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The Effects of Hybrid Relative Maturity on Corn Stover for Ethanol
Production and Biomass Composition
Steve Wilkens, Paul J. Weimer, and Joseph G. Lauer*
ABSTRACT
Full-season corn (Zea mays L.) hybrids take advantage of more
of the growing season than shorter-season hybrids often leading to greater grain and biomass yield. Many agronomic experiments aimed at corn stover production have been performed at
forage harvest rather than later when stover is normally harvested for biofuel measurements. The objective of this research
was to evaluate the influence of hybrid relative maturity (days
RM) on stover ethanol production, ruminant digestibility, and
biomass composition. Hybrids selected were high-yielding commercial grain hybrids grown throughout Wisconsin and ranged
from 85 to 115 d RM in 10 d RM increments during 2009, and
in 5 d RM increments during 2010. Hybrids were harvested at
physiological maturity or after a killing frost. Overall, stover
and theoretical ethanol yields increased as RM increased at
a linear rate of 0.211 Mg ha–1 RM–1 and 67.1 L ha–1 RM–1.
Stover nutritional and biomass composition improved as RM
increased, but yield variability was greater than nutritional and
biomass compositional variability. Increasing ethanol yields will
likely occur by increasing stover yields rather than by altering
stover composition. Therefore, until price premiums for stover
composition are made available to farmers for ethanol production, the adoption of full-season or longer maturing hybrids
should be implemented for increased stover and ethanol yields.
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arge increases in cellulosic biofeedstocks are
required for the United States to displace a significant
fraction of its petroleum consumption with biofuels
under the current agriculture framework (Lorenz et al., 2009;
Perlack et al., 2005). Corn stover, which is the aboveground
non-grain portion of the plant, is the largest agricultural source
of collectable biomass and is predicted to make up a quarter
of the 1.24 billion Mg of biomass needed to accomplish the
alternative fuels mandate (Perlack et al., 2005). To achieve the
output set forth it is estimated that stover production will need
to increase by a minimum of 50% (USDOE, 2005).
Over time increases in stover yield have been achieved
through the adoption of full-season hybrids and breeding
for stronger, denser stalks and delayed senescence, allowing
less remobilization of dry matter to the ear during grain fill
(Lorenz et al., 2010b). On average, later maturing plants have
delayed senescence, or better “stay green” (Duvick, 2005)
meaning plants retain their leaves, stay healthier, and are better able to withstand growing season environmental stresses
(Tollenaar et al., 1994). Plants with longer photosynthetic
durations have the potential to capture more light for photosynthesis and produce more biomass (Richards, 2000).
Sarlangue et al. (2007) noted that shorter-season hybrids intercept less radiation and produce less biomass than full-season
hybrids. Zeng et al. (2012) reported that stay green is of keen interest when considering corn stover as a source of cellulosic feedstock.
Maturity is defined as that point of time at the end of the
grain-filling period when maximum kernel weight has occurred
and black layer has developed near the tip of the kernel. Hybrid
maturity is determined using four different systems: (i) growing degree days (Wang, 1960); (ii) crop heat units (Brown and
Bootsma, 1993); (iii) Minnesota RM rating (Peterson and
Hicks, 1973), and (iv) general thermal index (Dwyer et al.,
1999a). Only the RM system is based on grain moisture content of hybrids at harvest relative to previously ranked hybrids.
The other systems are based on a quantitative response of corn
development rate to temperature. All systems can be used as
a general guideline for determining corn maturity differences
(Dwyer et al., 1999b).
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Hybrid RM has been shown to positively influence both
grain and silage yields. In a study examining forage yield from
hybrids bred in different eras, Lauer et al. (2001) showed that
hybrids ranging from 100 to 115 d RM yielded 3.61 Mg ha–1
more stover than 80 to 95 d RM hybrids. Capristo et al. (2007)
tested 11 hybrids ranging from 1221 to 1656 growing degree
days (°C d) from emergence to physiological maturity at three
locations in Argentina and observed a curvilinear relationship
in stover yield with increasing hybrid relative maturity at one
location, but a linear increase of grain yield with hybrid relative
maturity in the two remaining locations. They concluded that
full-season hybrids generally produced greater grain yields than
earlier maturing hybrids.
Moderate to strong associations between stover yield and
maturity-related traits are common in the literature, which is
expected because plants with longer duration of photosynthesis
have the potential to produce more biomass (Hay and Porter,
2006; Richards, 2000). Research has shown that hybrid RM
can influence stover production, biomass, and nutritional
composition at harvest for ensiling, but no known research has
been found examining the effects of RM on these measurements for biomass at physiological maturity. Stover harvested
for biofuel production is harvested several weeks after harvest
for silage, during which time the plant is in a period of grain
fill and subjected to many complex source-sink relationships
influenced by grain that affects stover composition (Bertoia
et al., 2006; Coors et al., 1997; Lorenz et al., 2010b). Lauer
et al. (2001) evaluated hybrid RM on stover yields at forage
harvest and found mean stover yields of the full-season RM
were 9.06 Mg ha–1 while yields of the shorter-season RM trial
were 7.18 Mg ha–1. Fairey (1980) concluded that as maturities
increased there was an overall trend to higher yields from 6.45
to 7.62 Mg ha–1. Darby and Lauer (2002) reported no significant increases in stover yield between short- and full-season
hybrids at silage harvest but noted that in general, full-season
hybrids were higher yielding with yields ranging from 7.30 to
10.4 Mg ha–1. As maturity increases, stover ruminant digestibility and the hemicellulose to cellulose ratio decreased (Coors
et al., 1997).
No known studies have been conducted to specifically evaluate the effects of hybrid RM on biofuel production potential.
The objective of this study was to characterize how hybrid RM
affects mature stover yield, composition, and ethanol production. Our hypothesis is that, like grain and silage yield, increasing hybrid RM will increase stover ethanol yield.
MATERIALS AND METHODS
Field Evaluation
Experiments were conducted during the 2009 and 2010
growing season at the University of Wisconsin Research
Stations at Arlington, Lancaster, and Marshfield, and at a
cooperator field located at Seymour, WI. The experimental
design at all locations was a randomized complete block design
with three replications. Treatments were hybrids differing in
RM (Table 1). All plots were managed using practices similar
to those used by producers for commercial fields in the surrounding area of the location. Plots were planted with an
Almaco precision planter (Almaco, Nevada, IA). Plot size
was 7.62 by 3.10 m with four rows per plot. Plots were seeded
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at 79,200 plants ha–1 and stand counts were taken at the V4
growth stage (Ritchie et al., 2000). Plots were not thinned
because observed stand counts were within 5% of each other.
Killing frost and harvest dates are found in Table 1. The
target harvest time was after physiological maturity or after
a killing frost occurred. During the cool growing season of
2009 and the extreme hybrid relative maturity of 115 d RM for
northern Wisconsin, not all plots reached physiological maturity. Therefore, plots were not harvested until after the first killing frost (≤–2.2°C). Above average temperatures during 2010
allowed all plots to reach physiological maturity and were harvested before a killing frost, except for corn grown at Marshfield.
Before harvest, final plant populations were taken on each
plot. Five representative plants from the middle two rows of
each plot were harvested by cutting the plant 15.0 cm above
ground level and removing the whole plant from the field
(Darby and Lauer, 2002; Daynard and Hunter, 1975; Weaver
et al., 1978). Ears were removed and discarded, with the ear
shank and husks remaining on the plant for analysis. Each
treatment was weighed for a total stover weight (minus ear) and
chopped with a Troy-Built Tomahawk Pro-chipper (Troy, NY).
Chopped stover was mixed and a subsample (~500 g) of stover
was collected for moisture determination (weighing fresh,
drying at 60°C for 7 d, and reweighing), dry matter yield, and
subsequent compositional analysis. Since plots were hand harvested by selecting five representative plants, yields were expressed
in g plant–1 and then extrapolated to Mg ha–1 by multiplying the
average weight of the plants by the measured population.
Composition Analysis
Stover samples were not pretreated to maximize potential
differences in conversion potential among the hybrids, and
allow the in vitro digestible dry matter data to reflect digestibility of the stovers to ruminants, which is an alternative use
for the stover. All stover samples were ground with a 20.3 cm
hammer mill (Christy Hunt Corp, Ipswich, Suffolk, England)
through a 1.00-mm screen. Ground samples were scanned on a
NIRSystems 6500 near-infrared reflectance spectrophotometer
(Silver Spring, MD) to predict crude protein (CP), acid detergent lignin (ADL), acid detergent fiber (ADF), neutral detergent fiber (NDF), neutral detergent fiber digestibility (NDFD),
cellulose and hemicellulose concentrations. Separate calibration
sets were derived from the 2009 and 2010 data. The NIRS calibration was based on analysis of representative stover samples.
Samples for wet chemistry were selected using the SELECT
(Shenk and Westerhaus, 1994) procedure with a standardized
H value of 1.0. Wet chemistry analysis on each calibration
set were analyzed for CP, ADL, ADF, NDF, NDFD, cellulose, and hemicellulose at the University of Wisconsin Soil
and Forage Analysis Lab located in Marshfield, WI. Analysis
was performed in duplicates. Sources documenting the procedures used by the lab for each analysis were: CP (AOAC
Official Methods of Analysis [984.13] [AOAC,1990b]; AOAC
Official Methods of Analysis [988.05] [AOAC, 1990c], ADF
and ADL (AOAC Official Methods of Analysis [973.18]
[AOAC,1990a]), NDF (Goering and Van Soest, 1971;
Mertens, 1992; Van Soest et al., 1991), and NDFD (Goering
and Van Soest, 1970; Mertens, 1992). Estimated cellulose concentrations were determined by subtracting ADL from ADF,
Agronomy Journal
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Table 1. General plot management characteristics and descriptors of four Wisconsin locations for experiments conducted during the
2009–2010 growing seasons.
Descriptor
Arlington
Lancaster
Marshfield
Seymour
Latitude
43°17’ 49.9” N
42° 50’ 6” N
44° 45’ 34” N
44° 49’ 36” N
Soil Series
Plano silt loam
Rozetta silt loam
Withee silt loam
Onaway silt loam
Fayette silt loam
Previous crop†
2009
Alfalfa
Soybean
Soybean
Soybean
2010
Alfalfa
Soybean
Corn
Soybean
Soil fertility
pH
6.2
6.9–7.3
6.3–6.7
7.5
39–48
21–31
29–78
22–41
P g kg–1
110–110
72–78
66–210
110–120
K g kg–1
Fertilizer applied
0–26
74
90–100
58–85
N kg ha–1
4.1
4.1
4.1
4.1
P kg ha–1
–
–
–
51
K kg ha–1
Temperature‡
2009
–2.1
–1.8
–0.44
–0.71
2010
+0.28
+1.95
+1.54
+1.50
Precipitation§
2009
-0.6
+8.1
+1.7
-0.4
2010
+27
+32
+32
+30
Planting date
2009
2 May
4 May
7 May
11 May
2010
30 April
29 April
10 April
3 May
Fall frost date
2009
1 October
10 October
10 October
10 October
2010
4 October
29 October
3 October
22 October
Harvest date
2009

19 October

21 October

25 October

26 October

2010

1 October

3 October

7 October

5 October

Hybrids (RM¶)
2009

Dahlman D4356VT3 (85), Renk RK570VT3 (95), Pioneer 35F40 (105), Nu-Tech 3T-514VT3 (115)

2010

Dahlman D4356 (85), Great Lakes 4041 (90), Renk RK570VT3 (95), Pioneer 37Y14 (100), Pioneer 35F40
(105), Dairyland Seed ST9009 (110), Dekalb DKC65-44VT3 (115)

† Corn, Zea mays L.; alfalfa, Medicago sativa L.; soybean, Glycine max (L.) Merr.
‡ Temperature departure deviation from 30 yr mean from April through October, °C.
§ Precipitation departure deviation from 30 yr mean from April through October, cm.
¶ Denotes hybrid relative maturity (days RM).

and estimated hemicellulose concentrations were determined
by subtracting ADF from NDF. In all tests in-house standards
were run as a measure of quality control.
From the data obtained in the laboratory, prediction equations were developed that related NIR wavelengths to each of
the quality responses following the guidelines of Shenk and
Westerhaus (1994). Modified partial least squares calibrations
were developed with NIRS software (Infrasoft International v.
3.11, 1995) and the mathematical treatment used was 1-4 4-1.
The NIR equations used to predict constituent concentrations
of all samples were based on high R2 and low standard error
of cross-validation (SECV) values (Lorenz, 2008). With the
exception of NDFD, NIRS equations with R2 values >0.70 and
SECV values being <3.50% of constituent means were chosen
for calibration (criteria chosen based on personal communication with Ed Wolfrum, Kevin Silveria, and Aaron Lorenz,
2011; Table 2).
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The National Renewable Energy Laboratory (NREL,
Golden, CO) developed a broad-based calibration for predicting constituents of corn stover, including various polysaccharides (glucan, xylan, arabinan, mannan, and galactan),
total lignins (sum of acid-soluble and acid-insoluble lignin),
structural inorganics (mainly silica), protein, acetyl, and uronic
acids (Hames et al., 2003). Predictions of constituent values
were performed using the PLS1 Thermo Antaris autosampler
(Markes International Inc, Wilmington, DE). Values were
acceptable for the larger constituents of glucan, xylan, and
lignin, but were too large for the other minor constituents
(Hames et al., 2003). Predictions with a deviation greater than
two times the mean standard error for each constituent were
deemed unacceptable (Edward Wolfrum and Amie Sluiter,
personal communication). Structural carbohydrate concentrations were used in NREL’s theoretical ethanol yield calculator
to calculate theoretical ethanol potential (TEP, L Mg–1) for
2305

Table 2. Statistics relating to stover near infrared reflectance
spectroscopy (NIRS) composition predictions derived by using
partial least squares.†
Measurement‡
No. Mean SEC
R2
SEV(C)
2009
29
56.7 0.23 0.94
0.43
CP, g kg–1
30
484
1.04 0.77
1.44
ADF, g kg–1
30
784
0.84 0.93
1.32
NDF, g kg–1
12
563
2.57 0.81
1.72
NDFD, g kg–1
12
34.7 0.42 0.84
0.47
Lignin, g kg–1
30
421
0.92 0.78
1.38
Cellulose, g kg–1
28
287
0.89 0.86
1.06
Hemicellulose, g kg–1
2010
51
51.7 0.49 0.80
0.77
CP, g kg–1
51
491
1.98 0.80
2.20
ADF, g kg–1
49
774
0.64 0.98
1.04
NDF, g kg–1
50
419
2.09 0.80
3.48
NDFD, g kg–1
51
50.0 1.07 0.80
1.48
Lignin, g kg–1
52
436
1.92 0.72
2.25
Cellulose, g kg–1
–1
49
283
1.81 0.76
2.53
Hemicellulose, g kg
† No., corresponds to the final number of data points used to develop
NIRS calibration; SEC, standard error of calibration; R 2 , coefficient of
determination; SEV(C), standard error of cross validation.
‡ CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent
fiber; NDFD, neutral detergent fiber digestibility.

each sample (see http://www.nrel.gov/biomass/analytical_procedures.html#).
Theoretical ethanol potential assumes that 100% of structural carbohydrates are converted to ethanol. Actual ethanol
yields were generated through a modified simultaneous saccharication and fermentation procedure. A loopful of a single
colony of Saccharomyces cerevesiae D5 a was inoculated into
a 500 mL Erlenmeyer flask that contained 250 mL of PYEG
medium (per liter, 20.0 g peptone, 10.0 g yeast extract, 50.0 g
D-glucose). After 16.0 h incubation (35.0°C, 150 rev min–1)
cultures were centrifuged at 10,000 × g for 20.0 min, and resuspended in 30.0 mL of sterile peptone solution (10.0 g L–1) to
obtain an OD525 of ~90. Medium for simultaneous saccharication and fermentation (SSF) procedure was prepared by aseptic
combination of 50.0 mL of 1.00 M citric acid/Na citrate buffer
(pH 4.80); 15.0 g of Bacto-Peptone and 20.0 g of yeast extract
in 920 mL of deionized water; 4.00 mL tetracycline solution
(10.0 mg mL–1); 9.00 mL of Celluclast (50.0 FPU mL–1) and
2.21 mL of b-glucosidase (Novozyme 188, 403 units mL–1),
and 30.0 mL of the above resuspended yeast culture. Ten milliliters of the resulting diluted enzyme/culture suspension
was added aseptically to previously autoclaved, aluminum
foil-covered 60.0 mL serum vials (Wheaton Scientific) that
contained 1.00 g of feedstock. Immediately after inoculation,
each vial was aseptically sealed with a sterile silicone rubber
septum. Vials were vented with a sterile 26-gauge, 1.3 cm hypodermic needle covered with foil and then were incubated in a
platform shaking incubator (150 rev min–1, 32.0°C). After 72 h
incubation, the liquid phase of each vial was sampled and prepared for high performance liquid chromatography (HPLC)
analysis (Weimer et al., 1991). Experiments were performed in
duplicate. Actual ethanol yield from each sample was expressed
as the amount of glucan converted into ethanol as a percent of
maximum theroretical ethanol (Isci et al., 2008).
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Statistical Analysis
Analysis of variance was performed using Proc Mixed (SAS
Institute, Cary, NC) to analyze treatment differences. Mean
separation used Fisher’s Protected LSD at P ≤ 0.05. Data
were first analyzed by year. To derive the relationship between
hybrid relative maturity and stover production, ethanol yield
and stover composition measurements replicate data were
used in a covariate analysis. Data were pooled into northern
and southern production zones and then pooled overall. The
northern zone included data from the Marshfield and Seymour
locations while the southern zone included data from the
Arlington and Lancaster locations. Hybrid relative maturity
was considered a continuous covariate variable and data were
analyzed using Proc Mixed covariate analysis procedures of
SAS (Littell et al., 1996). Linear and quadratic coefficients
were analyzed. Random effects for the combined analyses were
environment and replication within environment. The final
model was determined using backward stepwise selection. This
procedure starts with the full model and sequentially removes
nonsignificant factors and their interactions. The highest order
nonsignificant F value is deleted at each stage and the model is
complete when the coefficients remaining in the model produce
a value of P ≤ 0.05. The goal of this procedure was to include
in the regression equation only those terms which contribute
significantly to the variation in the dependent variable (Gomez
and Gomez, 1984). The coefficient of determination (R2)
was derived using the predicted values calculated by PROC
MIXED (R2 = 1– [(yij – y(Pred))2/(yij – y(grand mean)2]).
RESULTS and DISCUSSION
Growing season temperature and precipitation deviations
for the 2009 and 2010 growing season are found in Table 1.
Conditions during 2009 were cool and wet the entire growing
season. Temperatures from April to October were 3°C below
the 30-yr normal, with July being one of the coldest on record
at 5°C below normal. September provided above average heat,
but October was wet and cool and many plants struggled
to reach physiological maturity before the first killing frost.
Precipitation for the year was 3 cm below the 30-yr normal.
Weather in 2010 had above normal heat and precipitation.
Corn harvested in 2009 was less mature. Whole plant stover
moistures in 2009 ranged from 500 to 700 g kg–1, while in
2010 moisture ranged from 260 to 700 g kg–1. In August of
2009 the Lancaster location experienced adverse weather and
extreme hail defoliated and injured many plants. As the season
progressed, injured plants became infected with Goss’ bacterial wilt (Clavibacter michiganensis subsp. nebraskensis) and
increased amounts of stalk lodging were experienced. Due to
wet conditions in 2010, plots at the Marshfield location experienced high amounts of root lodging in mid- to late July. In both
cases, plots were harvested and data were included in the analysis.
Year Effects
In both years stover yield increased with longer season RM
(Table 3). Longer season hybrid RM decreased TEP, however,
the magnitude of the decrease was not as great as the effect of
RM on yield. Thus TEY, increased dramatically in both years
primarily due to greater yields of longer season hybrids.
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Table 3. Corn stover production and ethanol yield of hybrids differing for relative maturity in Wisconsin during 2009 and 2010. Values are
averaged across four locations each year.
Relative maturity
Moisture
Stover yield
Theoretical ethanol potential Theoretical ethanol yield Actual ethanol yield
g plant–1 Mg ha–1
L Mg–1
L ha–1
%
d
g kg–1
2009
85
546
75
6.5
362
2370
20.1
95
590
100
8.9
364
3220
20.2
105
614
110
9.6
365
3490
20.8
115
607
179
15.7
357
5440
20.1
LSD (0.05)
50
23
2.1
5
810
ns†
2010
85
488
75
6.2
365
2230
21.4
90
519
88
7.5
369
2880
20.9
95
538
92
8.1
358
2900
21.0
99
594
82
6.5
368
2490
20.4
105
635
119
9.6
354
3390
22.1
111
569
130
10.5
355
3880
21.9
115
623
131
10.9
353
4410
22.4
LSD (0.05)
26
13
1.1
8
540
0.4
† ns, not significant.

Stover nutritional composition and biomass composition
improved as RM increased (Table 4). Crude protein tended
to have a quadratic response with a maximum value at about
105 d RM. The nutritional composition measurements of ADF,
NDF, and ADL decreased as RM increased, while NDFD
increased as RM increased. Although statistical differences
were observed for most biomass composition measurements,
the changes were generally small.
Production Zone Effects
The relationship between stover moisture and dry matter yield (g plant–1 and Mg ha–1) was linear and positive in
both production zones Table 5. Observed dry matter yields
were similar in both zones (data not shown). In the northern
zone, yields increased 93%, from 73.2 to 141 g plant–1 at a
rate of 2.21 g plant–1 RM–1. On an area basis, yield increased

from 6.41 to 12.4 Mg ha–1 at a rate of 0.201 Mg ha–1 RM–1.
Likewise, in the southern zone, yields increased 118%, from
66.0 to 144 g plant–1 at a rate of 2.59 g plant–1 RM–1. On an
area basis, yield increased from 5.50 to 12.1 Mg ha–1 at a rate
of 0.221 Mg ha–1 RM–1
Ethanol yield is best described as a positive relationship with RM in both zones. In the northern zone, TEY
increased by 71%, from 2490 to 4270 L ha–1 at a rate of
59.3 L ha–1 RM–1 (Table 5). In the southern zone, TEY
increased 113% from 1980 to 4210 L ha–1 at a rate of increase
of 74.5 L ha–1 RM–1. The difference in the rate of increase
RM–1 for TEY between the two zones might be explained by
the rate of dry matter increase, as it was higher in the southern zone than the northern zone. The relationship between
TEP and RM is best described by a negative linear response
in each zone.

Table 4. Corn stover nutritional composition and biomass composition of hybrids differing for relative maturity in Wisconsin during 2009
and 2010. Values are averaged across four locations each year.
Relative maturity
CP†
ADF
NDF
NDFD
ADL
Lignin
Glucan
Xylan
Cell
Hem
d
——————————————————————– g kg–1 —————————————————–————————
2009
85
53.5
492
800
556
35.7
121
345
204
425
286
95
56.7
489
801
559
35.5
114
345
207
425
288
105
60.6
476
776
573
33.7
112
350
205
414
287
115
56.8
479
772
567
34.4
111
336
203
418
281
LSD (0.05)
6.5
11
19
9
1.2
9
7
3
8
4
2010
85
50.0
497
802
459
49.3
153
354
198
434
293
90
53.2
509
797
487
43.3
151
357
201
440
292
95
55.8
499
789
461
50.9
149
347
195
430
284
99
53.7
520
805
486
48.5
151
361
202
455
273
105
57.1
477
767
496
39.5
142
345
191
420
280
111
55.4
492
775
517
37.3
147
350
197
432
300
115
54.6
472
761
494
43.7
144
336
192
420
278
LSD (0.05)
4.9
14
15
17
5.5
6
9
4
11
11
† CP, crude protein; ADF, acid detergent fiber; NDF; neutral detergent fiber; NDFD, neutral detergent fiber digestibility; ADL, acid detergent lignin;
Cell, cellulose; Hem, hemicellulose.

Agronomy Journal

•

Volume 107, Issue 6

•

2015

2307

Crude protein was nonresponsive in the southern zone
and exhibited a quadratic response in the northern zone
where concentrations increased through 109 d RM, and
then decreased (Table 5). The ADF and NDF concentrations
were at the lowest concentrations at the highest RM tested,
and each demonstrated a negative linear response in both
zones. The NDFD demonstrated a similar positive response
and increased at a rate of 1.31 g kg–1 in the northern zone
and 1.66 g kg–1 RM–1 in the southern zone as maturity
increased. Glucan and ADL decreased with increasing RM
in each zone. Lignin and xylan were unresponsive in the
southern zone and cellulose and hemicellulose failed to show
a response in either zone.
The northern production zone had greater variability
for most measurements, which might be attributed to less
mature plants as moistures for the northern zone ranged

from 565 to 697 g kg–1 and the southern zone ranged from
401 to 613 g kg–1. Crude protein, lignin, and xylan were
nonresponsive in the southern zone, and cellulose and hemicellulose were nonresponsive in each zone. The target harvest
moisture for corn silage is typically 60 to 70% whole plant
moisture (Wiersma et al., 1993). Stover biomass composition
is influenced by grain fill (Bertoia et al., 2006; Coors et al.,
1997). Results from Darby and Lauer (2002) indicated that,
when stover was harvested at immature stages (high silage
moisture), recorded measurements were more responsive and
declined with increased plant maturity. Similarly, Wiersma
et al. (1993) and Cummins (1970) both reported that
after 40% dry matter accumulation, digestibility plateaus.
Coincidently, these results also suggest that as plants mature
the ability to manage for biomass compositional measurements decreases.

Table 5. The relationship between corn stover yield, nutritional composition, biomass composition, and hybrid relative maturity (days
RM). Data are pooled by zone (2009–2010).
Measurement†
Regression equation‡
R2
Northern zone§
241 + 3.81RM
0.77
Yield
Moisture, g kg–1
–115 + 2.21RM
0.85
DM yield, g plant–1
–10.6 + 0.201RM
0.86
DM yield, Mg ha–1
–2550 + 59.3RM
0.81
TEY, L ha–1
Ethanol yield, %
18.2 + 0.1176RM
0.84
–227 + 5.44RM – 0.0263RM2
0.72
Nutritional composition
CP, g kg–1
–1
578 – 0.911RM
0.70
ADF, g kg
952– 1.65RM
0.51
NDF, g kg–1
379 + 1.31RM
0.91
NDFD, g kg–1
72.4 – 0.351RM
0.76
ADL, g kg–1
183 – 0.432RM
0.94
Lignin, g kg–1
414 – 0.553RM
0.62
Biomass composition
TEP, L Mg–1
409 – 0.602RM
0.71
Glucan, g kg–1
221 – 0.231RM
0.76
Xylan, g kg–1
–1
no significant coefficients
–
Cellulose, g kg
no significant coefficients
–
Hemicellulose, g kg–1
Southern zone¶
–210 + 7.16RM
0.86
Yield
Moisture, g kg–1
–154 + 2.59RM
0.72
DM yield, g plant–1
–13.2 +0.222RM
0.65
DM yield, Mg ha–1
–4350 + 74.5RM
0.65
TEY, L ha–1
Ethanol yield, %
19.9 + 0.079RM
0.72
no significant coefficients
–
Nutritional composition
CP, g kg–1
593 – 0.961RM
0.58
ADF, g kg–1
886 – 1.09RM
0.68
NDF, g kg–1
288 + 1.66RM
0.98
NDFD, g kg–1
109 – 0.532RM
0.92
ADL, g kg–1
no significant coefficients
–
Lignin, g kg–1
398 – 0.438RM
0.78
Biomass composition
TEP, L Mg–1
391 – 0.432RM
0.66
Glucan, g kg–1
no significant coefficients
–
Xylan, g kg–1
no significant coefficients
–
Cellulose, g kg–1
–1
no significant coefficients
–
Hemicellulose, g kg
† DM, dry matter; TEP, theoretical ethanol potential; TEY, theoretical ethanol yield; CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent fiber; NDFD, neutral detergent fiber digestibility; ADL, acid detergent lignin
‡ RM = Hybrid relative maturity (days).
§ Marshfield and Seymour.
¶ Arlington and Lancaster.
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Overall Results
In the overall pool, significant relationships between all
stover measurements and RM were found, except for hemicellulose (Table 6). As hybrid RM increased stover and ethanol
yields increased. With the exception of CP and NDFD,
fiber and biomass compositional measurements decreased.
Stover yield increased linearly by 2.41 g plant–1 RM–1
increase. Based on the regression equation, this corresponds
to a yield range prediction of 71.5 to 143 g plant–1 or 6.13
to 12.4 Mg ha–1 with an increase of 0.211 Mg ha–1 RM–1
increase. This observed yield increase is in agreement with
several researchers who have found that later maturity hybrids
produce larger amounts of dry matter yields (Darby and Lauer,
2002; Hay and Porter, 2006; Lauer et al., 2001; Richards,
2000; Sarlangue et al., 2007; Wolf et al., 1993). Research has
shown that later maturity hybrids tend to possess additional
leaves plant–1, which can help explain the increase in stover
yields (Fairey, 1980).
Ethanol yield increased linearly at a rate of 0.098% RM–1
increase (Table 6). Ethanol yields were low but the SSF processes used to make ethanol did not include a pretreatment due
to cost, time, and lab constraints. Weimer et al. (2005) noted
that experimental evaluation of cellulosic materials to ethanol
by SSF is not amenable to rapid processing of large numbers of
samples, due to the requirements of setup and operation under
aseptic conditions and of sample processing for ethanol analysis
via gas chromatograph or high performance liquid chromatography methods.
Theoretical ethanol yield also demonstrated a positive linear
response where yields increased at the rate of 67.1 L ha–1 RM–1,
from 2220 to 4230 L ha–1 (Table 6). Theoretical ethanol
potential displayed a negative linear response and declined at a
rate of 0.491 L Mg–1 as RM increased. A 4.5% decrease in TEP,
from 365 to 349 L Mg–1 was observed as maturity increased
to 115 d RM. Overall, the range of TEP was small while

differences in TEY were substantial and were primarily due
to variability in stover yield rather than TEP. This increased
variability indicates that the shortest avenue to increasing
ethanol yields will be through increasing stover yields and not
TEP. Another important observation was the much stronger
relationship between stover yield and TEY compared to stover
yield and TEP. Since TEY is a function of TEP and stover
yield, this result reflects the larger amount of variation of stover
yield over stover composition.
The ADF and NDF concentrations decreased linearly as
RM increased (Table 6). The ADF concentrations decreased
by 6% and NDF concentrations decreased by 6.5% as RM
increased. These findings are similar to those found by others
(Darby and Lauer, 2002; Wiersma et al., 1993) who noted that
as the corn progressed toward physiological maturity, stover
fiber concentrations increased. The NDFD demonstrated a
positive response and increased 8.75% as maturity increased.
Concentrations ranged from 459 to 503 g kg–1 and increased
linearly at 1.48 g kg–1 RM–1. Only CP exhibited a quadratic
relationship where concentrations increased to 96 RM and
then decreased at increasing RM.
Lignin concentrations decreased 8.1% from 149 to
137 g kg–1 as maturity increased (Table 5). The ADL concentrations decreased 25% from 53.8 to 40.6 at a rate of
0.442 g kg–1 RM–1. The ability to manage lignin concentrations is imperative for the cellulosic industry as strong negative
correlations have been observed between lignin concentration
and stover hydrolysis and digestibility (Dien et al., 2006; Isci et
al., 2008). By adopting full-season and later maturing hybrids,
not only can dry matter and ethanol yields be increased, lignin concentrations can be decreased. However, glucan, xylan,
and cellulose concentrations each decreased at a rate of 0.521,
0.242, and 0.511 g kg–1 RM–1. Hemicellulose, was unresponsive to RM.

Table 6. The relationship between corn stover yield, nutritional composition, biomass composition, and hybrid relative maturity (days
RM). Data are pooled over all locations (2009–2010).
Measurement†
Regression equation‡
R2
All locations
–15.2 + 5.51RM
0.88
Yield
Moisture, g kg–1
–134 + 2.41RM
0.78
DM yield, g plant–1
–11.8 + 0.211RM
0.76
DM yield, Mg ha–1
–3490 + 67.1RM
0.74
TEY, L ha–1
Ethanol yield, %
19.1 + 0.098RM
0.74
–118 + 3.34RM – 0.016RM2
0.57
Nutritional composition
CP, g kg–1
586 – 0.912RM
0.65
ADF, g kg–1
919 – 1.65RM
0.64
NDF, g kg–1
333 + 1.48RM
0.96
NDFD, g kg–1
91.2 – 0.442RM
0.92
ADL, g kg–1
180 – 0.371RM
0.95
Lignin, g kg–1
406 – 0.491RM
0.73
Biomass composition
TEP, L Mg–1
400 – 0.521RM
0.67
Glucan, g kg–1
217 – 0.242RM
0.84
Xylan, g kg–1
–1
482 – 0.511RM
0.65
Cellulose, g kg
no significant coefficients
–
Hemicellulose, g kg–1
† DM, dry matter; TEP, theoretical ethanol potential; TEY, theoretical ethanol yield; CP, crude protein; ADF, acid detergent fiber; NDF, neutral
detergent fiber; NDFD, neutral detergent fiber digestibility; ADL, acid detergent lignin.
‡ RM = Hybrid relative maturity (days).
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CONCLUSION
Collectively, these results suggest that stover and ethanol
yields and stover nutritional composition can be improved
by adopting longer, full-season hybrids provided that those
hybrids reach physiological maturity. Stover dry matter and
TEY were responsive to hybrid relative maturity and differences in these two measurements were substantial when compared to other measurements. Dry matter increased linearly at
a rate of 0.211 Mg ha–1 RM–1 as hybrid RM increased from
85 to 115 d RM. Likewise stover nutritional composition
improved with longer season hybrids. The findings are in agreement with several researchers who have reported improved
stover nutritional composition for longer season hybrids at
corn silage harvest (Coors et al., 1997; Darby and Lauer, 2002;
Fairey, 1980; Wiersma et al., 1993). Ethanol yield and TEY
increased linearly by 0.098% RM–1 and 67.1 L ha–1 RM–1
while the effects of RM on most biomass composition were
best described by negative linear responses. The measurements of cellulose, glucan, xylan, and TEP declined linearly
as RM increased, but the range in data was small indicating
that the shortest avenue to increasing ethanol yields will be
through increasing stover yields and not through improving
stover biomass quality. More importantly, lignin and ADL
concentrations decreased by 8.1 and 25%, respectively, as maturity increased. The ability to manage these concentrations is
imperative for the cellulosic industry as lignin greatly reduces
the hydrolysis and digestibility of stover (Dien et al., 2006;
Isci et al., 2008). Lorenz et al. (2010a) noted a strong negative
correlation between lignin concentrations and ethanol yield.
Therefore, until biomass composition becomes more important
for ethanol production than do yield or nutritional composition, producers should consider adopting fuller season hybrids
to maximize production.
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