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Yield Accumulation, Leaf Area Index, and Light
Interception of Smooth Bromegrass!

R. K. Engel, L. E. Moser, J. Stubbendieck, and S. R. Lowry?

ABSTRACT

Smooth bromegrass (Bromus inermis Leyss.) is a cool-season grass
used extensively in the midwestern USA for spring and fall grazing.
Smooth bromegrass has limited production in this region during the
summer. This study was conducted to document the growth char-
acteristics and yield accumulation of smooth bromegrass under var-
ious levels of N fertilizer. Live yield (dry matter yield of living her-
bage), leaf area index (LAI), light interception (LI), and crop growth
rate (CGR) were determined on an established stand of ‘Lincoln’
smooth bromegrass grown on a Sharpsburg silty clay loam (fine,
montmorillonitic, mesic Typic Argiudolls) in eastern Nebraska. Zero,
medium, and high N levels were maintained at each growth period.
Irrigated spring, summer, and fall growths of smooth bromegrass
were sampled at 1- or 2-week intervals in 1981 and 1982 depending
on growth rate. Live yield, LAIL, and CGR were all highest in the
spring. Live yield reached a maximum of 10.3 Mg ha~!, CGR reached
a maximum of 190 kg ha ! day ', and LAI reached a maximum of
6.8, which intercepted up to 99% of the incoming photosynthetic
photon flux density during the spring growth period. Summer values
for maximum live yield, LAIL, and LI were 3.2 Mg ha~', 4.1, and
73%, respectively. Maximum values of live yield, LAI, and LI for
the fall growth period were 2.8 Mg ha, 5.2, and 97%, respectively.
Smooth bromegrass has different growth and canopy characteristics
at different seasons of the year. Growth models should consider
seasonal differences in canopy characteristics as well as environ-
mental parameters.

Additional index words: Bromus inermis Leyss., Crop growth rate,
Nitrogen fertilization, Forage yield.

MOOTH BROMEGRASS (Bromus inermis Leyss.) is a
cool-season grass that was introduced to the USA
from eastern Europe (Stubbendieck et al., 1982). It
initiates growth in early spring and will regrow in the
fall if moisture and nutrients are available. Ranchers

! Contribution from the Dep. of Agronomy, Univ. of Nebraska
published with approval of the Director, Nebraska Agric. Res. Div.
Journal Series Paper no. 7985, Received 22 Jan. 1986.

2 Former graduate student, professors of agronomy, and associate
professor otgl;iometry, respectively, Dep. of Agronomy and Dep. of
Biometrics and Information Systems Center, Univ. of Nebraska.
Lincoln, NE 68583.

Published in Crop Sci. 27:316-321 (1987).

of the western Corn Belt utilize smooth bromegrass
for pasture when warm-season pastures are dormant.

Smooth bromegrass yields are increased by N fer-
tilizer (Colville et al., 1963) and are affected by harvest
management (Marten and Hovin, 1980; Paulsen and
Smith, 1969). However, there has been little detailed
work conducted on smooth bromegrass to describe the
development of the plant canopy and light intercep-
tion (LI) during the growing season.

Critical leaf area index (LAI) has been defined as
the LAI required to intercept 95% of the incoming
radiation (Brougham, 1958). Brougham (1958) sug-
gested that the critical LAI would vary with different
species and for the same species as the seasons changed.
Sheehy and Cooper (1973) concluded that the crop
growth rate (CGR) of six temperate forage grasses de-
pended upon the canopy interception of light. Davies
(1971) stated that CGR probably was at a maximum
over a LAI range of 5 to 10 with perennial ryegrass
(Lolium perenne L.).

Since smooth bromegrass develops a rather uniform
canopy of reproductive tillers in spring growth and has
limited growth during the summer, understanding
canopy development in addition to forage quality
changes would be important in establishing harvest
schedules. When modeling smooth bromegrass growth
with generalized plant growth models (Smith and
Loewer, 1983), biologically sound input parameters
are needed in order to accurately simulate growth.

The objective of this study was to determine the
growth and canopy development of smooth brome-
grass with various levels of N. Yield, CGR, LAI, and
LI of spring, summer, and fall growths were measured
to document the canopy development of smooth
bromegrass.

MATERIALS AND METHODS

This research was conducted at the University of Nebraska
Agricultural Research and Development Center near Mead,
in eastern Nebraska on an established stand of ‘Lincoln’



ENGEL ET AL.: YIELD ACCUMULATION, LEAF AREA INDEX, AND LIGHT INTERCEPTION OF BROMEGRASS 317

21
i Irrigation

E Precipitation

159

MOISTURE (cm)

a2

ANRINHIIRIIOIDEL H
> e T T T

; LI s -~

Z QI

J J S (o]

1981

Fig. 1. Precipitation and irrigation received in 1981 by smooth
bromegrass plots in this study.

smooth bromegrass. The stand was planted in 1974 on a
Sharpsburg silty clay loam (fine, montmorillonitic mesic
Typic Argiudolls) and hayed once or twice per year since
1975.

Three areas to be used for studying spring, summer, and
fall growths were delineated. Within each area, representing
a period of growth, three N fertilizer treatments (zero, me-
dium, or high) were applied in strips. With the medium N
treatment, 84 kg N ha~! as NH, NO; (34-0-0) was applied
by hand on 1 April to all plots. On 25 May, another 28 kg
Nha~! was applied to the summer and fall growth plots and
on 17 August another 56 kg N ha~! was applied to the fall
growth plots. The high N plots received 168, 56, and 112 kg
Nha~! at the above dates, respectively. The medium N plots
received a season-long total of 84, 112, and 168 kg N ha~!
on the spring, summer, and fall growths, respectively. The
high N plots received a total of 168, 224, and 336 kg N ha !
on the spring, summer, and fall growths, respectively. The
other treatment received no N. Clipping dates were repli-
cated four times within the period of growth and N levels.
Separate statistical analyses were conducted for each period
of growth at each N level for 1981 and 1982. Prior to each
growing period, all plots were cleared by mowing and hand
raking. Natural precipitation was supplemented with sprin-
kler irrigation in both years so there was a minimum of 10
cm of moisture per month starting in late May 1981 and
June 1982 (Fig. 1-2).

Two weeks after growth began in the spring or after spring
or summer harvests, forage yield and leaf area were mea-
sured for each N treatment at 1-week intervals when the
observed growth rate was rapid and at 2-week intervals when
the growth rate was slow. Forage was harvested at each sam-
pling date by clipping at ground level five random quadrats
fotalling 0.46 m? within each subplot. Vegetation and cur-
rent-year dead material were collected from each quadrat
and composited to obtain one sample from each subplot.
Samples were thoroughly mixed and a subsample of each
was taken. These subsamples then were divided into green
leaves (leaf blade removed at collar), green stems (collar at-
tached), and dead material. Total leaf area of the subsample
was determined with a Li-Cor LI-3000 area meter (Li-Cor,
Lincoln, NE)® and the samples were dried in a forced-air
oven at 60°C. Leaf area index, live yield (green stems, green
leaves, and inflorescences), and CGR were determined.

*Trade and company names were included for the benefit of the
rbe';\der and do not imply endorsement by the Nebraska Agric. Res.
v.
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Fig. 2. Precipitation and irrigation received in 1982 by smooth
bromegrass plots in this study.

Mean CGR was calculated for each harvest interval ex-
cluding the first and last 2-week periods. The increase in live
yield per hectare between harvest dates was divided by the
number of days in the harvest interval to obtain kilograms
per hectare per day. Light interception (LI) was measured
in the fall of 1981 and during all three growth periods in
1982, using a Li-Cor LI-185B? light meter and line quantum
sensor. Photosynthetic photon flux density (400-700 nm)
was measured in micromoles per square meter per second.
A light reading was first taken above the canopy to determine
how much radiation was striking the canopy. Next, the line
sensor was randomly placed on the ground in a north-south
direction to determine how much light penetrated the veg-
etation. This was done three times immediately prior to each
harvest for each subplot to be sampled near solar noon (1100
to 1300 h) and the values were averaged. Percentage of light
penetration of the canopy was determined by dividing the
amount of light at ground level by the amount of light strik-
ing the canopy. Light interception was determined by sub-
traction of percentage of light penetration through the can-
opy from 100.

Regressions for live yield on days after harvest, LAI on
live yield, LI on live yield, and LI on LAI were conducted
on each season of growth at each N level within each year.
Linear and quadratic equations gave the best fit to the data.
There was no advantage in using higher level polynomials.
The natural log of LI was plotted against the natural log of
LAI for the high and medium N levels for the spring 1982
comparison since this procedure was necessary to avoid a
curve that peaked at an artificially high level (Steel and Tor-
rie, 1980). Means and 95% confidence intervals were com-
puted for maximum live yield, maximum LAI, and maxi-
mum LI for each growth period. Bonferroni’s paired
comparisons with a 5% level for the experimental error were
used to compare mean live yield, LAIL and LI between years
for each season at each N level (Snedecor and Cochran, 1980).

RESULTS
Spring Growth Period

Irrigation was not available for the first part of the
spring of 1981 and the growth of smooth bromegrass
was slowed due to water deficiency. There was ample
moisture available in the spring of 1982 and brome-
grass grew rapidly. Spring growth for 1982 has been
illustrated to show the growth characteristics of spring
growth of smooth bromegrass. Complete illustrations
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Table 1. Predictive equations from regression analyses for smooth bromegrass at three levels of N for three growth periods in 1981 and 1982,

Growth No. Error mean Coefficient of
period N level pairs Equations square determination
1981
Live yield (y) vs. time (x)
Spring 0 8 y = 67.8 + 28.2x 33118 0.90
Spring Medium 8 y = ~3900 + 178x — 0.982x? 325 484 0.70
Spring High 8 y = 76.4 + 58.0x 409 871 0.76
Summer 0 9 y = 59.6 + 22.9x 48 650 0.91
Summer Medium 9 y = — 64.6 + 63.5x — 0.371x? 159 688 0.86
Summer High 9 y = —132 + T8.1x — 0.484x? 301 650 0.82
Fall 0 10 y = 240 + 36.1x — 0.354x? 13 625 0.88
Fall Medium 10 y = 182 + 63.3x — 0.663x? 61 490 0.80
Fall High 10 y = 3.19 + 112x — 1.12x* 66 393 0.93
LAIt ly) vs. live yield (x)
Spring 0 8 y = 0.316 + 0.000 568x 0.02 0.86
Spring Medium 8 y = 1.46 + 0.000 375x 0.48 0.23
Spring High 8 y = 1.74 + 0.000 359x 0.56 0.28
Summer 0 9 y = 0.0929 + 0.0013x 0.02 0.98
Summer Medium 9 y = —0.115 + 0.001 36x 0.13 0.94
Summer High 9 y = 0.006 39 + 0.001 28x 0.25 0.92
Fall 0 10 y = —0.281 + 0.001 78x 0.06 0.84
Fall Medium 10 y = —0.424 + 0.001 99x 0.17 0.88
Fall High 10 y = —0.202 + 0.001 78x 0.45 0.87
LI} (y) vs. live yield (x)
Fall 0 7 y = —67.2 + 0.219x - 0.000 093 1x* 119.9 0.71
Fall Medium 7 y = —383.4 + 0.151x — 0.000 050 0x* 123.2 0.82
Fall High 7 y = —9.60 + 0.0812x — 0.000 015 4x? 13.7 0.98
LI (y} vs. LAI (x)
Fall 0 7 y = —32.0 + 112x — 33.7x* 131.6 0.68
Fall Medium 7 y = —115 + 75.2x — 14.9x? 153.4 0.77
Fall High 7 y = —1.92 + 43.8x — 4.84x? 18.5 0.98
1982
Live yield (y) vs. time (x)
Spring 0 10 y = —23.5 + 31.5x 76 697 0.91
Spring Medium 10 y = —913 + 93.9x 567 795 0.93
Spring High 10 y = —1257 + 126x 1115 314 0.92
Summer 0 7 y = 729 + 14.9x 45 906 0.75
Summer Medivm 7 y = 541 + 20.6x 68 771 0.80
Summer High 7 y = 66.1 + 13.5x 95 373 0.55
Fall 0 5 y = 112 + 36.3x — 0.397x* 19 156 0.86
Fall Medium 5 y = 98.5 + 41.1x 11 734 0.98
Fall High 5 y = 63.6 + 63.2x — 0.538x* 65 462 0.89
LAI (y) vs live yield (x)
Spring 0 10 y = 0.164 + 0.000 625x 0.04 0.91
Spring Medium 10 y = 0.361 + 0.000 726x 0.32 0.93
Spring High 10 y = —0.0827 + 0.001 44x — 0.000 000 079 8x* 0.67 0.90
Summer 0 7 y = —0.103 + 0.001 41x 0.01 0.97
Summer Medium 7 y = ~0.0689 + 0.001 32x 0.04 0.94
Summer High 7 y = —0.0237 + 0.001 26x 0.03 0.93
Fall 0 5 y = —0.000 646 + 0.001 38x 0.04 0.86
Fall Medium 5 y = 0.219 + 0.001 17x 0.10 0.90
Fall High 5 y = 0.226 + 0.001 34x 0.13 0.89
LI (y) vs. live yield (x)
Spring 0 10 y = 11.9 + 0.0158x 45.5 0.83
Spring Medium 10 y = —1.155 + 0.655x§ 0.042§ 0.96
Spring High 10 y = 0.264 + 0.486x§ 0.029§ 0.96
Summer 0 7 y = —2.75 + 0.0571x 155.8 0.80
Summer Medium 7 y = —1.07 + 0.0459x 105.0 0.87
Summer High 7 y = —6.72 + 0.0897x — 0.000 025 7x* 67.6 0.88
Fall 0 4 y = —87.4 + 0.234x — 0.000 121x? 50.8 0.84
Fail Medium 4 y = —15.1 + 0.119x — 0.000 030 7x* 46.0 0.93
Fall High 4 y = —36.7 + 0.155x — 0.000 044 5x* 181.8 0.73
LI (y) vs. LAI (x}
Spring 0 10 y = 9.80 + 23.5x 56.4 0.79
Spring Medium 10 y = 4.97 + 32.5x — 3.06x* 40.6 0.97
Spring High 10 y = 9.61 + 28.0x — 2.17x* 19.5 0.98
Summer 0 7 y = 1.34 + 40.6x 130.6 0.83
Summer Medium 7 y = —1.88 + 58.3x — 12.9x* 119.8 0.86
Summer High 7 y = 0.171 + 60.0x — 13.8x* 95.2 0.84
Fall 0 4 y = —36.1 + 156x — 55.6x* 230.8 0.29
Fall Medium 4 y = ~72.0 + 130x - 24.5x* 136.9 0.79
Fall High 4 y = —38.8 + 87.6x — 14.0x? 306.9 0.54

% Leaf area index.

I Light interception.

§ vy = Log (LI) x = Log (live yield).
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Table 2. Maximum live yield, maximum leaf area index, and maximum light interception for smooth bromegrass at three levels of N
for three periods of growth in 1981 and 1982.

Maximum live yield

Maximum leaf area index

Maximum light interception

Season N level 1981 1982 1981 1982 1981 1982
Mg ha™ %
Spring 0 2.9 (0.1)t 2.7 (0.5) 1.9 (0.5) 1.8 (0.4) - 57 (3.7)
Spring Medium 4.5 (0.5) 7.2 (1.4) 3.9 (0.6) 5.2 (1.4) 91 (9.7)
Spring High 5.5 (0.8) 10.3 (3.5) 4.5 (0.6) 6.8 (1.8) 99 (1.8)
Summer 0 2.1 (0.3) 1.2 (0.3) 2.6 {0.3) 1.6 (0.3) 73 (4.8)
Summer Medium 2.8 (1.0) 1.5 {0.3) 3.8 (1.3) 1.7 (0.4) 73 (10.0)
Summer High 3.210.7) 1.1 (0.9) 4.1 (0.4) 1.3 (0.9) - 61 (20.2)
Fall 0 1.2 (0.4) 0.9 (0.2) 2.0 (0.2) 14 (0.2) 70 (4.0) 77 (2.3)
Fall Medium 1.9 (0.3} 2.3 (0.2) 3.3 (0.7) 2.9 {0.6) 87 (2.6) 97 (1.5)
Fall . High 2.8 (0.3) 1.9 (0.3) 5.2 (0.6} 2.8 (0.5) 98 (0) 97 (3.5)
t Figures in parentheses are 95% confidence intervals.
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Fig. 3. Regression analyses of live yield on days after harvest (initial é 12

harvest, 1 April) for smooth bromegrass with three rates of N in
the spring of 1982,

for all growth periods can be found in Engel (1983).
‘Predictive equations for all regression analyses are re-
ported in Table 1. During the spring of 1982, smooth
bromegrass accumulated live yield linearly for all N
rates during the measurement period (Fig. 3). In the
spring of 1982 maximum live yield of 10.3 Mg ha™!
was reached by plants fertilized with the high rate of
N (Table 2). The dry conditions in the spring of 1981
as compared to 1982 resulted in 2 maximum live yield
of only 5.5 Mg ha™! in the spring of 1981. Live yields
were significantly higher in 1982 than in 1981 for treat-
ments that received N.

In the spring of 1982, smooth bromegrass accu-
mulated LAI in a linear fashion for unfertilized plants
and those fertilized with the medium N rate, while
plants with high N exhibited a quadratic increase in
LAI (Fig. 4). A maximum LAI of 6.8 was reached by
those plants receiving the highest N rate in 1982 (Table
2). Due to the drier conditions in the spring of 1981
a maximum LAI of only 4.5 was reached. Smooth
bromegrass receiving N intercepted a maximum of 99%
of the incoming radiation in the spring of 1982 with
the high N rate (Table 2).

Critical LAI was defined as the LAI required to in-
tercept 95% of the incoming light at solar noon and
CGR does not decline with higher LAI values
(Brougham, 1958). Optimum LAI was defined as the
LAI at which the CGR is maximum but declines with

LIVE YELD (Mgha-)

Fig. 4. Regression analyses of leaf area index on live yield for smooth
bromegrass with three rates of N in the spring of 1982.

higher LAI (Davies, 1971). Use of the quadratic equa-
tion to predict LI from live yield for spring 1982 posed
a problem. For both the medium and high N treat-
ments, LI increased to near maximum at approxi-
mately 4 Mg ha~' of live yield and then remained
nearly constant up to maximum live vield of over 7
Mg ha~! for the medium N level and up to over 10
Mg ha! for the high N level (Fig. 5). Since a quadratic
fit cannot make a sharp change in direction, the quad-
ratic equation predicted LI in excess of 100% for the
high N treatment. Although linear plateau analysis us-
ing intersecting straight lines (Draper and Smith, 1981;
Anderson and Nelson, 1975) provided a good fit, nat-
ural logarithmic transformations of both LI and live
yield (Steel and Torrie, 1980) provided a single basic
predictive equation with excellent fit. Plants without
N fertilizer intercepted light in a linear manner (data
not illustrated). They peaked at about 60% LI at about
3.5 Mg ha! live yield (Table 1). Fertilized smooth
bromegrass intercepted 90 to 99% of the incoming ra-
diation at LAI values of 5 to 7 (Fig. 6). Plants receiving
N reached a critical LAI (95% light interception) of
5.0 to 5.5 by about June 1. Maximum CGR values
were highly variable. The highest CGR with a 90%
confidence interval occurred with the spring growth in
1982 (190 = 51 kg ha™'). The CGR values for the
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summer and fall growths were much smaller and highly
variable.

Summer Growth Period

Due to heavy rainfall, waterlogged conditions oc-
curred for several brief periods in June, July, and Au-
gust of 1982. These waterlogged conditions caused re-
ductions of maximum live yields in 1982 compared
to 1981 (Table 2). Summer live yield accumulation at
the medium and high N levels showed a quadratic
response in 1981 and a linear response in 1982 (Table
1). During the summers of 1981 and 1982, smooth
bromegrass exhibited a linear increase in LAI with
increasing live yield for all rates of N (Table 1). A
maximum LAI of 4.1 was reached in the summer of
1981 compared to a maximum LAI of about 1.7 for
1982 (Table 2). The reduced stands of smooth brome-
grass only intercepted about 60 to 70% of the incoming
radiation at LAI values of about 1.3 to 1.7 (Table 2),
so a critical LAI was not reached in the summer of
1982. The 1981 predictive equations describe the nor-
mal summer canopy development better than those in
1982.

Fall Growth Period

In the fall of 1981, smooth bromegrass exhibited a
quadratic response for accumulation of live yield over

days after harvest for each rate of N (Table 1). Wa-
terlogged conditions in 1982 resulted in lower maxi-
mum live yields in the fall, compared to fall growth
of 1981. Fall growths of smooth bromegrass accu-
mulated maximum live yields of only 2.8 and 2.3 Mg
ha~!in 1981 and 1982, respectively (Table 2). Plants
fertilized with N reached a maximum LAI of 5.2 in
the fall of 1981, while in 1982 they only reached a
maximum LAI of 2.9. Larger LAI values in the fall of
1981 over those in the fall of 1982 could be attributed
to the different growth conditions of the 2 yr. Stands
of smooth bromegrass recovering from waterlogged
conditions in 1982 were shorter and denser than stands
in the fall of 1981. In the fall of 1981, about 98% of
the incoming radiation was intercepted at a LAI of
about 4 (Table 2) in mid-September. In the fall of 1982,
95% LI was reached at a LAI of about 2.5 in late Sep-
tember.

DISCUSSION

Seasonal differences in yield, LAI, LI, and CGR have
been described by Brougham (1958), Woledge and
Leafe (1976), and Parsons and Robson (1981). In our
study, reproductive growth in the spring had elongated
tillers, which provided for an erect, open canopy. This
resulted in a higher maximum yield in the spring than
for the subsequent vegetative regrowth. The erect spring
growth produced a canopy that requires a higher LAI
to intercept the same amount of incoming radiation
as the short, dense canopies of vegetative growth.

Maximum live yields for both years were 10.3 Mg
ha~! in the spring, 3.2 Mg ha~! in the summer, and
2.8 Mg ha~! in the fall with high N. Critical LAI was
about 5.0 in the spring of 1982. Light interception
values were not available for the summer of 1981.
However, the summer vegetative growth was similar
to that in the fall of 1981. In the fall of 1981, a critical
LAI of about 4 was reached. In the fall of 1982, a
critical LAI of about 2.5 was reached. This lower, crit-
ical LAI could be attributed to the different growth
characteristics of stands in 1982. Recovering stands in
the fall of 1982 were shorter and denser than smooth
bromegrass stands in the fall of 1981. A critical LAl
may have been reached in the summer of 1981, since
LAI values of 4.1 were obtained at the high N level.
This growth form also was very similar to that of the
stands in the fall of 1982.

Rhodes (1969, 1971a, b) stated that the difference
between the CGR of vegetative and reproductive
growths occurred because newly expanding leaves with
elongating stems of reproductive growth developed in
high light intensities. Woledge (1977, 1978, 1979) in-
dicated that leaves expanding in higher light intensities
were more photosynthetically active than newly ex-
panded leaves shaded by vegetative growth. This al-
lowed the potential CGR to be larger in the spring
reproductive growth than in the subsequent summer
and fall vegetative growths. In addition, growth of a
cool-season plant like smooth bromegrass would be
restricted during hot summer weather. The late fall
growth would be slowed by declining temperature and
photoperiod. In our study, reproductive growth of
smooth bromegrass in the spring of 1982 produced a
maximum CGR of 190 kg ha~! day~!, while vegetative
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gérowth in the summer and fall had a much smaller
R.

Relating yield to live yield, LAI, and LI should be
useful in understanding canopy development and yield
accumulation of smooth bromegrass in the eastern
Great Plains and western Corn Belt. With the differ-
ence in canopy structure between reproductive and
vegetative growth, appropriate parameters must be
used within the period of growth (spring, summer, and
fall) to predict smooth bromegrass yield since they
vary among the periods of growth. Level of N is an
extremely important factor affecting growth, canopy
development, and LI
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