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30 Years of Progress toward Increased Biomass
Yield of Switchgrass and Big Bluestem

M. D. Casler,* K. P. Vogel, D. K. Lee, R. B. Mitchell, P. R. Adler, R. M. Sulc, K. D. Johnson,
R. L. Kallenbach, A. R. Boe, R. D. Mathison, K. A. Cassida, D. H. Min, J. Crawford, and K. J. Moore

ABSTRACT

Breeding to improve biomass production of
switchgrass (Panicum virgatum L.) and big
bluestem (Andropogon gerardii Vitman) for
conversion to bioenergy began in 1992. The
purpose of this study was (i) to develop a
platform for uniform regional testing of culti-
vars and experimental populations for these
species, and (ii) to estimate the gains made
by breeding during 1992 to 2012. A total of 25
switchgrass populations and 16 big bluestem
populations were planted in uniform regional
trials at 13 locations in 2012 and 2014. The
reference region was USDA Hardiness Zones 3
through 6 in the humid temperate United States.
Significant progress toward increased biomass
yield was made in big bluestem and within
upland-ecotype populations, lowland-ecotype
populations, and hybrid-derived populations of
switchgrass. Four mechanisms of increasing
biomass yield were documented: (i) increased
biomass yield per se, (i) later flowering to
extend the growing season, (iii) combined later
flowering from the lowland ecotype with survi-
vorship of the upland ecotype in hybrid-derived
populations, and (iv) increased survivorship of
late-flowering lowland populations in hardi-
ness zones that represent an expansion of their
natural adaption zone. Switchgrass exhibited
all four mechanisms in one or more improved
populations, whereas improved populations of
big bluestem were likely influenced by two of the
four mechanisms. The uniform testing program
was successful at documenting increases in
biomass vyield, identifying the mechanisms
for increased yield, and determining adapta-
tion characteristics and limitations of improved
populations.
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REEDING switchgrass (Panicum virgatum L.) and big bluestem

(Andropogon gerardii Vitman) for increased biomass production
was initiated in 1992, with switchgrass receiving the majority of
funding and focus due to its status as an herbaceous model species
(McLaughlin and Kszos, 2005; Sanderson et al., 2006). Biomass
yield is the most important trait undergoing selection in these
breeding programs, with realized gains reported from several
switchgrass breeding programs (Casler, 2012; Casler et al., 2012),
but no results reported as of yet for big bluestem. Although there are
currently 12 switchgrass breeding programs focused on biomass in
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North America, big bluestem has received little attention,
with breeding work for bioenergy conducted primarily
by two breeding programs, one each in Nebraska and
Waisconsin. Both species are considered essential compo-
nents of multispecies mixtures for biomass production to
increase diversity on the landscape (Bonin and Tracy, 2012;
Hong et al., 2013; Zilverberg et al., 2014).

One of the hallmarks of many annual crop improve-
ment programs is the existence of a uniform testing
program for candidate cultivars. No such program exists
for forage or biomass crops, with occasional ad hoc or
limited-term multilocation research projects serving
to meet this need (e.g., Casler et al., 2001, 2002, 2013).
The first round of the USDA National Institute of Food
and Agriculture Coordinated Agricultural Projects for
bioenergy resulted in the creation of the CenUSA project
focused on perennial grasses for the north-central United
States (Moore et al., 2014). The development of a uniform
regional testing program for perennial grasses was one of
the fundamental objectives of this project.

Both switchgrass and big bluestem are broadly adapted
as species, ranging from Canada to Mexico and from the
Great Plains to the Atlantic seaboard (Boe et al., 2004;
Vogel, 2004; Zhang et al., 2015). However, individual
populations or cultivars of both species are generally well
adapted to only three hardiness zones, usually the zone of
their origin plus one more to the north and south (Vogel
et al., 2005). ‘Cave-in-Rock’ and ‘Alamo’ are the only
two notable exceptions to this rule in switchgrass, both of
which have been shown to be adapted to up to three hardi-
ness zones north of their origin (Casler, 2012). In addition,
both species are highly photoperiodic, with southern
populations up to 6 wk later in flowering than northern
populations when grown together in comparative experi-
ments (Boe et al., 2004; Vogel, 2004). The late-flowering
trait of southern populations allows fuller utilization of
the growing season and is being used as a mechanism of
increasing biomass yield in both species (Boe et al., 2004;
Casler, 2012). Furthermore, longitudinal characteristics,
such as moisture availability, can create differential adap-
tations across east-west gradients for both species (Berdahl
et al., 2005; Johnson et al., 2015).

Genotype X environment interaction is an important
phenomenon in both species, largely controlled by three
environmental factors: temperature, photoperiod, and
moisture. Casler (2012) proposed that breeding be orga-
nized according to eight regional breeding pools to focus
on designing the best cultivars for regions that are rela-
tively uniform for these three factors. Until such a system
or an analog is in place, regional testing of candidate
cultivars is essential to determine if breeding objectives
are meeting industry needs and to identify the adapta-
tion zones of candidate cultivars. Therefore, the objective
of this study was to use the CenUSA uniform regional

testing program to evaluate breeding gains for switchgrass
and big bluestem on a regional basis to determine if and
how future industry needs are being met in the north-
central United States, and to inform future decisions in
these breeding programs.

MATERIALS AND METHODS

Switchgrass and big bluestem field experiments were planted at 13
locations in April or May 2012 and 2014 (Tables 1 and 2). Exper-
iments planted in 2012 included 22 switchgrass populations and
12 big bluestem populations. Eight of the switchgrass populations
planted in 2012 were proprietary and bred outside of the north-
central region, so they are not shown in Table 1, nor did they
contribute to any of the statistical comparisons described below.
Data from these eight populations were used in the ANOVA for
the sake of completeness and to improve the power of hypoth-
esis tests, and they were included in the ranking exercise for all
populations. Experiments planted in 2014 included 20 switch-
grass populations and 11 big bluestem populations (Tables 1 and
2), all of which were used for data analysis and are included in the
statistical data analyses reported herein.

Each experiment was designed as a randomized complete
block with four replicates and plot sizes that varied with location,
depending on local equipment and preferences (Table 3, Fig. 1).
All plots were established with either five- or seven-row drill
planters (0.9- or 1.2-m width) at a seeding rate of 600 pure live
seed m~2. Germination percentages, according to AOSA (1998),
and 1000-seed mass were used to adjust seeding rates to a pure-
live-seed basis. Preemergence herbicide treatments were 0.56 kg

-1

quinclorac ha™ (3,7-dichloroquinoline-8-carboxylic acid) plus

1.1 kg atrazine ha™'

(1-chloro-3-ethylamino-5-isopropyl-
amino-2,4,6-triazine) for switchgrass or 0.28 kg imazamethapyr
ha™! [3-pyridinecarboxylic acid, 2-(4,5-dihydro-4-methyl-
4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl)-5-methyl-] ~ for
big bluestem. All 2012 plantings were successfully established,
except for the big bluestem trial at Brookings, SD. In 2014,
trials at Brookings and all three Wisconsin locations, plus the
big bluestem trial at Chatham, MI, failed to establish due to
severe weed pressure. Of these, the only trial to recover was the
2014 switchgrass trial at Spooner, WI, which was delayed by
1 yr due to slow establishment.

Heading date was recorded as the calendar date when
approximately half the panicles in a plot had emerged from the
boot. Plots were mechanically harvested ~7 to 20 d after killing
frost for up to 4 (2012 trials) or 2 yr (2014 trials). Harvesting was
accomplished with either a sickle-bar mower or flail chopper,
depending on location. A dry matter sample of 200 to 500 g
was hand clipped from the plot immediately before harvesting,
and its mass was added to the recorded plot mass for complete-
ness. Samples were dried for a minimum of 5 d at 60 to 65°C
and used to compute dry matter concentrations for adjusting
plot mass to a dry matter basis. Ground cover was determined
immediately after harvest in autumn and again the following
spring using a 50-cell grid, in which each grid was 15 X 15 cm.

Data were analyzed separately by location and species. Loca-
tions were maintained as a “‘sort” variable rather than an ANOVA
factor, because of the large range in hardiness zones (Zones 3—6,
Table 3) and the anticipated impact of this effect on the results
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of fixed-effect comparisons among popu-
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lations. Mixed-model ANOVA was used
with harvest year as a repeated measure
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and
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(WS-13xx) were compared with WS4U

using data from only the 2014 plantings

(Table 1).

Statistical
populations were focused strictly on

and a compound symmetry covariance
structure with either homogeneous or
heterogeneous variances—whichever fit
best according to Akaike’s information
criterion (Littell et al., 1996). Block and
planting year were considered random
effects, whereas population and harvest
estimation and testing of gains from
selection during the past 30 yr, using six
different measures of gain. CIR-C4 was
compared with its parent population,
Cave-in-Rock,

Mat-C2 was compared with its parent
populations that were present in both
2012 and 2014 plantings (Table 1).

year were fixed effects.
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not sufficiently adapted to Hardiness
survival levels. Furthermore, improved

upland populations represent an oppor-
tunity cost—it is still not completely

Zones 3 through 5 to have reasonable
clear if breeding efforts in these regions

should be focused on upland, lowland,
or hybrid sources of germplasm. Lastly,
improved biomass-type big bluestem
populations were compared with big

bluestem forage cultivars.

The latter two groups of comparisons

were not perfectly balanced between the
2012 and 2014 plantings due to changes
in the specific populations included in
the trials, but the results of these compar-
isons were sufficiently similar between
the 2012 and 2014 plantings that they
could be pooled across plantings without
significant loss of information. Most of
the reason for the imbalance between the
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Breeding history
None
Selection for high yield and digestibility (IVDMD) from Kaw, three breeding cycles
Selection for high yield and digestibility from Pawnee, three breeding cycles

Selection for tall and leafy plants, medium to late flowering

None
Selection for plant vigor, leaf rust, leafiness, and large seed size

Selection for high crown diameter and large seed size
Selection for high yield and digestibility from Kaw, five breeding cycles
Selection for high yield and digestibility from Pawnee, five breeding cycles
Plants from Hardiness Zone 5 collections with thick, coarse stems (bamboo appearance)

Broad germplasm pool representing USDA Hardiness Zone 5a in the north-central USA

Broad germplasm pool representing USDA Hardiness Zone 5b in the north-central USA

Selection for late flowering and high plant biomass from broad germplasm pool
Selection for late flowering and high plant biomass from broad germplasm pool
Selection for late flowering and high plant biomass from broad germplasm pool
Selection for late flowering and high plant biomass from broad germplasm pool

2012 and 2014 plantings is the essential purpose of repeated
plantings of regional trials, which is to allow the newest and
most recent candidate cultivars to be tested in a timely manner,
of which there were numerous candidates produced in 2012
and 2013.

All statistical comparisons were computed as contrasts within
mixed-model analyses combined across 2012 and 2014 plantings.
All contrasts were computed for each individual trial-year, after
which they were combined across years and trials after verifica-
tion that results were largely homogeneous across years and trials.
Data presentations were focused largely on pooled results across
all trial-years within each of the 13 locations.

RESULTS
Upland Switchgrass

Combined selection for increased biomass yield and in
vitro dry matter digestibility (IVDMD) within Cave-
in-Rock resulted in no change in biomass yield at any
location (Table 4). There was, however, a strong shift
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Madison, WI
Spooner, WI Champaign, IL

Fig. 1. Map of the United States, showing hardiness zones (Daly et al., 2012) and the geographic reference region for the CenUSA project
(Moore et al., 2014). Uniform trials of the two species were planted at 13 locations, as shown by the black dots, organized to represent
Hardiness Zones 3 (HZ3, pink), 4 (HZ4, purple), 5 (HZ5, blue), and 6 (HZ6, green). Key locations cited in the discussion are identified,
including Athens, GA, which was outside of the CenUSA region.

Table 3. Site characteristics of 13 field locations used to evaluate selected switchgrass and big bluestem populations.

Location Latitude Longitude USDA HZt Soil type and taxonomy Plot sizet
°N W m
Grand Rapids, MN 4718 93.53 3b ltasca-Goodland sandy loam (coarse-loamy, mixed, superactive, 0.9 x 4.6 0.9 x 3.6)
frigid Haplic Glossudalf)

Spooner, WI 45.80 72.87 4a Murrill silt loam (fine-loamy, mixed, mesic Typic Hapludult) 1.5 x 2.7 (0.9 x 1.8)

Marshfield, WI 44.65 90.13 4b Withee silt loam (fine-loamy, mixed, superactive frigid 1.5 x 2.7 (0.9 x 1.8)
Aquic Glossudalf)

Brookings, SD 44.37 96.80 4b Mclntosh silt loam (fine-silty, mixed, superactive, frigid 1.5 x 3.0 (0.9 x 2.1)

Aquic Calciudoll); Badger silty clay loam (fine, smectitic, frigid

Vertic Argiaquoll)

Chatham, Ml 46.32 86.92 4b Eben very cobbly sandy loam (sandy-skeletal, mixed, frigid 1.7 x 3.6 (0.9 x 2.7)
Pachic Hapludoll)

Arlington, WI 43.33 89.38 5a Plano silt loam (fine-silty, mixed, mesic Typic Argiudoll) 1.5 x 2.7 (0.9 x 1.8)

Ames, IA 42.01 93.74 ba Webster silty clay loam (fine-loamy, mixed, superactive, mesic {5 « 3.8 0.9 x 2.9)
Typic Endoaquoll)

Mead, NE 4117 96.42 5b 2012: Tomek silt loam (fine, smectitic, mesic Pachic Argiudoll) 1.5 x 4.6 (0.9 x 3.0)

2014: Filbert silt loam (fine, smectitic, mesic Vertic Argialboll)

Urbana, IL 40.07 88.21 5b Drummer silty clay loam (fine-silty, mixed, superactive, mesic 1.5 x 4.6 (0.9 x 3.6)
Typic Endoaquoll)

West Lafayette, IN 40.30 86.89 5b Toronto silt loam (fine-silty, mixed, superactive, mesic 15 x 4.6 (0.9 x 3.6)

Udollic Epiaqualf);
Millbrook silt loam (fine-silty, mixed, superactive, mesic

Udollic Endoaqualf)
Columbia, MO 38.09 92.18 6a Mexico silt loam (fine, smectitic, mesic Vertic Epiaqualf) 1.5 x 4.6 (0.9 x 3.6)
South Charleston, OH 39.86 83.67 6a 2012: Crosby silt loam (fine, mixed, active, mesic Aeric Epiaqualf) 1.4 x 4.6 (1.2 x 3.6)

2014: Kokomo silty clay loam (fine, mixed, superactive, mesic
Typic Argiaquoll)

State College, PA 40.72 77.94 6b Hagerstown silt loam (fine, mixed, semiactive, mesic Typic Hapludalf) 1.8 x 4.6 (0.9 x 3.6)

T USDA hardiness zone (http:/planthardiness.ars.usda.gov/PHZMWeb/). Each location is shown as a black dot and hardiness zones are shown in color in Fig. 1.

I Harvested area in parentheses.
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Table 4. Mean values of Cave-in-Rock switchgrass and the derived population CIR-C4.

Biomass yield

Ground cover Heading date

Evaluation location HZt Cave-in-Rock CIR-C4 Cave-in-Rock CIR-C4 Cave-in-Rock CIR-C4
Mg ha™ % —— day of year ——

Grand Rapids, MN 3b 12.84 14.28 nst 60 65 ns 220 228 b
Spooner, WI 4a 11.90 11.29 ns 59 57 ns 229 236 >
Marshfield, WI 4b 13.73 13.53 ns 38 36 ns 224 227 ns
Brookings, SD 4b 7.43 7.08 ns 42 40 ns 226 227 ns
Chatham, Ml 4b 6.69 6.80 ns 71 70 ns 241 246 b
Arlington, WI 5a 12.65 14.81 ns 43 41 ns 216 225 >
Ames, IA ba 8.04 8.03 ns 42 41 ns 202 206 b
Mead, NE 5b 12.60 14.44 ns 74 71 ns 205 212 *
Urbana, IL 5b 12.53 11.00 ns 61 57 ns 194 200 *
West Lafayette, IN 5b 12.11 12.76 ns 67 60 * 199 206 *
Columbia, MO 6a 7.34 6.75 ns 39 31 * 199 206 b
South Charleston, OH 6a 18.15 15.47 ns 73 74 ns 202 210 *
State College, PA 6b 10.22 10.40 ns 73 72 ns 205 209 b
Mean across locations 11.25 11.28 ns 57 55 > 212 218 >

*** Significant at the 0.05 and 0.01 probability levels, respectively.

T USDA hardiness zone, sorted from top to bottom by coldest to warmest mean minimum winter temperatures.

T ns, nonsignificant.

Table 5. Mean values of Summer switchgrass and the derived population Summer-Late-Mat-C2.

Biomass yield

Ground cover Heading date

Summer-Late-

Summer-Late- Summer-Late-

Evaluation location HZt Summer Mat-C2 Summer Mat-C2 Summer Mat-C2
Mg ha™' % —— day of year ——

Grand Rapids, MN 3b 10.10 1219 nst 57 65 ns 218 222 *
Spooner, WI 4a 10.88 10.93 ns 62 64 ns 227 233 *
Marshfield, WI 4b 13.54 13.63 ns 39 39 ns 223 224 ns
Brookings, SD 4b 8.85 12.57 * 33 40 > 217 220 *
Chatham, M 4b 6.20 7.26 * 73 74 ns 234 239 *
Arlington, WI 5a 13.69 13.89 ns 36 42 * 220 223 ns
Ames, IA 5a 5.68 6.78 * 26 31 * 204 206 ns
Mead, NE 5b 13.23 14.08 ns 69 67 ns 201 209 >
Urbana, IL 5b 9.84 10.78 ns 52 51 ns 190 188 ns
West Lafayette, IN 5b 6.15 8.78 > 50 45 ns 195 203 >
Columbia, MO 6a 417 7.23 * 36 48 ns 197 200 *
South Charleston, OH 6a 117 13.38 ns 74 74 ns 199 204 *
State College, PA 6b 6.75 8.95 > 57 68 * 203 208 >
Mean across locations 9.25 10.80 * 51 54 > 210 214 >

*** Significant at the 0.05 and 0.01 probability levels, respectively.

T USDA hardiness zone, sorted from top to bottom by coldest to warmest mean minimum winter temperatures.

I ns, nonsignificant.

lowland (means of 10.85, 9.85, and 7.02 Mg ha™!, respec-
tively). Conversely, for the eight locations in Hardiness
Zones 5 and 6, the ranking was lowland > hybrid > upland
(means of 14.53, 13.57, and 10.77 Mg ha™!, respectively).
Marshfield and Spooner, W1, represented the only signifi-
cant departures from this generalization, instead favoring
the hybrid populations over all others.

The pattern of GL interaction for ground cover was
similar to that for biomass yield, but much less pronounced
(Table 7). As would be expected, the rankings for locations
in Hardiness Zones 3 and 4 were upland > hybrid > lowland
(means of 52, 39, and 24%, respectively). For Hardiness

Zones 5 and 6, differences among the three groups were
small and sporadically significant, without any strong or
compelling trend (means of 53, 53, and 57% ground cover
for upland, lowland, and hybrid groups, respectively).
Differences among the three groups in heading date
were more or less as expected but still showed evidence of
significant GL interaction (Table 7). For the four locations
within Hardiness Zones 3 and 4, the range of variation
across the three groups was only 6 d. Lowland and hybrid
groups were more or less similar in heading date, with
only subtle changes in their relative differences across
these five locations. Conversely, for the eight locations

CROP SCIENCE, VOL. 58, MAY—JUNE 2018

WWW.CROPS.ORG

1247


https://www.crops.org

Table 6. Mean values of WS4U switchgrass and combined means of four WS4U-derived selections (WS-13xx).

Biomass yield

Ground cover Heading date

Evaluation location HZt wWs4uU WS-13xx WSs4U WS-13xx WS4U WS-13xx

Mg ha™' % —— day of year ——
Grand Rapids, MN 3b 5.22 10.49 > 29 63 * 212 214 nst
Spooner, WI 4a 7.79 10.80 > 46 83 > 228 230 ns
Chatham, Ml 4b 4.43 6.95 > 40 96 * 226 228 ns
Ames, IA 5a 4.50 7.64 > 22 42 * 198 195 ns
Mead, NE 5b 8.1 12.03 > 38 88 * 192 193 ns
Urbana, IL 5b 10.71 11.63 > 63 86 * 194 189 ns
West Lafayette, IN 5b 3.65 11.01 > 39 86 * 191 192 ns
Columbia, MO Ba 3.49 719 * 28 76 b 190 191 ns
South Charleston, OH Ba 10.37 14.89 * 79 98 * 198 201 *
State College, PA 6b 5.85 9.43 * 46 96 * 202 201 ns
Mean across locations 6.18 10.35 > 42 82 > 200 201 ns

*** Significant at the 0.05 and 0.01 probability levels, respectively.

T USDA hardiness zone, sorted from top to bottom by coldest to warmest mean minimum winter temperatures.

T ns, nonsignificant.

Table 7. Means of three groups of switchgrass populations: improved upland (Up-Seln), improved lowland (Low-Seln), and

Kanlow x Summer hybrid selections (KxS).

Biomass yield

Ground cover Heading date

Evaluation location HZt Up-Seln Low-Seln KxS Up-Seln Low-Seln KxS Up-Seln Low-Seln KxS
Mg ha™' % day of year

Grand Rapids, MN 3b 11.38at 4.06¢ 7.42b 51a 12¢ 23b 222b 222b 230a
Spooner, WI 4a 10.95b 9.81b 13.19a 59a 42b 60a 235b 233b 243a
Marshfield, WI 4b 13.68b 14.91ab 15.82a 37a 32b 39a 227 228 229

Brookings, SD 4b 10.92a 3.67c 7.81b Ha 18b 37a 226¢ 238a 231b
Chatham, Ml 4b 6.81a 2.62c 5.08b 66a 14c 38b 239c 250a 247b
Arlington, WI 5a 14.63 15.86 1516 4a 36b 40a 226¢ 234a 230b
Ames, IA 5a 7.02b 9.60a 9.41a 35b 29¢c 42a 204b 212a 210a
Mead, NE 5b 13.62 15.06 14.26 65 69 68 206¢ 221a 216b
Urbana, IL 5b 10.97¢c 18.67a 16.80b 55b 58ab 60a 194c 209a 203b
West Lafayette, IN 5b 10.40b 14.66a 14.44a 55b 52b 60a 200c 220a 211b
Columbia, MO 6a 6.40c 11.62a 8.78b 40 39 42 200c 212a 206b
South Charleston, OH 6a 14.54b 18.11a 17.85a 72 72 74 205¢ 218a 213b
State College, PA 6b 9.22¢ 12.66a 11.89b 65b 71a 70a 205¢ 218a 211b
Mean across locations 10.80c 11.64b 1214a 53a 42¢ 50b 215¢ 224a 222b

T USDA hardiness zone, sorted from top to bottom by coldest to warmest mean minimum winter temperatures.

I Means followed by different letters for each location are significantly different at P < 0.01.

within Hardiness Zones 5 and 6, the range of variation
across the three groups was 13 d. For these eight locations
(with Ames, IA, as the only minor variant), the ranking
among the three groups was exactly as expected given the
natural history of the three groups (mean heading dates of
218, 212, and 205 day of year [DOY] for lowland, hybrid,
and upland groups, respectively).

Big Bluestem

Selection within big bluestem for increased biomass yield,
later flowering, and greater plant vigor failed to produce
any increases in biomass yield at the four northern
locations within Hardiness Zones 3 and 4 (Table 8).
Conversely, biomass yield of the group of selected big
bluestem populations was significantly higher than for the
group of cultivars at five of the eight southern locations

within Hardiness Zones 5 and 6, with an average increase
of 16% across the eight locations within Hardiness Zones
5 and 6. Ground cover of the selected populations was
increased at only 3 of the 13 locations and only by a small
amount, indicating that increased survivorship or persis-
tence had no impact on biomass yield of the selected big
bluestem populations. Rather, a significant portion of the
increased biomass yield was likely due to later heading,
which was significant at 12 of 13 locations, averaging 6 d
later across all locations. Unlike the three ecotype groups
of switchgrass, the difference in heading date between
selected populations and cultivars was similar across all
four hardiness zones, ranging from 5 to 10 d, with no
pattern associated with hardiness zones, and specifi-
cally no evidence of a decreasing effect associated with
increasing latitude.
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Table 8. Means of big bluestem cultivars compared with selected high-biomass populations, including the statistical contrast
of their difference and the hardiness zone of each evaluation location.

Biomass yield

Ground cover Heading date

Evaluation location HZt Cultivars Selections Cultivars Selections Cultivars Selections
Mg ha™' % —— day of year ——

Grand Rapids, MN 3b 8.22 8.94 nst 46 48 ns 238 245 *
Spooner, WI 4da 7.48 7.61 ns 41 43 ns 237 247 >
Marshfield, WI 4b 14.69 15.15 ns 36 35 ns 235 241 *
Chatham, MI 4b 6.39 5.27 o 4 4 ns 255 263 *
Arlington, WI 5a 10.83 12.52 ns 29 31 ns 232 241 >
Ames, IA 5a 6.33 6.84 * 38 39 ns 218 218 ns
Mead, NE 5b 11.51 12.59 * 63 67 * 216 223 >
Urbana, IL 5b 9.04 10.01 ns 48 48 ns 204 209 >
West Lafayette, IN 5b 7.01 8.29 * 31 32 ns 213 220 *
Columbia, MO 6a 6.91 9.86 o 39 4 ns 209 217 *
South Charleston, OH 6a 8.75 10.52 * 64 69 * 215 222 *
State College, PA 6b 5.82 6.03 ns 54 56 * 225 232 *
Mean across locations 8.61 9.51 > 44 46 - 225 231 *

*** Significant at the 0.05 and 0.01 probability levels, respectively.

T USDA hardiness zone, sorted from top to bottom by coldest to warmest mean minimum winter temperatures.

1 ns, nonsignificant.

Population Rankings

Three populations were chosen from each of the four trials
(2012 and 2014 switchgrass and big bluestem), with rankings
of mean biomass yield at each location shown in Table 9.
Populations were selected on the basis of mean rank across
locations. Kanlow N2 was the clear “winner” for switchgrass,
with the highest mean rank for both 2012 and 2014 trials.
Remarkably, the five selected switchgrass populations shown
in Table 9 originate from three different breeding programs:
from the USDA-ARS in Lincoln, NE, and Madison, W1,
and the University of Georgia, Athens. Indeed, the fourth
ranked population in the 2014 switchgrass trials was from
the University of Illinois, Champaign-Urbana, adding to
the diversity or origins in the top-ranked group. The biggest
surprise among the six highest ranked switchgrass popula-
tions was Blade EG2101, an upland population selected near
Athens from within Cave-in-Rock. For big bluestem, five
populations ranked among the top three in the 2012 or
2014 field experiments, with one population represented
twice (Table 9). These populations represented three distinct
origins; two are broad-based composites of germplasm
collected from Hardiness Zone 5 (MW5A C1 and MW5B
Cl1, the latter of which ranked among the top three in both
2012 and 2014 trials), one is a selection from the Lincoln
breeding program (Bamboo C1), and two are late-flowering
selections from the Madison breeding program (WBB-11L
Syn2 and WBB-12LLOK).

Across locations and hardiness zones, the rankings
reflected the patterns of GL interactions described above.
Lowland populations (Kanlow N2 and WS-12L) were
selected largely on the basis of superior performance in
Hardiness Zones 5 and 6 (eight columns on the right side
of Table 9). ‘Liberty’, the population of hybrid origin, was

selected on the basis of superior performance, primarily
in Hardiness Zones 5 and 6, but also at one location in
Hardiness Zone 4. Conversely, Blade EG2101 was selected
largely on the basis of superior performance in Hardiness
Zones 3 and 4, reflecting its origin as a selection from
Cave-in-Rock, an upland population that is broadly
adapted in the northern United States. Likewise, the single
hybrid-derived population within this group was inter-
mediate, with its selection based on superior rankings at
several locations that spanned all hardiness zones. For big
bluestem, there was little or no trend in rankings across
locations, with these five populations essentially demon-
strating adaptation across the entire range.

DISCUSSION

Target and Test Environments

The target population of environments for this study was
the north-central United States and parts of the central
and northeastern United States, representing largely humid
production zones within Hardiness Zones 3 through 6
(Fig. 1). Although 2012 and 2014 plantings consisted of
some different cultivars and populations, results were
highly homogeneous between the two plantings, at least
in terms of the breeding gains reported in Tables 4 to 8.
The GL interaction patterns were strong for switchgrass, as
previously reported (Casler et al., 2004, 2007). Although
the germplasm included in these experiments ranged in
origin from Texas and the Gulf Coast to the Dakotas, indi-
vidual populations are generally limited in their adaptation
zone, usually to two or three hardiness zones (Vogel et al.,
2005; Casler, 2012). The sample of 13 test environments
used in this study was sufficient in breadth to generate clear
adaptive patterns among the test populations.
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Table 9. Rankings for biomass yield of the top three populations within four uniform regional trials. The criterion to choose the top three populations was the mean ranking

shown in the last column.

Locationt

GRP SPN MSH BRK CHT AMS ARL MEA URB WLF CcoL SCH STC NL§ Mean9|
10

Population

Trialt
SW12

5.1

12

Kanlow N2

6.1

14

18
13

10

Blade EG2101
KxS HP1 High Yield C1

SW12

6.7

16
nd
nd
nd

12
18

11

8
17
15
13

SW12

6.2

nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd

Kanlow N2

SW14

7.4
7.6

3.3
4.4
5.2

1

14

WS-12L Syn2

SW14

15

14

Liberty
MWS5B C1

SW14

BB12

MWS5A C1
Bamboo C1
WBB-11L Syn2

BB12

10

10

nd

nd

nd
Brookings, SD; CHT

BB12

3.0
4.3
4.6

West Lafayette,

nd
nd
nd

Chatham, MI; AMS

nd
nd

nd
Marshfield, WI; BRK

nd
nd
nd

Spooner, WI; MSH

BB14

WBB-12LLOK

BB14

MW5B-C1
Grand Rapids, MN; SPN

BB14

WLF =

State College, PA. The locations are ordered from left to right according to USDA hardiness zone, from Hardiness Zone 3 to 6. The locations with the coldest winters

Urbana, IL;

= Mead, NE; URB =

Arlington, WI; MEA

Ames, IA; ARL =

1 Locations: GRP
IN; COL

South Charleston, OH; STC =

Columbia, MO; SCH

are on the left. nd, no data.

T SW12, switchgrass 2012 (22 populations); SW14 , switchgrass 2014 (20 populations); BB12, big bluestem 2012 (12 populations); BB14, big bluestem 2014 (11 populations).

§ NL, number of locations for which the population ranked first or second for biomass yield.

9] For reference purposes, the mean rankings across all cultivars within trials were 11.5 (SW12), 10.5 (SW14), 6.5 (BB12), and 6.0 (BB14).

Switchgrass is highly photoperiodic, with local popu-
lations adapting to their local environment, including
photoperiod and temperature regimes, over thousands of
years of prairie and savanna evolution (Zhang et al., 2011).
Southern populations are limited by cold or freezing
tolerance or by an insufficient length of time between
flowering and killing frost to allow a sufficient cold-hard-
ening period. At this point, we do not know which is
more critical: cold tolerance per se or the length of the
hardening period. Lowland populations are commonly
found in prairie or savanna remnants within Hardiness
Zones 8 and 9, frequently in Zone 7, but rarely in Zone
6 and never in Zones 3 through 5 (Casler, 2012; Casler et
al., 2012). Conversely, upland populations are frequently
found in prairie and savanna remnants within Zones 3
through 7, with a gradual decrease in frequency in Zones
8 and 9 (Casler, 2012; Casler et al., 2012). The flowering
time difference between upland and lowland ecotypes
(Table 7) likely plays a significant role, but not the only
role, in regulating adaptation of these two contrasting
ecotypes. As expected, lowland switchgrass populations
had higher biomass yields than upland populations in
Hardiness Zones 5 and 6, whereas the reverse was gener-
ally true in Zones 3 and 4.

Although big bluestem possesses distinct chromosome
races, it does not possess unique ecotypes as in switch-
grass. Similar to switchgrass, big bluestem is photoperiodic
(Boe et al., 2004), but the lack of clear “northern” and
“southern” phenotypes results in a more homogeneous
and gradual GL interaction pattern. Nevertheless, the
trend was similar—the improved biomass types were
superior to the forage-type cultivars in Hardiness Zones
5 and 6, but there were generally no differences in Zones
3 and 4, probably because these improved populations
were bred in Hardiness Zone 5. This suggests that further
improvements to Hardiness Zones 3 and 4 will likely
require selection efforts specifically located within one or
both of those hardiness zones.

Finally, the mechanism to generate the data used
in this study is unprecedented: a 5-yr project focused
on improvement of biomass development, production,
sustainability, and conversion within a carefully defined
geographic region (CenUSA project; Moore et al., 2014).
The main advantage of the 5-yr project was that two
cycles of uniform field trials were generated, allowing for
testing of several candidate cultivars of both species that
were generated with seed production in 2012 and 2013
(i.e., those that missed the first round of field trials). This
characteristic is extremely valuable for mature breeding
programs, which will usually generate new candidate
cultivars every year. Of course, the knowledge that
funding would be provided for the full 5-yr time period
of the grant was a strong incentive for each of the collabo-
rators to participate.

—
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Mechanisms for Increasing Biomass Yield

The genetic improvements documented in Tables 4 to 9
represent four distinct mechanisms for increasing biomass
yield of perennial energy grasses. Three of these have been
previously described from other studies: increased biomass
yield per se, later lowering to extend the growing season,
and the combination of later flowering from the lowland
ecotype with survivorship of the upland ecotype (Casler
and Vogel, 2014). The fourth mechanism, increased survi-
vorship of late-flowering lowland populations (i.e., range
expansion) has not previously been documented.

Selection for Increased Spaced-Plant Biomass
First, the increased biomass yield of the WS4U-derived
populations and the superior ranking of Blade EG2101 for
biomass yield were due to selection for increased spaced-
plant biomass. The four WS4U-derived populations
represented the third or fourth cycles of selection within
the broad WS4U germplasm pool (Casler et al., 2006).
Selection was conducted on a visual basis, first eliminating
all of the early-flowering genotypes. As late-flowering
plants began to flower, selection pressure shifted toward
genotypes that were tall, resistant to lodging, nonprocum-
bent, and dense (Casler, 2010). Nurseries were typically
2000 to 5000 plants, and generally 100 to 150 individuals
were allowed to intercross in situ (Casler, 2010; Price and
Casler, 2014a, 2014b). In each generation, approximately
half of the genotypes were eliminated on the basis of flow-
ering time as the first stage of selection. This selection
pressure for flowering time was insufficient to generate any
changes in heading date, as observed in these trials. Part of
this observation may be due to an inability to accurately
score heading date in the 2012 and 2014 field experiments,
which is often difficult to accomplish on seeded plots due
to high within-population variability for heading date
and flowering time. However, it is more likely that the
increased biomass yield of the WS4U-derived populations
was a result of the second stage of the actual selection
process, essentially for the tallest and most vigorous plants.
These results are consistent with previous results within
the WS4U pedigree, identifying plant height as one of
the two most important predictors of biomass yield, along
with late flowering (Price and Casler, 2014a, 2014b).
Selection for increased biomass of spaced plants
within Cave-in-Rock did not result in an increase in
biomass yield of sward plots. This population was devel-
oped for use in pastures, in which increased IVDMD had
been demonstrated to have a positive economic impact
(Casler and Vogel, 1999). The lack of yield increase was
likely due to the relatively mild selection pressure for
biomass yield, with more intensive selection pressure for
IVDMD. Averaged across the four cycles of selection, 28%
of the plants in each nursery were selected on the basis
of spaced-plant biomass for subsequent laboratory analysis

of IVDMD. Of those individuals, an average of 5% were
then selected on the basis of IVDMD. The strong selec-
tion pressure for IVDMD, combined with the relatively
weak selection pressure for plant biomass, likely resulted
in unconscious shifts toward later flowering, which is a
common response to selection for high IVDMD in popu-
lations that contain large amounts of genetic variability
for flowering time (Casler et al., 1996; Casler and Vogel,
1999; Casler, 2001).

The increases in biomass yield of big bluestem were
at least partially a result of selection for plant biomass
and related traits in spaced-plant nurseries. Three of the
highest ranked populations—Bamboo C1, WBB-11L
Syn2, and WBB-12LLOK—were all derived from selec-
tion and intercrossing of the most desirable individual
plants in spaced-plant nurseries.

Selection for Later Flowering to Extend

the Growing Season

Second, the increased biomass yield of Summer-Late-Mat-
C2 was clearly due to selection for later flowering. Although
the response to selection for heading date and biomass yield
was not significant at all locations, these changes were
consistent across locations, with no trends associated with
hardiness zone. Most likely, the lack of significant response
for biomass yield at some locations was due to the lack of
statistical power on an individual-location basis. The obser-
vation of significant biomass yield responses at only those
locations with the lowest biomass yield of Summer suggests
a broader adaptability of the selected Summer population,
but it also suggests a possible ceiling to Summer’s biomass
yield improvement at high-yielding sites.

Differences in heading date between Summer and
Summer-Late-Mat-C2 were not correlated with the
differences in biomass yield across locations (r = 0.20, P >
0.05). Thus, the significance of biomass yield increases due
to selection for late lowering in Summer was due largely
to the inherently later flowering of the derived population,
combined with more precise biomass yield measurements
at some locations. Averaged across locations, a 4-d delay
in heading resulted in a biomass yield increase of 1.63 Mg
ha™' (0.41 Mg ha™! per day delay in heading). This effect
was considerably larger than the value of 0.18 Mg ha™
per day delay in heading observed by Price and Casler
(2014a). The overall objective of the breeding work for late
maturity in this population was to develop an improved
Summer population for use in producing new Kanlow
X Summer populations. Using the improved Summer
population in a hybrid development program may help
to overcome any possible yield ceiling within Summer,
associated with high-yielding environments.

Blade EG2101 averaged 3 d later in heading than
its parent population, Cave-in-Rock, an effect that was
largely consistent across locations (data not shown; 216 vs.
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213 DOY, P < 0.01). Biomass yield of Blade EG2101 was
10% higher than for Cave-in-Rock (12.34 vs. 11.21 Mg
ha™!, averaged across 13 locations, or 0.38 Mg ha™! per day
delay in heading). This effect was remarkably similar to that
observed for Summer, strongly suggesting the presence of
unconscious selection for later flowering in the develop-
ment of Blade EG2101. Other remarkable aspects of Blade
EG2101 were (i) all selection was conducted near Athens
Hardiness Zone 8a, (ii) the parent population originated
in Hardiness Zone 6b, and (ii1) the greatest superiority
of Blade EG2101 compared with Cave-in-Rock was
observed in Hardiness Zones 3b through 5b (Table 9).
Although the upland ecotype of switchgrass is thought to
have undergone a significant genetic bottleneck (Zhang et
al.,, 2011; Lu et al., 2013), this particular prairie remnant
population clearly contains sufficient genetic variability
for adaptive traits to have remarkably broad adaptation
across Hardiness Zones 3 through 8. Its Achilles heel is
drought, rather than temperature; Cave-in-Rock is not
well adapted to dryland production conditions (Berdahl
et al., 2005).

Later heading date was also a characteristic of the
big bluestem experimental populations, with an average
heading delay of 7 d compared with the cultivars. Similar
to switchgrass, this delay in heading resulted in an increase
in biomass yield at the locations within Hardiness Zones 5
and 6. However, the average impact of heading on biomass
yield was only about half that observed for switchgrass:
0.21 Mg ha™! per day delay in heading for those loca-
tions with Zones 5 and 6. The most curious observation
for big bluestem was the fact that biomass yield was not
improved for locations in Zones 3 and 4, and this was
not because of mortality or decreased survivorship in the
selected populations or to a reduction in the heading date
response at these northern locations. We hypothesize that
the shortened growing season in Hardiness Zones 3 and
4 may have prevented the selected late-flowering popula-
tions from expressing their genetic potential for increased
biomass yield. Future experiments will need to be care-
fully designed to test this hypothesis.

Selection within Lowland x Upland

Hybrid Populations

Third, hybridization between upland and lowland
ecotypes, followed by selection for combined high
biomass yield and survivorship, resulted in a combina-
tion of these traits that generated populations with unique
performance characteristics. Populations of hybrid origin
were generally superior to the group of selected upland
populations at locations in Hardiness Zones 5 and 6 but
were also higher in biomass yield in two of the five loca-
tions in Zones 3 and 4. This was similar to observations
made in an independent set of field trials spanning Zones
3 through 5 (Casler and Vogel, 2014), resulting in the

release of Liberty switchgrass (Vogel et al., 2014). Hybrid-
derived populations were later in heading date than the
group of selected upland populations, and the impact of
heading date on biomass yield was similar to that observed
within the upland ecotype (0.37 Mg ha™! per day delay in
heading for those locations with Zones 5 and 6). Although
the impact of heading on biomass yield was similar for
hybrid-derived and upland populations, the hybrid-
derived populations were not as broadly adapted as the
upland populations, with significant mortality observed at
Grand Rapids, MN, and Chatham, resulting in significant
reductions in biomass yield. The biomass yield reduction
at Brookings was not due to increased mortality of the
hybrid-derived populations, so it may have been a result
of a shortened growing season and inability of the hybrid-
derived populations to express their genetic potential.

Selection for Broader Adaptation:

Range Expansion

Fourth, and of greatest novelty of the four mechanisms, is
the documented expansion in adaptation of the improved
lowland populations compared with the improved
upland populations. Within Hardiness Zones 5 and 6,
ground cover of the improved lowland populations was
almost equivalent to that of the improved upland popula-
tions. All of the improved lowland populations included
in these trials were selected at three locations: Lincoln,
Madison, and Champaign-Urbana, all located within
Hardiness Zone 5. For all populations, selection was
focused primarily on plants with superior vigor, biomass,
and survivorship. Raw germplasm was used from prairie
and savanna remnants in Hardiness Zones 7 through
9, resulting in winterkill often as high as 95% (Casler,
20022016, unpublished data). Despite these positive
results, the selection protocols likely limited the progress
that was achieved (i.e., all selection was conducted within
Hardiness Zone 5, resulting in adequate survivorship and
biomass yields significantly higher than improved upland
populations only in Zones 5 and 6).

This leaves the important question: if breeding
programs are moved into Hardiness Zones 3 and 4, is it
possible to create lowland populations that survive in these
regions, or is the growing season in these zones too short to
take advantage of the late-flowering trait? Unfortunately,
without empirical selection and evaluation, this question
is largely unanswerable. The argument against this possi-
bility is the fact that perennial grasses require a sufficient
time period for both nutrient recycling and hardening. Is it
possible to keep moving late-flowering genotypes further
north where the growing season is progressively shorter,
allowing less time for both nutrient recycling and hard-
ening? We still do not know the answer to this question.
What we do know is that this will not happen unless one
or more breeding programs begins to screen and select
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within Hardiness Zone 3 or 4. The data show that, with
a few minor exceptions, selection for increased biomass
yields in Hardiness Zone 5 does not lead to improvements
in Zones 3 or 4. The Madison program could conduct
routine screening and selection at the Spooner location
(Hardiness Zone 3), but only with a significant budgetary
and labor commitment. There would be a significant
irony in such a move, because neither the selection nor
the intercrossing would be conducted at the location of
the breeding program. Late-flowering germplasm cannot
be intercrossed anywhere in Wisconsin due to the short
growing season. Such a program would involve making
selections for winter survivorship and vigor in northern
Wisconsin (410 km north of Madison) and moving
selected genotypes to central Illinois for intercrossing and
seed production (405 km south of Madison).

CONCLUSION

In conclusion, this study documents four mechanisms for
improving biomass yield of switchgrass, two of which
were involved in the biomass yield increases observed for
big bluestem. There are possibly additional mechanisms
that have yet to be discovered or documented. Despite
several generations of selection and breeding, these two
species are still undomesticated and contain a wealth of
genetic variability for adaptive traits that allow breeders
to create new, high-biomass populations with broader
adaptation than can be found within natural populations.
As an example, for the prairie-remnant cultivar Cave-
in-Rock, its extant genetic variability is sufficiently large
to allow for remarkable genetic gains across an unprec-
edented geographic range.
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