

*Phase: light/dark cycle temperature (°C); photoperiod. R1 = first flower; RS = first seed.

tDays after planting,

FPhotosynthetic efficiency = seed yield divided by incident PPF (from plant emergence through harvest).
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set (see Table 2). For the parameter settings in
CROPGRO, the minimum duration of the phase from
R5 to the end of pod set is 35% of that from RS to
physiological maturity. While there is no reproductive
stage that exactly corresponds to the end of pod set,
there is an imprecise association with the cessation of
blooming (12). As was the case for phasic temperature
control with nonphasic photoperiod, the use of three
temperature phases instead of two did not improve simu-
lated seed yield rates (Table 2).

At constant PPF, the increased grain fill for the best
phasic control simulation (two temperature phases and
two photoperiod phases) resulted in a seed yield rate of
about 6.1 gm=day™!, roughly a 15% improvement over
the best baseline simulation (Table 2), and nearly 20%
greater than that simulated for the best USU experi-
ments (about 5.1 g m™ day~!, Table 1). For this sce-
nario, temperature was lowered to 23/23°C from first
flower through harvest (Table 2).

Using a constant light integral rather than constant
PPF lowered simulated seed yield rate by about 5% to
5.8 g m? day! (Table 2), indicating that the ratio of
photosynthate supply to seed demand was inadequate
at the lower PPF level for this simulation. As shown in
Table 2, phasing the photoperiod improved the simu-
lated photosynthetic efficiency (g seed per mol inci-
dent PPF) over baseline and phasic temperature con-
trol scenarios. There was only a slight loss in
photosynthetic efficiency when phasing photoperiod
under constant PPF compared to constant light inte-
gral. Additionally, harvest index was fairly constant
across baseline and phasic control simulations.

Whether at constant light integral or PPF, the ex-
tended time period for grain fill resulting from longer
photoperiods caused mass per seed to increase by ap-
proximately 15~20% over those attained in the USU
experiments of Table 1 (Tables 1 and 2). The simulated
mass per seed of ~197 mg in the best phasic control
simulations is close to that attained for cv. Hoyt in other
USU experiments (193 mg) (T. Dougher, unpublished
data). Also, simulated seed number m in the baseline
and phasic control simulations (~3000) have been at-
tained in some of the USU temperature experiments
(4). Thus, our results are reasonable.

The sensitivity of soybean developmental rate to
photoperiod in CROPGRO increases with maturity
group (9). For cv. Hoyt (MG III), simulating a further
increase in photoperiod at the end of pod set, from 12
to 15 h, decreased seed number and increased life cycle

duration, reducing the simulated seed yield rate to 4.9
g m day' (constant PPF). This result may be con-
trasted with the above simulated rate of 6.1 g m2.
day™ obtained when increasing the photoperiod to
14 h at the end of pod set. Similarly, extending the
photoperiod from 12 to 14 h before the end of pod set,
at RS, reduced simulated seed yield rate to 5.2 g m>
day™! (constant PPF). Both these simulations resulted
in a feedback inhibition of photosynthesis due to re-
duced sink strengths caused by lower seed numbers
m™2, whether at constant light integral or constant PPF
(not shown).

The effect of the simulated feedback inhibition on
seed yield in these two cases may be seen by removing
this process from the model (i.e., by comparison with a
source driven model). In the first case (a 15-h photope-
riod at the end of pod set), the source driven model
gives a seed yield rate of 5.0 g m2 day™! (vs. 4.9 gm™
day™ previously). In this case, the model with feed-
back inhibition reduced total biomass with only a small
effect on seed yield (plant development is identical in
both models). In the second case (extending the photo-
period at RS), the source driven model gives a seed
yield rate of 5.8 g m™ day™ (vs. 5.2 g m2 day™' previ-
ously), so that the feedback inhibition reduced seed
yield by about 10%.

DISCUSSION

Phasic temperature and photoperiod control simula-
tions using a modified CROPGRO model indicate the
potential to improve the average seed yield rate by ap-
proximately 15% over those presently obtained experi-
mentally at Utah State University for soybean cultivar
Hoyt. This potential improvement is pertinent, because
system mass is a major consideration for advanced life
support (10). A system level study, however, would also
need to include power consumption and waste process-
ing considerations, in addition to those involving in-
creased crop productivity.

Model results suggest extending photoperiods over
those used experimentally during later phases of the
crop life cycle in order to lengthen the duration of
grain fill, and thereby increase mass per seed. Our
model simulations indicate the use of two tempera-
ture phases (emergence to first flower; first flower
through harvest), and two photoperiod phases (emer-
gence to the end of pod set; the end of pod set through
harvest) (Table 2). This temperature and photope-
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iod phasing is experimentally practical. The model
simulations also indicate little advantage in using
vhasic temperature control without phasing photo-
veriod.

Our results indicate that an important factor in
ichieving a higher average seed yield rate would be
0 minimize losses in seed number by appropriate tim-
ing and duration of extended photoperiods, and the
use of phasic temperature control. This is not only
because seed number affects yield directly, but also
because the model simulations suggest the possibility
of feedback inhibition of photosynthesis due to low
seed sink strength, which may reduce yield as well as
total biomass.

Only particular growth phases were incorporated into
our model for this study. Also, default parameter set-
tings developed for field conditions were used for the
photoperiod sensitivity of cv. Hoyt, as well as for the
occurrence of the end of pod set. The actual soybean
response to phasic photoperiod control will depend on
photoperiod sensitivity in controlled environments. This
needs to be determined, as does the exact timing of the
photoperiod extension for cv. Hoyt. Our results thus
help focus opportunities for further experiments. Fu-
ture modeling efforts should be expanded to include
phasic irradiance control, so that the optimization of
both crop productivity and energy efficiency may be
analyzed.
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