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Radiation-use efficiency (dry matter produced per unit absorbed radiation) of a spring wheat (Triticum aestivum L.,
cv. Veery-10) was 40% higher in controlled growth chamber experiments than under optimal field conditions.
Simulations with CERES-Wheat, a field model modified to account for growth chamber conditions, suggest that the
observed increase in radiation-use efficiency was due to the large fraction of diffuse light in the experimental
chamber. Under optimal conditions in the field, the highest crop growth rates occur when the daily photosynthetic
photon flux (PPF) is at its highest levels (50-60 mol m d™'). However, these high growth rates do not appear to be
associated with the highest radiation-use efficiency. High PPF levels in the field occur on clear days when the
fraction of direct radiation is high and the diffuse fraction is low. In controlled environments with reflective walls,
high PPF levels with a large fraction of diffuse radiation can be obtained. Diffuse radiation penetrates to the lower
leaves of a canopy better than direct radiation, with the result that the upper leaves are less light saturated and the
lower leaves receive more light, increasing radiation-use efficiency, and thus growth rates. The data and model
. simulations presented here suggest that when diffuse light is a high fraction of the total PPF crop productivity can
exceed the highest values attainable in the field under optimal conditions.

Controlled ecological life support systems Radiation-use efficiency Diffuse light Wheat
Modeling CERES-Wheat
INTRODUCTION long-term field growth rates for several C, crops have

not exceeded 15 g dry matter m™ d! (4).
Crop radiation-use efficiency (RUE), defined herein
as the ratio of total dry matter production to absorbed

Experiments with wheat grown in hydroponics un-
der controlled environmental conditions have produced

high crop growth rates compared to field data (4,6).
The best crop growth rates obtained under ambient CO,
concentration (330-350 ppmv) and high daily light in-
tegrals (70-150 mol m d-! of photosynthetically ac-
tive radiation, compared to 10-60 mol m™? d*! in the
field) are about 60 g dry matter m™? d-'. By contrast,

photosynthetically active radiation (APAR), can be used
to investigate whether intrinsic differences in crop per-
formance between field and growth chamber exist, help-
ing to better understand the factors that boost produc-
tivity in controlled ecological life support systems
(CELSS).
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The light incident upon a crop canopy can be di-
vided into direct and diffuse fractions. We hypothesize
in this work that the amount of diffuse light inside a
growth chamber enhances crop RUE relative to field
conditions, and thus contributes to the observed high
growth rates. This hypothesis is consistent with several
measurements and theoretical models indicating that
crop RUE, although roughly constant in the field, in-
creases with diffuse light (8,13). Previous modeling
studies of crop RUE and diffuse light, however, have
focused on field conditions where typically high dif-
fuse fractions of light are correlated with low light in-
tensities, for example, whenever cloud-cover is present
(12). We consider here conditions characterized by both
high light intensity and a large diffuse fraction, using a
modified CERES-Wheat model (10) to analyze data
covering the entire life cycle of a spring wheat crop
grown in hydroponics under controlled environmental
conditions. Crop RUE was calculated as total (shoots
and roots) dry matter (DM) production per unit APAR
in a given time interval, and expressed in units of g DM
MTI! APAR. Both daily and life cycle values of crop
RUE were considered.

MATERIALS AND METHODS
Experimental Data

Spring wheat (Triticum aestivum L., cv. Veery-10)
was grown in hydroponics in a sealed, controlled envi-
ronment chamber (Environmental Growth Chambers,
Model EGC-13, Chagrin Falls, OH) with a constant Co,
concentration (3) (Table 1). Experimental methods have
been described previously (2). Canopy daytime net
photosynthesis and nighttime dark respiration were
measured and averaged over 3-min intervals via gas

Table 1. Experimental Conditions in the Growth
Chamber

Experimental Parameter Value

Planting density 720 plants m™
Photoperiod 20 h d*
Light intensity 1400 pmol m™ s PPF*
Air temperature 23°C day/night
Temperature of hydroponic

solution and root environment 23°C day/night
Fraction diffuse light- ~ 60%
CO, concentration 330 ppm

*300 pmol m s~ PPF from emergence to day 2, 800 umol
m™ s PPF from day 2 to day 7, and 1400 pmol m™ s~ PPF
from day 8 to maturity.

exchange monitoring throughout the life cycle. Canopy
photosynthesis was calculated from the difference be-
tween CO, concentrations in prechamber and
posichamber air as described elsewhere (2).

Canopy light absorption, I, was calculated as the
difference between downward and upward PPF above
the canopy (/, and I, respectively), diminished by the
amount of light absorbed at the soil surface, calculated
as the difference between downward and upward PPF
below the canopy (I and I , respectively): [, = ([~ 1)
~ (I, - I). The four-component PPF fluxes were mea-
sured daily using a LICOR quantum sensor and a set of
gallium arsenide photodiodes.

Daily total carbon gain by the canopy was calculated
by combining measurements of daytime photosynthe-
sis minus nighttime dark respiration rates. Total dry
matter production was determined using an average
value of 43% C in dry matter, based on measurements
at harvest. Total dry matter was also directly measured
at harvest after drying to a constant mass at 80°C.

The experimental conditions were characterized by
both high radiation and a large fraction of diffuse light
(Table 1). Four 1000-W high-pressure sodium lamps
were evenly spaced above the planting area (1.0 m?),
their light filtered though a 40-mm film of recirculat-
ing water to reduce the heat load on the plants (4). The
reflective, aluminum-coated side walls of the chamber
further contributed to the amount of diffuse light reach-
ing the plant canopy. The large fraction of diffuse light
caused the virtual absence of shadows cast by solid
objects placed in the chamber. Empirical estimates of
the fraction of diffuse light in the growth chamber were
made by blocking the direct radiation flux from the four
lamp filaments with a 4 x 15-cm piece of black metal
placed below each lamp. Measurements of light inten-
sity at the top of the canopy indicated a diffuse fraction
of at least 60%.

Modeling Experimental Data

We recently modified CERES-Wheat, a well-tested
field model used in the prediction of wheat growth and
yield worldwide (10). The new model calculates daily
crop growth rate by scaling equations for photosynthe-
sis from leaf to canopy. Its field predictions under cur-
rent CO, levels are comparable to those made with the
original CERES-Wheat and close to observed data (15).
Model performance was tested against data from a con-
trolled environment chamber. Some of the field-derived



DIFFUSE LIGHT AND WHEAT RADIATION-USE EFFICIENCY 79

parameters in CERES-Wheat needed to be further modi-
fied to account for differences between field and hy-
droponic growth. These changes include: higher root
respiration rates with respect to field parameterization;
modification of model equations for leaf growth to in-
clude dependence on carbon uptake in addition to air
temperature; and modifications to root partitioning
functions during early vegetative growth and grain fill-
ing [see Appendix; (16)]. These modifications have al-
lowed CERES-Wheat to reproduce additional, indepen-
dent data sets from crops grown in environments other
than the growth chamber used-in-the current work
(17,18).

Growth Model Equations. Simple agronomic and
terrestrial ecosystem models calculate total dry matter
production, or net primary productivity (NPP), by mul-
tiplying an externally specified crop RUE parameter
by absorbed light (9). We used the same approach to
calculate NPP, but derived crop RUE by scaling equa-
tions for leaf photosynthesis. We wrote:

NPP = (o, €. + O &) fofuffp APAR. (D)
The four factors (f f .f f ;) have values in the range 0—
1 and were calculated using original CERES-Wheat
equations. Specifically, f, and f, represent water and
nitrogen stress (no stress was assumed in hydropon-
ics); f,1s a temperature stress factor that is lower than
unity when temperatures differ from a crop photosyn-
thetic optimum, set at 7 = 18°C (f, = 0.875 for
T =23°C); f,, is aphenological stress factor due to plant
age, which decreases linearly during grain filling, simu-
lating the effects of grain demand for leaf N on photo-
synthesis (7).

The terms in parentheses in eq. (1) represent crop
RUE under no water, nitrogen, temperature, or pheno-
logical stress. These terms were calculated by dividing
the wheat canopy into two populations of leaves: sunlit
(sun) and shaded (sh), such that o, (i = sun, sh) was the
fraction of total APAR absorbed by either sunlit or
shaded leaves; and €, was the daily radiation-use effi-
ciency of either population of leaves. The latter quan-
tity was expressed as a fraction of a leaf parameter, g,
representing maximum RUE under low light:

g, =g, (i =sun, sh)

where apar, was the absorbed light per unit leaf area of
either sunlit or shaded leaves; and P_ _ was the light-

saturated leaf assimilation rate. Both g and P__ were
chosen from published data (Table 2).

Light gradients within the canopy were modeled via
a “light + shade” canopy light-interception scheme,
with a fixed light source, using standard equations to
calculate sunlit and shaded leaf area indices (LAI) as
shown below. Such a simple approach provides a good
approximation to more exact, but far more complex,
calculations of canopy light interception (1,14).

Modification of Growth Equations for Closed Cham-

- ber Radiaton Regimes. The high fraction of diffuse

light inside the growth chamber required modification
of modeling approaches developed for the field. As
mentioned earlier, the growth chamber had four lamps
placed directly overhead, a water filter, and reflective
walls. The “direct” component of total radiation was
defined the intensity of incident light perpendicular to
the chamber floor. A measure of diffuse light above the
canopy was included by introducing a single param-
eter, o, with values between zero and unity, defined as
the fraction of total photosynthetically active radiation
(PAR) (scattered direct and diffuse component) inci-
dent on the “shaded” leaves. We assumed a simple de-
pendence of the parameter o on LAI, because the frac-
tion of total radiation above the canopy falling on the
shaded leaves must be small when LAI is small and
increasing as LAI increases. At canopy closure, light
falling on the shaded leaves reaches a maximum value,
Gy

LAL, = (1-e*My/k; LAL, = LAI-LAL ; (2a)

apar = k(1 -r) (1 -0o)PAR;
and o = o, LAL /LAL (2b)

apar, = (1-r) (1 —e*"A") c PAR/LAL . (2c)

Here LAI_ _ represents leaf area indices for either sunlit
or shaded leaves; k is the effective canopy light extinc-

Table 2. Model Parameters Used in CERES-Wheat for Simu-
lating Growth Chamber Conditions

Symbol Parameter Value Units
r canopy PAR reflectance 5% —
k effective light absorption  0.85 —
coefficient
leaf maximum RUE 7.7 g DM MJ! APAR

q

P light-saturated leaf net 1.0
photosynthetic rate

total light to shaded leaves (.62 —

mg CO, m™ s~

G
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Figure 1. Simulated crop RUE as a function of the fraction of diffuse light above the canopy. Two
average light levels: high, 1400 pmol m™ s (solid line), corresponding to light levels used in this
experiment; and low, 700 pmol m s (dotted line). RUE was averaged over the crop life cycle.

tion coefficient, used for scattering of both direct and
diffuse light; and r is the canopy reflectance (see Table
2). By comparing eqs. (2a)—(2c) to those developed by
Sinclair et al, (12), which explicitly include the direct
(f;) and diffuse (f ;) fraction of incoming radiation
for a “light + shade” scheme, it can be shown that the
parameter o, defined in eq. (2b) may be expressed as:
6,=1f 4 + fyp With T being the leaf transmittance of
light. As a consequence, T < ¢, < 1. Our equations dif-
fer from those developed by Sinclair et al. (12) in that
they include a canopy reflectance term, 7, and a term,
eq. (2c), for scattering of diffuse light by shaded leaves
3).

Our modified photosynthetic model has been used
to successfully reproduce wheat dry matter production
and yield under a variety of field and management con-
ditions. By choosing o, in the range 0~20%, this model
performs similarly to previous field-specific models of
wheat (10,20). In particular, the model-predicted crop
RUE in the field was found to be in agreement (data
not shown) with the published ficld measurements pre-
viously discussed.

RESULTS AND DISCUSSION

Experimental Results

Three replicate experiments were performed at the
Crop Physiology Laboratories of Utah State Univer-

Table 3. Observed Data and Simulation Results

Experimental Parameter Observed Simulated
Days to anthesis 33+0.5 33
Days to maturity 63 63
Total dry matter production 3530 = 140* 3449
(g m?)
Percent total light absorption 83% 80%
Crop RUE (g DM MJ-! APAR) 3.2 33
Max canopy photosynthesis 2.0, on day 28 2.1, on day 29
(mg CO, m?s7)
Max LAI 30 17.3
Max total respiration rate 1.0, on day 30 1.1, on day 30
(mg CO, m?s7)
Carbon partitioning to organs:
Shoots 550+ 1.0% 53.6%
Roots 5.5+ 0.4% 6.4%
Seed (harvest index) 39.6 09 % 40.0%
Mass seed™ (mg) 29.0x 1.9 29.3
Kernel number plant™ 66.7 2.0 65.3

*Measured at harvest.
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Figure 2. Simulated (solid line) and observed (symbols) dry matter production. Total dry matter
(squares) was calculated from observed gas exchange parameters. Final dry matter calculated from gas
exchange (3210 g m™) was 9% lower than actually measured at harvest (3530 g m?). Vertical bars in
the graph indicate 4% SEM from three replicates.
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Figure 3. Simulated (solid line) versus observed canopy light absorption. The model calculated ab-
sorption from green leaf area only. Vertical bars in the graph indicate 4% SEM from three replicates.
The discrepancy between model and observation during the last 10 days of the life cycle was possibly
due to additional light absorption by senesced leaves in the canopy.
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sity, Logan, UT, with a standard error of the mean be-
low 5%.

The wheat crop reached anthesis 33 days after emer-
gence (DAE) and physiological maturity at 63 DAE.
The harvested total dry matter was about 3500 g DM
m™, corresponding to a life cycle mean growth rate of
56 g DM m2d™, about four times greater than the high-
est values reported for C, crops in the field. Such a large
increase in crop productivity was only in part attribut-
able to the 20-h photoperiod used in our experiments.
In fact, the calculated radiation-use efficiency in the
growth chamber was consistently higher than under
optimal field conditions: the life cycle mean crop RUE
was 3.2 g DM MTF! APAR, more than 40% higher than
field measurements for unstressed wheat crops, 2.2 g
DM MIJ' APAR (8).

Simulations of Crop RUE

When the modified CERES-Wheat model was run
under closed chamber conditions, with modified equa-
tions for hydroponic growth and o values typical of
field simulations, it underestimated the observed total
dry matter production and crop RUE by about 40%.
The simulated life cycle average crop RUE was typical
of field measurements (2.3 g DM MJ-' APAR). It was

necessary to increase the parameter o, to 0.62 in order
to reproduce the observed biomass production and crop
RUE under controlled conditions. By assuming a leaf
transmittance of 5-10% (1), this value corresponds to
a diffuse fraction of 58—-60%, consistent with our esti-
mates.

Our calculations extend those by Sinclair et al. (12),
who estimated that in the field an increase in the frac-
tion of diffuse light from 10% to 50% enhances daily
RUE by as much as 50% in C, crops. However, be-
cause of their interest in investigating field conditions,
these authors covaried the fraction of diffuse light and
the absclute amount of radiation above the canopy. In
their calculations a high diffuse ratio corresponded to
low absolute light intensity and vice versa. The effects
of diffuse light on life cycle averages of crop RUE for a
given total light intensity above the canopy and growth
chamber conditions were calculated (Fig. 1). Life cycle
crop RUE for wheat was calculated under two different
light regimes: low (700 wmol m™? s photosynthetic
photon flux, PPF) and high (1400 umol m= s™! PPF),
with varying fractions of diffuse light (0~100%). The
simulations show that increasing fractions of diffuse
light up to 50% caused a roughly linear increase in crop
RUE, the increases being larger under high light than
under low light.
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Figure 4. Simulated (solid line) and measured (symbols) daily crop RUE. Also indicated is the average
crop RUE, calculated as the ratio of total dry matter produced to total light absorbed. Vertical bars in the

graph indicate 4% SEM from three replicates.
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Simulations of Dry Matter Production

Model simulations were compared with observed
phenological events, whole-canopy instantaneous pho-
tosynthesis and respiration, and dry matter distribution
among plant organs at harvest (Table 3). Comparisons
between measured and simulated data for total dry
matter production, canopy light absorption, and crop
RUE are shown in Figures 2-4. The gradual redistribu-
tion of absorbed light from sunlit to shaded leaves as
successive leaves emerged allowed the model to simu-
late daily RUE correctly: The sudden-decreasein-simus=
lated RUE on day 7 after emergence was due to light
saturation of canopy leaves, mostly sunlit (LAI ~ 1),
as the light levels were increased from 800 to 1400 umol
m? 57! PPF (Table 1). This effect was not observed in
the experimental data, perhaps because the wheat
canopy was already closed. The strong constraint im-
posed on daily NPP by the phenological stress factor,
f,» dominated the simulation of daily RUE after anthe-
sis, showing a roughly constant decline until maturity,
in close agreement with experimental observations.

Model Validity and Limitations

A number of limitations may affect the validity of
these simulations. First, wheat plants grown in hydro-
ponics may have a higher leaf N content than those
grown under optimal field conditions (4). We implic-
itly assumed that leaf light-saturated photosynthetic
rates under no nitrogen or water stress are similar in
both field and hydroponic conditions. This is only true
if the dependence of P___on leaf N content is weak at
optimal leaf N levels, as some authors have indicated
(11). Second, the model phasic development and mor-
phological calculations were developed from a field
model, CERES-Wheat. Although the modifications of
several empirical equations well described observed
growth conditions in the controlled chamber, additional
data from other controlled environment experiments
should be used to further test the modified equations.
Third, canopy respiration was not simulated indepen-
dently, as the sum of growth and maintenance compo-
nents. Rather, following CERES-Wheat, we calculated
NPP directly, implicitly assuming that a fraction of gross
daily production was respired by the crop (5). Although
such an assumption may constitute only a rough ap-
proximation, some authors have used it successfully to
reproduce photosynthesis and respiration data in con-

trolled environments. For the data used here, the frac-
tion of daily gross production respired was determined
to be roughly constant until grain filling (19).

CONCLUSIONS

The result presented here suggest that crop RUE
strongly depended on the fraction of diffuse light reach-
ing the plant canopy. For a given amount of PPF, light
that is diffuse may be better distributed within the
canopy than is direct light, so that light sources that are
highin the diffuse component should be advantageous
to crop growth. Additionally, more leaves would oper-
ate below light saturation; thus, canopy photosynthesis
is more efficient. When the diffuse light component
above the canopy is high throughout the entire crop
life cycle, as in the controlled environment of this work,
dry matter production can exceed that attainable in the
field under optimal growth conditions. Effects of dif-
fuse light on crop RUE enhanced daily crop growth
rates beyond the obvious increase due to the use of
longer daily light integrals in the growth chamber.

The modified CERES-Wheat model was able to re-
produce the observed data, including dry matter parti-
tioning between shoots and roots. These results indi-
cate that CERES-Wheat may be used to simulate wheat
development and growth under controlled environments
as well as under field conditions, provided specific
modifications are made and that the diffuse fraction of
light reaching the plant canopy is accounted for in model
calculations.

APPENDIX: CHANGES TO CERES-WHEAT FOR
GROWTH CHAMBER CONDITIONS

Feedback Between Carbon Assimilation and Leaf
Growth

CERES-Wheat calculates leaf expansion and growth
rates during the vegetative stage as a fixed function of
accumulated temperature only, f(Z7). This method pre-
vents the possibility for a positive feedback between
high crop growth rates (like those in the growth cham-
ber considered) and leaf area development. In fact, high
crop growth rates promote leaf area growth, thus better
canopy light interception, which further enhances
growth rates (5). The original CERES-Wheat could not
simulate correctly leaf growth before canopy closure
(maximum light interception). In the original model, at
least 35% of daily crop production (CARBO) is allo-
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cated to roots (GRORT) during the crop vegetative stage,
as the remainder is partitioned to leaves (GROLF) as
specified by the accumulated temperature:
GROLF = f(£T). CERES-Wheat was modified by re-
quiring that exactly 35% of daily crop production be
allocated to roots, whereas the remainder could be par-
titioned to leaves as a function of both temperature and
carbon assimilation: GROLF = max(f(T), 65%
CARBO).

Root Partitioning Functions

The modifications to carbon partitioning to roots
described above resulted in better simulations of root
dry matter production during the crop vegetative stage.
Further modifications were made during the simulated
grain-filling stage, by setting the maximum allocation
to roots to 10% rather than 20% of the daily assimilate.

Root Growth and Respiration Rates

The original CERES-Wheat calculates actual root
growth rates with the following empirical function:
GRORT, = 0GRORT - BROOT, where GRORT is the
daily root growth, ROOT is the cumulative root dry
matter; o = 0.60 and B = 0.05 are parameters used to
compute growth and maintenance respiration, respec-
tively. In this work, maximum agreement between
modeled and observed data was found by setting
B =0.18 and by leaving o unchanged.
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