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Maize Radiation Use Efficiency under Optimal Growth Conditions

John L. Lindquist,* Timothy J. Arkebauer, Daniel T. Walters, Kenneth G. Cassman, and Achim Dobermann

ABSTRACT and Amthor (1999) suggested that the RUE era in crop
modeling should be closed.Accurate measurement of crop growth and radiation use efficiency

A number of factors contribute to the variation in(RUE) under optimal growth conditions is required to predict plant
reported estimates of RUE (Sinclair and Muchow, 1999).dry matter accumulation and grain yield near the genetic growth

potential. Research was conducted to quantify the biomass and leaf Estimates of RUE depend on whether radiation is mea-
area index (LAI) accumulation, extinction coefficient, and RUE of sured as total solar radiation or as PAR. While some
maize (Zea mays L.) under conditions of optimal growth. Maize was authors suggest that conversion of RUE based on solar
grown in two environments over five growing seasons (1998–2002). radiation to that based on PAR is achieved simply by
Total aboveground biomass at maturity ranged from 2257 g m�2 in multiplying by the fraction of total solar radiation that
1998 to 2916 g m�2 in 2001; values that are considerably greater than is photosynthetically active (usually 0.5, Sinclair andthe biomass achieved in most previous studies on RUE in maize.

Muchow, 1999), it has been pointed out that the appro-Peak LAI ranged from 4.8 to 7.8. Maize extinction coefficients during
priate multiplication factor depends on canopy LAIvegetative growth (k ) were within the range of recently published
(Bonhomme, 2000). The radiation intercepted by a cropvalues (0.49 � 0.03), with no clear pattern of differences in k among

years. Seasonal changes in interception of photosynthetically active is different from that absorbed by it and, therefore,
radiation (PAR) were similar across all but one year. Estimates of introduces variation in RUE calculations. In agreement
RUE were obtained using the short-interval crop growth rate method with Sinclair and Muchow (1999), Bonhomme (2000)
and the cumulative biomass and absorbed PAR (APAR) method. suggests that assuming 85% of intercepted PAR (IPAR)
Values of RUE obtained using the two methods were 3.74 (�0.20) g is absorbed by the leaf canopy is accurate when canopy
MJ�1 APAR and 3.84 (�0.08) g MJ�1 APAR, respectively, and did LAI is large, but the value is smaller when canopiesnot vary among years. This compares to a published mean RUE

are less dense. Variation in estimates of RUE can befor maize of 3.3 g MJ�1 of intercepted PAR (Mitchell et al., 1998).
substantially reduced by measuring both interceptedMoreover, RUE did not decline during grain filling. Differences in
and absorbed radiation continuously during a samplingbiomass accumulation among years were attributed in part to differ-

ences in observed radiation interception, which varied primarily due period.
to differences in LAI. Maize simulation models that rely on RUE for Maize grain yield is determined, in part, by kernel
biomass accumulation should use an RUE of 3.8 g MJ�1 APAR for number at harvest (Tollenaar et al., 2000), which is sensi-
predicting optimum yields without growth limitations. tive to environmental conditions (Lizaso et al., 2003)

and not completely dependent on total biomass produc-
tion (Rajcan and Tollenaar, 1999). The most effective

Plant dry matter accumulation depends on the total approach to predicting kernel number per plant depends
C fixed by photosynthesis and the fraction of that on the average daily IPAR around silking (Lizaso et

C converted to dry matter (Norman and Arkebauer, 1991). al., 2003). Therefore, accurate prediction of daily IPAR
In the absence of biotic and abiotic stresses, plant dry is often a critical component of maize simulation models
matter accumulation depends on the quantity of radia- because it determines daily biomass increase as well
tion absorbed by the canopy (e.g., Kiniry et al., 1989; as kernel number. Radiation interception is primarily
Monteith, 1977; Sinclair and Muchow, 1999). The relation- determined by the LAI (Bonhomme, 2000; Lindquist
ship between plant dry matter and radiation intercepted and Mortensen, 1999; Muchow, 1988) and an index of
has been termed the radiation use efficiency (RUE, g the efficiency of radiation interception, the extinction
MJ�1; Monteith, 1977). A number of crop growth simu- coefficient (k; Lizaso et al., 2003).
lation models have been developed using the RUE con- The definition of plant growth also determines the
cept to forecast crop growth and yield in different envi- estimated value of RUE. Growth can be determined
ronments (Brisson et al., 2003; Jones and Kiniry, 1986; using net CO2 uptake, total aboveground dry matter, or
Muchow et al., 1990). These models generally calculate total dry matter (including roots, Arkebauer et al., 1994).
daily biomass production as the product of the quantity Growth is most commonly reported based on net above-
of radiation intercepted and RUE (Lecoeur and Ney, ground biomass production because destructive sam-
2003). However, the empirical nature of RUE and the pling of biomass is easier than long-term measurement
low precision with which it can be estimated (Mitchell of canopy CO2 uptake, and obtaining estimates of root
et al., 1998) may cause significant uncertainty about the biomass is difficult (Sinclair and Muchow, 1999). Accu-
accuracy of model simulations. Considering this, Loomis racy of measured crop biomass can contribute greatly

to variation in estimated RUE, and care must be taken
Dep. of Agron. and Hortic., Univ. of Nebraska–Lincoln, P. O. Box
83095, Lincoln NE 68583-0915. Received 15 Mar. 2004. *Correspond-

Abbreviations: APAR, absorbed photosynthetically active radiation;ing author (jlindquist1@unl.edu).
CGR, crop growth rate; DOY, day of year; DVS, development stage;
IPAR, intercepted photosynthetically active radiation; k, extinctionPublished in Agron. J. 97:72–78 (2005).

© American Society of Agronomy coefficient; LAI, leaf area index; PAR, photosynthetically active radia-
tion; RUE, radiation use efficiency.677 S. Segoe Rd., Madison, WI 53711 USA

72



R
ep

ro
du

ce
d 

fr
om

 A
gr

on
om

y 
Jo

ur
na

l. 
 P

ub
lis

he
d 

by
 A

m
er

ic
an

 S
oc

ie
ty

 o
f A

gr
on

om
y.

  A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

LINDQUIST ET AL.: MAIZE RADIATION USE EFFICIENCY 73

ate] (1 kg a.i. ha�1), alachlor [2-chloro-N-(2,6-diethylphenyl)-to minimize experimental error (Sinclair and Muchow,
N-(methoxymethyl)acetamide] (1.4 kg a.i. ha�1), and atrazine1999).
[6-chloro-N-ethyl-N�-(1-methylethyl)-1,3,5-triazine-2,4-dia-Considerable debate has occurred on how measure-
mine] (0.85 kg a.i. ha�1) were applied at planting for rootwormments of crop biomass and radiation interception data
and weed control, respectively. Fertilizer P (29 kg ha�1), Kshould be used to calculate RUE. The crop growth rate
(9.4 kg ha�1), and Zn (8 kg ha�1) were applied 5 cm below(CGR) determined between two consecutive harvests and to the side of the seed at planting. Water was supplied

divided by the quantity of radiation intercepted during through furrow irrigation every 3 to 5 d beginning immediately
that period is one method of calculating RUE. This after the ridge operation. Maize anthesis occurred on 7 July
method results in the least bias because CGR values (DOY � 188) and physiological maturity on 27 August
are independent. Sinclair and Muchow (1999) suggested (DOY � 239). A significant hail event partially defoliated
that the linear relationship between biomass accumula- maize plants on 5 July (DOY � 186).

A 24 (32 rows)- by 38-m section of the Beaver farm was usedtion and cumulative radiation interception provides a
for destructive and nondestructive plant and soil sampling. Themore appropriate estimate of RUE. While this method
area was separated into four “replicate” blocks, each 16 rowshas been the most common means of estimating RUE,
by 19 m long. Within each block, a 2-m section of row wasit has been criticized because use of cumulative data has
destructively harvested once every 3 to 7 d throughout thelogical and arithmetic weaknesses (Demetriades-Shah
growing season (21 samples total). Each harvested area waset al., 1992, 1994). at least 2 m and/or two rows from previously harvested areas

Theoretical estimates of maize yield potential (Tollen- to avoid edge effects. At sampling, height of each plant was
aar, 1983) and examples where growers have achieved recorded and plants clipped at the soil surface and then sepa-
grain yields near 20 Mg ha�1 exist (Tollenaar and Lee, rated into green and dead leaves, stems, and reproductive
2002). Ability to predict crop growth and grain yield at organs. Green leaf area was measured using a planometer
this level of production depends on the value of RUE (model LI3100, LI-COR Inc., Lincoln, NE) and all organ

groups dried at 60�C to constant weight.used in simulations. Therefore, it is critical that esti-
mates of crop growth and RUE be obtained under opti-
mal growth conditions. Loomis and Amthor (1999) esti- Field Experiments at Lincoln, Nebraska
mated the potential maize RUE at 4.9 g of total biomass

A field experiment was established in 1999 on a deep Ken-production per unit APAR (g MJ�1 APAR), but few
nebec silt loam soil (fine-silty, mixed, superactive, mesic Cu-examples of measured RUE exceed a value of 3.4 g
mulic Hapludoll) in Lincoln, NE (40�49� N, 98�39� W; 357 mMJ�1 based on IPAR (Mitchell et al., 1998, Sinclair and above sea level). The field was in a sorghum [Sorghum bicolor

Muchow, 1999). Experiments were established to esti- (L.) Moench]–soybean [Glycine max (L.) Merr.] rotation be-
mate the yield potential of maize under near-optimal fore 1999, with no N fertilizer added for at least 10 yr. Average
growth conditions, and grain yields of 14 Mg ha�1 have initial soil test values in 0- to 20-cm depth were pH 5.3, 16 g
been achieved (Yang et al., 2004). The objective of this kg�1 C, 67 mg kg�1 Bray-P, and 350 mg kg�1 exchangeable K.

Lime was applied in 1999 and 2001 to maintain soil pH atresearch was to determine if the biomass and LAI accu-
about 6.2.mulation, extinction coefficient, and RUE of maize un-

The 3 � 3 � 2 factorial experiment was conducted in ader these conditions differ substantially from those re-
split-split plot randomized complete block design (four repli-ported in the literature.
cates) with three crop rotations (continuous maize, maize–
soybean, soybean–maize) as main plots, three plant population
(P) densities as subplots, and two levels of fertilizer nutrientMATERIALS AND METHODS
management (M1 � recommended fertilizer rates; M2 � in-

On-Farm Study at Sterling, Nebraska tensive nutrient management) as sub-subplots (Table 1; Yang
et al., 2004). Sub-subplots were eight rows (6.1 m at 0.76-mMeasurements of maize growth and radiation attenuation
row spacing) by 15 m. Results presented here were obtainedwere made in 1998 on the Beaver family farm near Sterling,
from the soybean–maize rotation main plot and the intensiveNE (40�26�45″ N, 97�36�25″ W; 365 m above sea level). The
management (M2) treatments during the 1999 to 2001 periodBeavers have consistently ranked in the top three maize pro-
and the maize–maize rotation M2 treatments in 2002. Onlyducers in the irrigated class of the National Corn Growers
the highest population treatments were analyzed in 1999 andAssociation’s Yield Contest, producing nearly 19 Mg ha�1

2000, whereas all three or two (highest and lowest) populationgrain (15.5% moisture content) in most years. The farm is
treatments were evaluated in 2001 and 2002, respectively.located on a deep Kennebec silt loam soil (fine-silty, mixed,

The experiment was managed intensively to ensure optimalsuperactive, mesic Cumulic Hapludoll). Average soil test val-
water and nutrient conditions and avoid stresses from weeds,ues in 0- to 30-cm depth were pH 5.6, 16 g kg�1 soil organic
insects, and diseases. The field was ripped to a depth of 45 cmC, 95 mg kg�1 Bray-P, and 299 mg kg�1 exchangeable K.
in the fall of 1999 and fall moldboard plowed to 30 cm inThe sampled field was in continuous maize for at least 5
each year to create a deeper topsoil layer. Experiments wereyr. Tillage included fall disc followed by moldboard plow to
irrigated to fully replenish daily crop evapotranspiration viaa depth of 30 to 35 cm, field cultivation 1 d before planting,
a surface drip tape system in 1999 and 2000, with the tapeand a ridging operation with an interrow cultivator at the V6
placed next to the plants in each row. A subsurface drip irriga-stage of crop development [1 June, day of year (DOY) � 152].
tion system was installed in 2001 with drip tapes in alternateAnhydrous ammonia was applied to the field at 225 kg N ha�1

rows at about 30- to 37-cm depth. Corn hybrid Pioneer 33A14on 1 April (DOY � 91). Maize hybrid Pioneer 33A14 was
(Bt) was planted in 1999 and 2000 and Pioneer 33P67 in 2001planted to achieve 8.9 plants m�2 on 23 April (DOY � 113),
and 2002. In the corn–soybean rotation, a high-yielding, semi-and emergence occurred on 1 May (DOY � 121). Chlorpyrifos

[O,O-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothio- determinate soybean cultivar, NE3001, was planted in all
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Table 1. Maize hybrids, final population density, and date (day of year, heat units accumulated from emergence in parentheses) of sowing,
emergence, initiation, and conclusion of photosynthetically active radiation (PAR) measurements, anthesis, and physiological maturity.

Population PAR initiated PAR concluded Anthesis Maturity
Year Hybrid (P1, P2, P3)† Sowing Emergence DOY (TU)‡ DOY (TU) DOY (TU) DOY (TU)

1998 33A14 8.9 113 121 173 (404) 244 (1238) 188 (590) 239 (1177)
1999 33A14 11.3 133 141 210 (900) 256 (1509) 200 (706) 256 (1509)
2000 33A14 11.0 112 120 208 (1050) 233 (1441) 187 (740) 233 (1441)
2001 33P67 7.7, 10.2, 11.2 116 122 152 (228) 239 (1473) 189 (707) 243 (1532)
2002 33P67 7.1, 8.4, 9.4 130 136 165 (304) 227 (1323) 199 (866) 254 (1713)

† P1, P2, and P3 refer to plant density treatments used in the Lincoln field experiment.
‡ DOY, day of year; TU, thermal units accumulated from emergence.

years. Field cultivation of all plots was done at the V6 stage Calculations and Statistical Analysis
of corn to incorporate N fertilizer and control weeds.

Corn phenological development was made more compara-Nutrient amounts applied to each maize crop were 225 to
ble across years by defining phenological time using a dimen-298 kg N ha�1, 45 kg P ha�1, and 85 kg K ha�1. Nitrogen applica-
sionless scale ranging from 0 (emergence) to 1.0 (anthesis) totion included 100 to 105 kg N ha�1 incorporated before planting
2.0 (physiological maturity). Rate of development was calcu-and two to three sidedress doses at V6, V10, and VT stages
lated as the inverse of the number of thermal units accumu-of maize, all as ammonium nitrate. Blanket doses of S, Fe,
lated between two phenological events. Thermal units accu-and Zn were applied in 1999 and 2000 (Yang et al., 2004).
mulated per day after emergence (TUt) were obtained usingCrop staging was assessed regularly on 10 plants located
TUt � min[(30 � Tb), (Tavg � Tb)], where Tb is the basewithin the fifth and sixth rows of each sub-subplot. Five consec-
temperature for development (10�C), Tavg is the average dailyutive plants were periodically harvested approximately bi-
temperature (Tmax – Tmin)/2, and 30 is the maximum tempera-weekly throughout the growing season in each sub-subplot.
ture for development.Each harvested area was at least 1 m and/or one row from

Total biomass accumulation (W, g m�2) and LAI (m2 leafpreviously harvested areas to avoid edge effects. At sampling,
m�2 ground) were determined as the product of measuredheight of each plant was recorded and plants clipped at the
biomass (g) or leaf area (m2) per plant at each sampling datesoil surface and then separated into green and dead leaves,
and actual plant density (plants m�2). To compare totalstems, and reproductive organs. Green leaf area was measured
aboveground biomass at similar phenological developmentusing a planometer (LI3100) and all organ groups dried at
stage (DVS), W was regressed on DVS using the modified60�C to constant weight.
Weibull function:

Canopy Radiation Interception Measurements W � Wmax �1 � exp���DVS
a �

b

�� [1]
A portable weather station was erected in each experiment

to monitor hourly soil, air, and canopy temperatures; incident, where Wmax is maximum estimated aboveground biomass and
intercepted, and reflected PAR; precipitation; relative humid- a and b are shape coefficients. Canopy extinction coefficients
ity; and wind speed. The station was placed at Sterling in (k) were calculated from measurements of transmitted PAR
the field adjacent to the sampled blocks with data collection (TPAR, �mol m�2 s�1), incident PAR (PAR, �mol m�2 s�1),
initiated on 20 June (DOY � 171). In the Lincoln experiment, and green LAI on the date of sampling:
the station was placed in the field between two blocks and
data collection initiated on dates reported in Table 1. Incident
quantum flux was measured above the canopy using a point

k �

�ln
TPAR
PAR

LAI
[2]quantum sensor (LI-190SA, LI-COR, Lincoln, NE) in all years.

Intercepted quantum flux was measured by the placement of
a single-line quantum sensor (LI-191SA, LI-COR, Lincoln, where green LAI was the average across all four replicates

of the appropriate treatment (necrotic leaf tissue was notNE) at the soil surface diagonally across rows at Sterling and
in the high-population (P3), high-management (M2) treatment included in green leaf area) and TPAR and PAR were the

measured daily totals for the date of sampling. Earl and Davisin 1999 and 2000; three sensors (one in each of the three
population by M2 treatments) in 2001; and two sensors (one (2003) showed that daily total PAR interception accurately

reflects instantaneous measurement within 30 min of solarin each of the P1 and P3 by M2 treatments) in 2002. Reflected
quantum flux was measured using an inverted-line quantum noon. Therefore, our estimates should compare favorably with

those reported elsewhere (e.g., Lizaso et al., 2003).sensor (LI-191SA Idem) attached to the weather station and
placed 2 m above the crop canopy. All measures of quantum Radiation use efficiency was estimated in two ways. First,

the CGR (g m�2 d�1) calculated between two consecutiveflux were then converted to PAR using the conversion 4.6 mol
MJ�1 (Biggs, 1979; Tollenaar and Aguilera, 1992). All sensors sampling dates and averaged across four replicates of the

appropriate treatment was regressed on the quantity of APARhad been recently calibrated by the manufacturer (traceable
to the U.S. National Institute of Standards and Technology, (MJ m�2 d�1) between those dates. Estimated RUE is the

slope of this relationship. Second, total aboveground biomassGaithersburg, MD), and measured incident radiation was com-
pared to ensure accurate cross-calibration before placement accumulated beginning after the first destructive sample taken

after the PAR sensors were placed in the field was regressedwithin the canopy. Line sensors were leveled and supported
by brackets approximately 10 cm above the soil surface and on the quantity of cumulative APAR during the same period.

Estimated RUE is the slope of this relationship.cleaned every 3 to 5 d to ensure accurate measurement. Ab-
sorbed PAR was calculated as incident PAR less transmitted Differences in biomass accumulation through phenological

development across years were evaluated by comparing best-and reflected PAR. Reflection of PAR from soil was not
measured. Measurements from all sensors were taken once fit lines of biomass on DVS using Eq. [1]. Owing to the differ-

ent sampling times and complex nature of the LAI vs. DVSper minute and averaged into 30-min records.
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relationship, statistical comparisons were not possible across biomass at anthesis, as estimated from the best fit of
years. Comparisons of biomass and LAI among treatments at Eq. [1], was 773, 978, 1097, 1141, and 1445 g m�2 in
each sampling date were performed by analysis of variance 1998, 1999, 2000, 2001, and 2002, respectively. These
using PROC mixed (SAS Inst., 1999), but only data for the estimates are 4 to 95% larger than the greatest biomassgreatest population by M2 treatment are presented. Estimates

estimates reported at silking (740 g m�2) in Tollenaarof RUE among population treatments in 2001 and 2002 were
and Aguilera (1992).compared by testing the heterogeneity of slopes of the regres-

Estimates of biomass at physiological maturity aver-sion of CGR on APAR or cumulative biomass on cumulative
APAR (Littell et al., 1991). If differences were not observed aged 2257 (SE � 151.4), 2822 (141.9), 2735 (170.4), 2916
among treatments in 2001 or 2002, data within each year were (257.7), and 2833 (88.0) g m�2 in 1998, 1999, 2000, 2001,
pooled, and estimates of RUE among years were tested using and 2002, respectively. These estimates are 5 to 70%
the same approach. If differences were not observed among greater than the greatest biomass estimates reported at
years, all data were pooled to obtain a single RUE estimate. physiological maturity for other potential yield research

(Tollenaar and Aguilera, 1992; Muchow, 1988, 1989;RESULTS Westgate et al., 1997) but similar to the greatest values
Phenological Development reported in Otegui et al. (1995).

Optimum soil water and nutrient conditions were en-
Leaf Area Index, Vegetative Growth,sured, weeds were aggressively managed to eliminate

and Intercepted Photosyntheticallyeffects of interspecific competition, and no evidence of
pathogen damage was observed in the 5 yr of this re- Active Radiation
search. Thermal time from emergence to maize anthesis Observed LAI was smallest throughout the season ator physiological maturity did not vary among treatments Sterling in 1998, in part because a hail event immediatelyin any year. Maize reached anthesis 67, 59, 67, 67, and

before anthesis partially defoliated plants. Leaf area63 d after emergence, and physiological maturity was
index development was lower in 1998 and 1999 com-reached at 126, 115, 112, 121, and 118 d after emergence
pared with other years (Fig. 2). While LAI at physiologi-in 1998, 1999, 2000, 2001, and 2002, respectively (Ta-
cal maturity was similar across all years, the lower LAIble 1). Length of the grain-filling period ranged from
at anthesis in 1998 and 1999 indicates that the rate of46 to 56 d. Thermal units accumulated from emergence
leaf senescence was smaller in those years. A greaterto anthesis ranged from 590 to 866 and from 1177 to
rate of leaf senescence in 2000 through 2002 may be the1713 for emergence to physiological maturity. Incident
result of higher-than-normal temperatures during thePAR accumulated from emergence to anthesis was 794,
late stages of grain filling in those years (Yang et al., 2004).599, 782, 729, and 693 MJ in each year, respectively.

Owing to the different sampling times, it was notHigher-than-normal daily average temperatures during
possible to compare the relationship between the extinc-grain filling hastened phenological development rate
tion coefficient and DVS across years. Estimates of k(d�1) during grain fill in 2000 (Yang et al., 2004).
appeared to be slightly smaller in 1998 from V9 (DVS �

Biomass Accumulation 0.67) through early grain fill compared with other years
(Fig. 3). Combining all years, estimates of k averagedComparisons of total biomass and LAI across years
0.67 (�0.04) across the entire season. There was a trendonly include data from the P3 M2 treatment and the
of increasing k values during grain fill. Overall mean1998 data from Sterling. Best fit of total aboveground
estimates of k were 0.49 (�0.03) for the period betweenbiomass on phenological time was smaller in 1998 com-
emergence (DVS � 0) and anthesis (DVS � 1) butpared with other years and larger through the middle

of the season in 2002 (analysis not shown, Fig. 1). Total

Fig. 2. Observed (symbols and error bars) leaf area index (LAI) ofFig. 1. Observed (symbols and error bars) total aboveground biomass
of maize and the best fit of Eq. [1] at Sterling in 1998 through maize at Sterling in 1998 through 2002 at Lincoln, NE. Data plotted

here are for the greatest-density treatment planted in that year2002 at Lincoln, NE. Data plotted here are for the greatest-density
treatment planted in that year and the M2 fertility treatment. and the M2 fertility treatment.
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Fig. 5. Maize crop growth rate as a function of absorbed photosynthet-Fig. 3. Seasonal changes in maize canopy light extinction coefficient
ically active radiation (APAR). Solid symbols represent observa-measured and predicted as a function of a relative phenological
tions made during the vegetative stage of development (DVS �development stage (0, emergence; 1, anthesis; 2, physiological ma-
1.0), and open symbols represent observations made during repro-turity).
ductive development (1.0 � DVS � 2.0). The equation reports the
slope (�SE) of the regression of crop growth rate (CGR) on APARincreased to a mean of 0.70 between DVS � 1.0 and
with a suppressed intercept (since the intercept did not differ fromDVS � 1.8. The larger estimates of k during late stages
zero). Residual standard error of the regression was 9.98.of reproduction are likely the result of an increasing

proportion of dead leaves intercepting radiation since
Crop growth rate for specific harvest intervals rangeddead leaf tissue was not removed in the field.
from 8.9 to 49.3 g m�2 d�1. Crop growth rate values shownThe fraction of PAR intercepted by the maize canopy
in Fig. 5 are within the range of those commonly re-(IPAR) was lower throughout the measurement period
ported in the literature (e.g., Earl and Tollenaar, 1999;in 1998 than the other 4 yr (Fig. 4). Greatest differences
Lemcoff and Loomis, 1986; Rajcan and Tollenaar, 1999).occurred during late vegetative stages and declined

Slope of the regression of CGR on rate of PAR ab-through grain filling to where IPAR was only slightly
sorption (APAR) provides an estimate of RUE (theless in 1998 than other years. The lower estimates of
CGR method). Estimates of RUE did not vary amongthe extinction coefficient before anthesis in 1998 could
treatments in 2001 or 2002 (analysis not shown). Thereexplain some of the differences in IPAR during vegeta-
was only one sampling interval in 1999 and two in 2000tive growth. However, during grain filling, estimates of
where both radiation interception/absorption and bio-k were similar among years, yet IPAR differed. The
mass data were collected, so comparisons across yearslower LAI due to hail damage in 1998 also may have
were only possible for 1998, 2001, and 2002. Estimatescontributed to the lower IPAR observed in 1998, espe-
of RUE did not differ between those years, so all CGRcially during grain fill.
and APAR data were pooled to obtain a single estimate

Radiation Use Efficiency of RUE for all years (Fig. 5). The estimate of 3.74
(�0.20) g MJ�1 APAR is at the high end of publishedAverage season-long CGR was greatest in 1999
values of RUE for maize (Mitchell et al., 1998; Sinclair(24.6 g m�2 d�1) and smallest in 1998 (22.7 g m�2 d�1).
and Muchow, 1999) but considerably below the estimate
of potential RUE calculated by Loomis and Amthor
(1999). As with the CGR method, all cumulative bio-
mass and APAR data were pooled to obtain a single
estimate of RUE across years (Fig. 6). The relationship
between cumulative maize biomass and cumulative
APAR resulted in a larger estimate of RUE with a
lower standard error. However, the estimate of 3.84
(�0.076) g MJ�1 APAR is not statistically different from
the estimate obtained using the CGR method. Average
difference between the fraction of IPAR and APAR
across all treatments and years was 0.028 (SE � 0.003).
Therefore, RUE based on IPAR can be calculated as
the product of RUE based on APAR and 0.972, or
3.63 g MJ�1 IPAR and 3.73 g MJ�1 IPAR for the CGR
and cumulative methods, respectively.

Muchow and Davis (1988) and Cirilo and AndradeFig. 4. Seasonal changes in the fraction intercepted photosynthetically
(1994) reported that maximum RUE occurs during veg-active radiation (PAR) in relation to relative phenological develop-

ment stage (0, emergence; 1, anthesis; 2, physiological maturity). etative growth and declines during grain filling. Simi-
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subsequent 4 yr, which may have contributed to the
smaller early-season LAI. The reduction in LAI due to
partial defoliation by hail in 1998 may have resulted in
reduced PAR interception during grain fill and contrib-
uted to the consistently lower biomass observed in 1998.
The smaller LAI observed in 1999 may be due to the
considerably later planting, which altered the tempera-
ture environment during leaf development, shortened
the period from emergence to anthesis by 7 d compared
with the other 4 yr (Table 1), and substantially reduced
the potential interception of PAR (since total cumula-
tive incident PAR from emergence to anthesis was 150
MJ smaller than the average for the other 4 yr). The
similarity in LAI observed between 2001 and 2002 indi-
cates that LAI was not related to the larger biomass
observed in 2002. Differences in extinction coefficients

Fig. 6. Cumulative maize aboveground biomass as a function of cumu- at constant LAI also would result in differences in radia-
lative absorbed photosynthetically active radiation (APAR). Solid tion accumulation and potential biomass accumulation.symbols represent observations made during the vegetative stage

However, a clear pattern of differences in k among yearsof development (DVS � 1.0), and open symbols represent observa-
was not observed. Therefore, it appears that the LAItions made during reproductive development (1.0 � DVS � 2.0).

Note that measurement of APAR was not initiated at emergence. observed in 1998 was insufficient to reach maximum
The equation reports the slope (�SE) of the regression of cumula- radiation interception, resulting in smaller biomass ac-
tive biomass on APAR with a suppressed intercept (since the cumulation throughout the season. While the LAI inintercept did not differ from zero). Residual standard error of the

1999 was smaller than that observed in later years, itregression was 166.2.
was large enough to reach maximum PAR intercep-
tion (Fig. 4).larly, Otegui et al. (1995) estimated the season-long

Estimates of RUE obtained using the CGR and theRUE at 3.39 g MJ�1 IPAR but calculated a larger value
cumulative biomass and APAR methods did not signifi-during vegetative development (4.14 g MJ�1 IPAR).
cantly differ, but the CGR method was associated withEstimates of both biomass accumulation and PAR inter-
larger error variance. While there is less variance associ-ception were obtained throughout much of the season
ated with the cumulative biomass and APAR method,in 1998, 2001, and 2002 but only during grain fill in 1999
the reduced variance is likely because those data areand 2000. Observations obtained pre- and postanthesis
not truly independent (Demetriades-Shaw et al., 1992).are distinguished by solid and open symbols in Fig. 5
We prefer the short-interval CGR method since dataand 6, respectively. Results do not indicate a reduction
used in its estimate are independent and, therefore, lessin RUE during grain fill.
biased than the cumulative biomass and APAR method.
Mitchell et al. (1998) also concluded that the traditional

DISCUSSION cumulative method of computing RUE tends to give
false confidence in the value of RUE and obscures allExperiments conducted in this study were designed
variation in RUE with time.specifically to provide near-optimum growing conditions

Results in Fig. 5 and 6 do not support the commonfor maize biomass production. Biomass accumulation
perception that RUE declines during grain fill. Environ-through time was smallest in 1998; nearly identical in
mental constraints can change shoot biomass by altering1999, 2000, and 2001; and greatest in 2002 (Fig. 1). The
leaf area expansion, maintenance respiration, and cropobserved difference in biomass accumulation during de-
cycle duration (e.g., length of grain fill; Otegui et al.,velopment may result from differences in climate, differ-
1995). Changes in these factors may also result in changesential absorption of PAR due to variation in plant popu-
in assimilate supply and demand. It appears that, underlation and LAI, or to differences in the efficiency of
optimal growth conditions where assimilate supply isconverting APAR into dry matter (Tollenaar and Agui-
likely maintained approximately equal to its demand,lera, 1992). The fraction of IPAR was shown to differ
CGR is optimized (Rajcan and Tollenaar, 1999), andsubstantially throughout growth only in 1998. There-
RUE will not decline.fore, the smaller biomass in 1998 may result from re-

The RUE measured in this research is greater thanduced PAR absorption, which was primarily due to the
any published estimate where PAR absorption was mea-lower LAI in that year. The greater biomass accumula-
sured continuously throughout the measurement periodtion during early reproductive development in 2002 may
(Sinclair and Muchow, 1999). Our estimate is also greaterbe the result of a combination of small (undetected)
than any RUE value used in crop models such as CERES-changes in radiation interception, the efficiency in radia-
Maize and the Muchow–Sinclair–Bennett model (Mu-tion interception, and RUE.
chow et al., 1990). Therefore, it may be expected thatObserved LAI accumulation was greatest and very
these models, as currently parameterized, will not per-similar in 2000, 2001, and 2002 but smaller in 1999 and
form well when simulating maize productivity under opti-smallest in 1998 (Fig. 2). Plant population was consider-

ably lower in 1998 (Table 1) than those used in the mal growth conditions. A recent evaluation of the CERES-
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