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PLANT GENETIC RESOURCES

Ecotypic Variation among Switchgrass Populations from the Northern USA

M. D. Casler*

ABSTRACT

Switchgrass (Panicum virgatum L.) is a widely adapted warm-
season perennial that has considerable potential as a biofuel crop.
Broad species adaptation, natural selection, and photoperiodism have
combined to create considerable ecotypic differentiation in switch-
grass. The objective of this study was to characterize phenotypic vari-
ability among switchgrass ecotypes collected from prairie remnants
in the northern USA. Thirty-eight switchgrass collections from 33
prairie-remnant sites and 11 switchgrass cultivars were evaluated for
2 yr at two locations (Arlington and Marshfield, WI) for nine variables:
biomass yield, survival, dry matter, lodging, maturity, plant height,
holocellulose, lignin, and ash. Autocorrelations, measuring spatial
variation, and correlations between phenotypic distances and geo-
graphic distances were all nonsignificant. A small amount of variation
for maturity, lodging, holocellulose, lignin, and ash could be attributed
to latitude and/or longitude of the collection site. Populations from
several of the westernmost collection sites clustered with cultivars
from the Great Plains, suggesting an ecological basis for some of the
phenotypic variation observed. However, there was a considerable
amount of phenotypic variability between populations from collection
sites in close proximity to each other. Hardiness zones (defined largely
by temperature extremes) and ecoregions (defined largely by soil type
and historic vegetation) partly define the phenotypic characteristics
for many switchgrass populations collected from prairie remnants.
Most switchgrass populations can be utilized for conservation and
restoration projects throughout a combined ecoregion and hardiness
zone without undue concern over contaminating, diluting, or swamp-
ing the local switchgrass gene pool.

WITCHGRASS is a widely adapted warm-season peren-
nial that has considerable potential as a biofuel crop.
Switchgrass is capable of producing a high yield of bio-
mass across a wide geographic range (Sanderson et al.,
1996). Switchgrass is widely adapted and suitable for
use on marginal, highly erodable, and droughty soils
(Moser and Vogel, 1995). It has the potential of seques-
tering large amounts of atmospheric carbon in perma-
nent grasslands (Sanderson et al., 1996). Switchgrass
can also provide excellent nesting habitat for migratory
birds (Paine et al., 1996). The combination of heat, cold,
and drought tolerance allows switchgrass to grow in
nearly all ecosystems east of the Rocky Mountains and
south of Hudson Bay, ranging from arid conditions in
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the shortgrass prairie to marshland and open woodland
(Hitchcock, 1951).

Switchgrass is a highly heterozygous, self-incompati-
ble, and outcrossing species, characterized by a ploidy
series from 2n = 2x = 18 to 2n = 12x = 108 (Nielsen,
1944) and two distinct cytotypes, upland and lowland
(Hultquist et al., 1996). Upland and lowland cytotypes
tend to be genetically and phenotypically distinct from
each other (Gunter et al., 1996; Sanderson et al., 1996).
Upland cytotypes tend to be adapted to the mid- and
northern latitudes of the USA, while lowland cytotypes
tend to be adapted to the southern USA (Brunken and
Estes, 1975; Casler et al., 2004). Furthermore, there is
genetic variation for adaptation within both upland and
lowland cytotypes. Within cytotypes, strains from more
northern latitudes tend to have higher relative biomass
yield and survival at more northern sites, while southern
strains show the opposite reaction (Casler et al., 2004).
Genetic responses to latitude may be complex, resulting
from genetic variation for photoperiodism, cold toler-
ance, or heat tolerance (Casler et al., 2004).

The strongly photoperiodic nature of switchgrass,
combined with apparent genetic variation for heat and
cold tolerance, indicates that switchgrass strains have a
limited adaptation zone compared to the species as a
whole. Some strains, such as ‘Cave-in-Rock’, an upland
ecotype originating in southern Illinois, are adapted
across a wide geographical region (Casler and Boe, 2003;
Casler et al., 2004; Hopkins et al., 1995). Other strains
have much more restricted adaptation zones, limited by
unknown factors related to both latitude and longitude
(Casler and Boe, 2003; Madakadze et al., 1998).

Despite the spread and duration of agriculture in east-
ern North America, there remain hundreds of remnant
prairie sites, protected by public or private organizations
(Hopkins et al., 1995; Hultquist et al., 1997). Most switch-
grass cultivars are either seed increases of source-identi-
fied collections or products of a limited number of breed-
ing cycles tracing to many of these remnant-prairie sites
(Alderson and Sharp, 1994). Furthermore, most switch-
grass cultivars derive from collections made in the Great
Plains region of the USA, where switchgrass-dominated
prairie remnants are larger and more frequent than in
the eastern USA. New collections from the eastern half
of the USA may be useful in breeding and selection of
switchgrass cultivars for both biofuel and forage uses in
this region. The objective of this study was to character-
ize phenotypic variability among switchgrass ecotypes
collected from prairie remnants in the north central and
northeastern USA.
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MATERIALS AND METHODS

A total of 78 switchgrass collections were made from 59
sites in Minnesota, Wisconsin, Michigan, Indiana, Ohio, and
New York in 1997 and 1998. Some of the collection sites were
sufficiently large or variable to warrant multiple collections
from these sites. Multiple collections from a site were generally
made when there was a significant change in soil type, aspect,
or habitat. Seeds were stored at room temperature until De-
cember 1998. A sample of seed of each accession was chilled
at 3°C for 3 wk and planted in plastic seedling tubes containing
a 1:1 mixture of silt loam soil and peat moss. Seed dormancy
problems limited the study to a total of 38 accessions from 33
sites (Table 1). In January 1999, seedlings of 11 cultivated
switchgrass populations were germinated without pre-chilling.

In late May 1999, seedlings were transplanted to two field
sites near Arlington, WI [Plano silt loam (fine-silty, mixed,
mesic Typic Argiudoll); 43°20" N, 89°23" W] and Marshfield,
WI [Withee silt loam (fine-loamy, mixed Aquic Glossoboralf);
44°39' N, 90°08" W]. The 49 populations were arranged in a
randomized complete block with six replicates at each loca-
tion. Plots consisted of 10 seedlings, two rows of five, spaced
0.3 m apart. Adjacent plots were 0.9 m apart. Weeds were
controlled by application of 1.12 kg ha~! alachlor [2-chloro-
N-2,6-diethylphenyl)-N-(methoxymethyl)-acetamide] with 0.56
kg ha™! bromoxynil [3,5-dibromo-4-hydroxybenzonitrile] and
0.07 kg ha™! imazethapyr {( * )-2-[4,5-dihydro-4-methyl-4-
(1-methylethyl)-5-ox0-1H-imidazol-2-yl]-5-ethyl-3-pyridine-
carboxylic acid}.

Plots were fertilized before spring growth in 2000 and 2001
with 112 kg N ha~'. Herbicide was applied before spring
growth as previously described. Plots were harvested in late
August 2000 and 2001 with a flair harvester to determine
biomass yield per plot. Relative maturity and plant height
were determined on each plant before harvesting. Relative
maturity was determined using the 0-to-8 scale of Casler
(1988), where 0 = vegetative and 8 = postanthesis. Plant
height was measured from the soil surface to the tip of the
highest panicle. A whole-plant tissue sample was clipped from
five plants per plot before harvesting. Samples were dried at
60°C for 5 d and used to compute the concentration of dry
matter in plant tissue. Survival was determined immediately
after harvest by counting the surviving plants in each plot.
Biomass yield per plot was adjusted to a dry matter basis.

Dry-matter samples were ground through a 1-mm screen
of a Wiley-type mill and scanned on a near-infrared reflectance
spectrophotometer (NIRS). A calibration set of 75 samples
was chosen by cluster analysis of the reflectance data (Shenk
and Westerhaus, 1991). Calibration samples were sequentially
analyzed for neutral detergent fiber (NDF), acid detergent
fiber (ADF), and acid detergent lignin (ADL), and ash with
the ANKOM Fiber Analyzer (ANKOM Technology Corpora-
tion, Fairport, NY) and the procedures described by Vogel
et al. (1999). Values of NDF, ADL, and ash were predicted
for all samples using a single calibration equation per variable,
respectively: SEP (standard error of prediction) = 11.6, 6.2,
and 8.8 gkg™!; R> = 0.83, 0.80, and 0.73. Following calibration

Table 1. Latitude, USDA hardiness zones, and Bailey’s ecoregion classification for 38 switchgrass populations collected on prairie-

remnant sites in the northern USA.

North West USDA

Number Site name State latitude longitude Hardiness Zonef Ecoregion

PU IN 41°3" 86°46"' HZ5 251(PP)
4 HW1 IN 40°27"" 86°11" HZ5 221(EBF)
5 HW2 IN 40°27" 86°11" HZ5 221(EBF)
6 MT IN 40°6"' 86°43"' HZ5 221(EBF)
7 LK1 IN 41°38"" 87°26"’ HZ5 221(EBF)
8 LK2 IN 41°38"' 87°26"’ HZ5 221(EBF)
11 JK MI 42°18" 84°17" HZ5 221(EBF)
13 SC MI 42°39" 82°32"" HZ6 221(EBF)
14 HI MI 42°30" 82°34"" HZ6 221(EBF)
15 CH MN 45°8" 96°0" HZ4 251(PP)
16 FL MN 43°48"" 91°50"’ HZ4 221(EBF)
17 MO MN 46°12"" 94°25"" HZ3 221(EBF)
18 RF MN 44°32" 95°5"" HZ4 251(PP)
22 SP1 MN 44°19" 93°56"' HZ4 251(PP)
23 SP2 MN 44°18" 93°58"' HZ4 251(PP)
24 AN MN 46°30"" 94°52"" HZ3 221(EBF)
25 AS1 MN 46°23"" 94°54"" HZ3 221(EBF)
26 AS2 MN 46°22"" 94°59"" HZ3 221(EBF)
27 BT NY 42°59"" 78°11"’ HZ6 221(EBF)
28 YC OH 40°36" 80°40"' HZ6 221(EBF)
29 SA OH 40°33"" 80°40"" HZ6 221(EBF)
30 JN WI 43°45"" 89°52"" HZ5 221(EBF)
31 CR WI 44°40" 91°50"' HZ4 221(EBF)
34 HG WI 43°21" 89°35"" HZ4 221(EBF)
35 oT WI 43°52"" 90°17"" HZ4 221(EBF)
36 WP WI 43°8" 89°28"" HZ4 221(EBF)
45 MW WI 43°56"" 91°15"" HZ4 221(EBF)
49 BV WI 44°16" 89°40"' HZ4 221(EBF)
50 AR WI 44°12" 89°40"' HZ4 221(EBF)
51 KP WI 43°56"" 88°47" HZ5 221(EBF)
52 RR1 WI 43°28"" 89°26"" HZ4 221(EBF)
53 RR2 WI 43°28"" 89°26"' HZ4 221(EBF)
55 1P2 WI 42°34" 90°24"' HZ4 221(EBF)
57 BR2 WI 43°12" 90°27"’ HZ4 221(EBF)
63 WF WI 42°47" 88°18"’ HZ5 221(EBF)
67 KM WI 42°54"" 87°33" HZ5 221(EBF)
68 BL WI 42°51" 88°38"" HZ5 221(EBF)
69 PN WI 44°22" 89°30"" HZ4 221(EBF)

F Cathey (1990).

# EBF = Eastern Broadleaf Forest, PP = Prairie Parkland (Bailey, 1998).
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and prediction, holocellulose (cellulose + hemicellulose =
total structural sugars) was estimated as the difference be-
tween NDF and ADL, and lignin was expressed on an NDF
basis.

Data were analyzed by analyses of variance assuming popu-
lations and replicates to be random effects and years and
locations to be fixed effects. Broad-sense heritability was com-
puted as

H = S%)/(S%) + S%L/z + S%)R/L/lz + S%Y/Z + S%)Ly/4 + S%/24)

where variance components were defined by their subscripts
(P = populations, L = locations, R = replicates, Y = years,
and e = error) and were estimated by equating mean squares
to their expectations (Gaylor et al., 1970). Population X loca-
tion interactions were described in terms of the rank correla-
tion between population means at the two locations and the
phenotypic variance at each location (Muir et al., 1992). Sums
of squares for populations was partitioned into hardiness zones
(3 df), ecoregions (1 df), and populations within regions (33
df), on the basis of the classification in Table 1.

The 49 population means for all nine variables were sub-
jected to principal components analysis. Principal components
were used as input variables in a cluster analysis, using the
unweighted pair-group method of averages (UPGMA). Princi-
pal components were used in the cluster analysis because the
large collinearity among several of the phenotypic variables
would result in excessive weighting to the correlated variables.
Six groups were identified from the cluster analysis and de-
scribed on the basis of group means and standard deviations.
Because of the presence of population X location interactions,
principal components analysis, and cluster analysis were ap-
plied separately to data from each location. Because the results
and conclusions from the separate principal components and
cluster analyses were similar for the two locations, a single
set of analyses, on the basis of population means over two
locations, was used.

Spatial variation for phenotypic variables measured on the
38 remnant prairie populations was investigated by three
methods. First, linear and multiple linear regression were com-
puted for variable means on latitude and longitude of the
collection site.

Second, seven distance classes were created based on pair-
wise geographic distances between remnant prairie sites: 0 to
5, 6 to 50, 51 to 100, 101 to 200, 201 to 400, 401 to 800, and
801 to 1600 km. Moran’s I, a spatial autocorrelation coefficient,
was computed for population means of each variable within
each distance class (Sokal and Oden, 1978). A permutation
test was conducted with 999 randomizations of the vector of
population means (Smouse and Peakall, 1999).

Third, Euclidean phenotypic distance values were com-

puted among the 38 remnant prairie populations by the
formula

9
PD = X (My — M)
k=1

where M, and Mj, are means for populations i and j, respec-
tively, and variable k; summation was across nine variables
(k = 1,....9). Population means were standardized to . = 0
and o = 1 before computation of PD. Phenotypic distances
were converted to normalized phenotypic distances (NPD) by
dividing each value by the mean phenotypic distance. The
NPD was adapted from Smouse and Peakall (1999). The Man-
tel test of matrix correlation between the NPD matrix and
the geographic distance matrix was computed (Smouse et al.,
1986). A permutation test was conducted with 999 randomiza-
tions of the geographic distance matrix (Smouse et al., 1986).

RESULTS AND DISCUSSION

Genotypic variability among populations was signifi-
cant and broad-sense heritability was moderate to high
for all nine variables (Table 2). The population X loca-
tion interaction was significant for five of the nine vari-
ables, but made a significant contribution to the variance
of a population mean only for two variables, lodging
and survival. For lodging, this interaction was largely
due to an almost four-fold difference in phenotypic vari-
ance between the two locations. For survival, this inter-
action was largely due to some significant changes in
rank values between locations. Three populations in
particular had high survival at Arlington and extremely
low survival at Marshfield, contributing to this interac-
tion (data not shown). Population X year and popula-
tion X location X year interactions were significant only
for one and four variables, respectively, and were always
relatively small, not involving significant changes in pop-
ulation rankings.

Because of the population X location interactions
for lodging and survival, all subsequent analyses were
conducted separately for Arlington and Marshfield data.
Because the results and conclusions from these separate
analyses were similar or nearly identical across loca-
tions, these interactions were ignored for all remaining
data presentations. Means over locations and years were
utilized for all subsequent analyses and presentations.

The range among prairie-remnant population means
was greater than the range among cultivar means for

Table 2. Analysis of variance results for 49 switchgrass populations evaluated for 2 yr at two locations (Arlington and Marshfield, WI).

Populations Populations X locations{
Broad-sense Contribution Variance
Variable P value heritability P value to VPM T ratio
%
Biomass yield 0.0001 0.63 0.0149 7.8 0.75 1.6
Survival 0.0029 0.58 <0.0001 38.9 0.53 0.9
Dry matter <0.0001 0.87 <0.0001 3.3 0.71 1.5
Lodging 0.0042 0.51 0.0013 18.6 0.74 3.7
Maturity <0.0001 0.95 0.2991 0.9 0.70 0.6
Plant height <0.0001 0.90 0.0113 53 0.81 0.5
Holocellulose 0.0001 0.82 0.2516 3.2 0.73 0.6
Lignin 0.0001 0.89 0.5347 0.0 0.85 1.9
Ash <0.0001 0.79 0.9431 0.0 0.73 1.3

¥ VPM = variance of a population mean; r, = rank correlation coefficient between Arlington and Marshfield means; variance ratio = ratio of phenotypic

variance at Arlington to phenotypic variance at Marshfield.
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Table 3. Minimum, maximum, and overall means for 38 prairie-remnant switchgrass populations and 11 switchgrass cultivars evaluated

for 2 yr at two locations (Arlington and Marshfield, WI).

Variable
Biomass Dry Plant
Group and statistic yield Survival matter Lodging Maturity height Holocellulose Lignin Ash
Mg ha™! % gkg! % score m gkg! gkg ' NDF gkg!
Prairie-remnant populations (PRP)
Minimum 5.5 37 282 1 1.6 1.37 615 91 52
Maximum 20.0 99 457 44 6.9 1.94 645 112 65
Mean 134 77 377 18 5.5 1.68 631 102 59
Cultivars
Minimum 12.8 73 340 6 4.7 1.51 616 92 55
Maximum 21.3 97 388 39 59 1.88 641 103 62
Mean 153 89 361 21 5.5 1.67 633 98 58
PRP vs. cultivars wE wE wE * wE wE
LSD(0.05) 2.8 4 14 10 0.4 0.05 4 2 1

* Prairie-remnant mean significantly different from cultivar mean at P < 0.05.

** Prairie-remnant mean significantly different from cultivar mean at P < 0.01.

each of the nine variables (Table 3). Generally, the mini-
mum and maximum cultivar means were within the
range of the prairie-remnant population means. Culti-
vars averaged 13.8% higher biomass yield, 15.0% higher
survival, 4.6 % less dry matter, 0.4% more holocellulose,
3.5% less lignin, and 1.4% less ash than prairie-remnant
populations. The higher biomass yield and survival for
cultivars likely reflects the effects of selection and breed-
ing. Three types of cultivars are represented in this
group. Blackwell, Cave-in-Rock, Shelter, and Summer
are ecotypes, direct seed increases of collections from
prairie remnants. While ecotypes have not undergone
breeding, they have been selected for vigor and other
agronomic traits from among other populations col-
lected from prairie-remnant sites, following evaluation
in a common nursery. In this study, 12 of the 38 prairie-
remnant populations had both mean biomass yield and
survival lower than the lowest of the cultivars. Popula-
tions such as these would probably not be elevated to
cultivar status after an evaluation in a common nursery.
NE-HZ4 and Sunburst are ecopopulations, strain crosses
of plants from several ecotypes. As with ecotypes, they
represent some selection among ecotypes, but no breed-
ing. Finally, the other five cultivars are products of the
USDA-ARS breeding program at Lincoln, NE, where
there has been considerable emphasis placed on increas-
ing biomass yield and survival.

Linear regressions of the 38 prairie-remnant popula-
tion means on latitude or longitude were significant for
five of nine variables, accounting for 13 to 29% of the
variability among population means (Table 4). Parti-
tioning of the population sums of squares in analyses
of variance give similar results (data not shown). Sub-
stantial sums of squares could be attributed to hardiness
zones (15-21%) or ecoregions (4-10%) only for three

variables: maturity, holocellulose, and ash. Prairie-rem-
nant collections from the northern parts of this region
had greater lodging, were earlier in maturity, and had
greater concentrations of holocellulose, lignin, and ash
(Table 4). The effect of latitude on maturity of prairie-
remnant switchgrass collections has been documented
on a larger landscape scale (Casler et al., 2004). These
results show that this effect is more-or-less continuous,
operating across relatively small changes in latitude (40—
47°N latitude). There was one obvious outlier in the
regression of mean maturity on latitude (Fig. 1), popula-
tion 36, collected near Westport, WI (site WP). Removal
of this population from the sample increased the R?
from 0.15 to 0.24 and decreased the P value from 0.0154
to 0.0022. This population had a mean maturity score
of 1.6, indicating most panicles barely in the boot stage.
The unusually late maturity and the blue-green stem
coloration of the plants collected from this prairie-rem-
nant site are suggestive of the lowland phenotype, which
is typically 2 to 4 wk later in heading than the upland
phenotype (Casler et al., 2004; McMillan, 1965). This
population may represent an extreme northern popula-
tion of the lowland phenotype, a hybrid between upland
and lowland populations, or a recent human-facilitated
introduction of a lowland population into a prairie rem-
nant that was formerly populated by the upland pheno-
type. Some lowland populations, such as the cultivar
Kanlow, have sufficient cold tolerance that a few plants
can survive in southern Wisconsin (Casler et al., 2004).

The effect of longitude was always smaller than the
effect of latitude, although it was significant for four
variables (Table 4). Lodging tended to be higher for
the western collections, while holocellulose, lignin, and
ash tended to be higher for the eastern collections. These
results suggested that latitude-related factors, such as

Table 4. Linear or multiple linear regression equations for the regressions of 38 switchgrass population means on latitude and/or longitude
of prairie-remnant collection sites.

Variable Intercept Latitude Longitude P value R?
Lodging (%) -97.0 2.66 + 1.15 0.0263 0.13
Lodging (%) =173.5 1.03 = 0.45 0.0282 0.13
Maturity (score) -4.9 0.24 = 0.09 0.0154 0.15
Holocellulose (g kg™) 543 2.01 = 0.73 0.0093 0.17
Holocellulose (g kg™") 571 —0.67 = 0.29 0.0299 0.12
Lignin (g kg~! NDF) 75.5 2.07 = 0.80 —0.72 = 0.31 0.0432 0.16
Ash (g kg™ 22.4 1.54 = 0.43 —0.34 = 0.17 0.0027 0.29
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Fig. 1. Linear regression of mean maturity vs. latitude of the collection

site for 38 switchgrass populations collected from prairie-remnant
sites. The regression equation is shown in Table 4.

daylength, cold tolerance, and heat tolerance, have an
influence on phenotypic variability among switchgrass
populations at prairie-remnant sites in the northern
USA. Longitude had a small effect on phenotypic vari-
ability, largely related to differences between ecoregions
(Bailey, 1998). The Prairie Parkland ecoregion is sub-
humid with precipitation that is almost entirely lost by
evapotranspiration. Soils are largely Mollisols, which
have a high-humus surface horizon and relatively high
pH. The Eastern Broadleaf Forest ecoregion has a hu-
mid continental climate in which precipitation exceeds
evapotranspiration. Soils are largely Inceptisols, Unti-
sols, and Alfisols with relatively high organic matter,
moderately leached with a distinct light-colored leached
horizon, and lower in pH than Mollisols. Climatic and/or
soil differences between these two ecoregions appears
to be partly responsible for some phenotypic variation
among prairie-remnant populations of switchgrass.
Autocorrelation analyses (Moran’s I) were not signifi-
cant for any variable, except for a slight spatial trend
observed for lodging (P = 0.036). Populations that origi-
nated from 51 to 100 km apart tended to be positively
correlated with each other (r = 0.31, P = 0.019), while
populations that originated greater than 800 km apart
tended to be negatively correlated with each other (r =
—0.26, P = 0.012). With this slight exception, these
results indicated that individual variables measured on
switchgrass populations from nearby prairie remnants
were not correlated with each other. These results sup-
ported the regressions of variable means on latitude
and longitude, indicating that most of the phenotypic
variability in this collection is unrelated to latitude, lon-
gitude, or geographic distance between collection sites.
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Fig. 2. Scatterplot of normalized phenotypic distance vs. geographic
distance for 722 paired populations of switchgrass.

1600

Finally, normalized phenotypic distances, taking into
account all nine phenotypic variables, were not corre-
lated with geographic distances of paired prairie-rem-
nant sites (r = —0.03; Fig. 2). The majority of population
pairs had geographic distances less than 500 km and
phenotypic distances less than 1.5. Surprisingly, pairs of
populations that had the greatest geographic distances
generally had relatively low phenotypic distances, while
pairs of populations that had the greatest phenotypic
distances were typically less than 500 km distant from
each other. There were only seven population pairs that
had a geographic distance greater than 800 km and an
NPD >2.0. Populations 4 and 5 (both from site HW in
central Indiana) and Population 27 (from site BT in
western New York) were represented in six of these
seven pairs.

Six of the prairie-remnant collection sites were repre-
sented by two populations that were collected less than
5 km apart. Paired populations within each of these six
sites differed for three to eight of the nine variables (Table
5). Within-site variability was significant for all nine
variables, ranging from 19 to 43% of the total variability
among the 12 population means. Some of the individual
differences between paired populations (Table 5) repre-
sented more than half the range among all population
means (Table 3). Slope, aspect, and habitat were the
factors that generally formed the basis for multiple col-
lections within a site. However, there was no single
factor that seemed to account for phenotypic differences
between collections within a site. Numerous additional
examples could be found of phenotypically divergent
populations originating in close proximity to each other,
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Table 5. Means of paired switchgrass populations collected from different areas of six prairie-remnant sites, based on evaluations over

2 yr at two locations (Arlington and Marshfield, WI).

Population Variable
Biomass Dry Plant
No. State Site yield Survival matter Lodging Maturity height Holocellulose Lignin Ash
Mg ha™! % gkg! % score m gkg! g kg™! NDF gkg™!
4 IN HW1 10.2 66 337 12 31 1.49 6327 91 52
5 IN HW2 10.6 80* 351%* 8 4.2%% 1.50 619 94 52
7 IN LK1 19.3 96 377* 18 6.0 1.76 632 104 57
8 IN LK2 18.0 95 371 14 5.9 1.87%* 633 104 59k
22 MN SP1 14.27%% 81+* 356 31+* 4.9 1.68 6397+ 94 56
23 MN SpP2 5.5 42 457%%* 1 6.9%* 1.50 623 103+ 607%*
25 MN AS1 14.9 90 386 30 6.3 1.66 639 104 62
26 MN AS2 13.9 87 392 26 6.6* 1.78%* 638 104 63*
28 OH YC 12.8 64 367+* 15% 5.4 1.80 620 98 57
29 OH SA 17.2%* 83+* 354 6 6.1°+% 1.84 620 103+ 617+*
52 WI RR1 16.4 91 343 39 4.8 1.63 632 97 58
53 WI RR2 19.1%* 94 350%* 38 4.6 1.65 631 96 56
Within-site variabilityf 22.1%* 34.5%* 43.0%* 30.4+* 19.8%* 19.0%* 384+ 23.8%* 20.1%*

* Means of paired switchgrass populations different from each other at P < 0.05.
** Means of paired switchgrass populations different from each other at P < 0.01. Within-site variability significant at P < 0.01.
T Percentage of the sum of squares among the 12 populations shown in the table that can be attributed to within-site variability.

resulting in the general lack of autocorrelation or spatial
variation at the landscape level.

Cluster analysis, based on the nine principal compo-
nents, resulted in six cluster groups that were separated
from each other by normalized distances of 0.93 or
greater (Fig. 3). The Great Plains group contained all
but one of the cultivars developed in the Great Plains
region, plus 14 prairie-remnant populations (seven of
the nine Minnesota populations, six Wisconsin popula-
tions, and one Indiana population). The four popula-
tions from north-central Minnesota originated in USDA
Hardiness Zone (HZ) 3; the Indiana population and the
two populations in southeastern Wisconsin originated in
HZS5; the remaining populations in this group originated
in HZ4 (Cathey, 1990). Three of the Minnesota popula-
tions in this group, from the southern part of the state,
originated in the Prairie Parkland Ecoregion (Bailey,
1998) which includes much of the central Great Plains
of the USA. Thus, there is a strong phenotypic and
ecological connection between the cultivars and prairie-
remnant populations in the Great Plains cluster group.

The prairie-remnant populations in the Great Plains
group were strongly representative of the western por-
tion of the geographic region sampled for this study
(Fig. 4). Many populations within this group had small
pairwise distances (Fig. 3), including two populations
sampled from Wisconsin site RR (52 and 53) and several
pairs of cultivars (NE-HZ4 and NEearly-HYC3-HDC2,
Pathfinder and Shawnee, Blackwell, and NE28-HY C3-
HDC2). One of the Minnesota populations (22 from
site SP) was phenotypically similar to Trailblazer.

The HZ4,5-S cluster group contained the remaining
three cultivars plus 12 prairie-remnant populations
ranging from Wisconsin to Ohio (Fig. 3 and 4). The
HZ4,5-N cluster group contained eight prairie-remnant
populations ranging from southeastern Minnesota to
western New York. All but two of these populations
originated in HZ4 or HZS, one exception from each
group in eastern Michigan (population 13 from site SC
and population 14 from site HI). There was a slight, but
significant, difference in mean latitude of the collection

sites represented in these two groups (41°57' vs. 43°4';
P = 0.05 by ¢ test), hence the name of the two groups.
The cultivars in HZ4,5-S originated from HZ5 or the
northern portion of HZ6.

The last three cluster groups represented the most
phenotypically distinct of the prairie-remnant popula-
tions (Fig. 3). The Koro Prairie collection (population
51) was the most unique, followed by the Westport
collection (Population 36), and the two collections from
Howard Twp. (Populations 4 and 5).

Phenotypic differences among the six cluster groups
are illustrated in Fig. 5, using the first three principal
components, which accounted for 81% of the pheno-
typic variability. The first component described high dry
matter, earliness, and high lignin and ash, accounting for
37% of the variability. The second component described
high biomass yield and survival and tall plants, account-
ing for 26% of the variability. The third component
described high lodging and holocellulose, accounting
for 18% of the variability.

Members of the Great Plains cluster group were char-
acterized by low values of PRIN1 and mostly high values
of PRIN3 (Fig. 5). These populations had relatively low
dry matter, lignin, and ash; relatively high lodging and
holocellulose; and were relatively late in maturity (Table
6). The cultivars within this group were phenotypically
indistinguishable from the prairie-remnant populations
for any phenotypic variable or on the basis of the princi-
pal components. Collectively, these populations repre-
sent potentially valuable germplasm for population im-
provement and breeding of switchgrass as a bioenergy
feedstock. Their relatively high lodging potential was
the only negative trait for bioenergy feedstock produc-
tion.

Members of the HZ4,5-S cluster group were charac-
terized by high values of PRIN2 and mostly low values
of PRIN3 (Fig. 5). These populations had relatively high
biomass yield and survival, low lodging and holocellu-
lose, and were relatively tall (Table 6). While low lodg-
ing potential would be an advantage of these popula-
tions, the relatively low holocellulose concentrations
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Fig. 3. Cluster dendrogram of 49 switchgrass populations, identified by their state of origin, clustered by the UPGMA clustering method on the
basis of principal components of nine phenotypic traits. Switchgrass cultivar population numbers were as follows: 70 = Blackwell, 71 = Cave-
in-Rock, 72 = Pathfinder, 73 = Shawnee, 74 = Shelter, 75 = Summer, 76 = Sunburst, 77 = Trailblazer, 78 = NE-HZ4-Syn1, 79 = NEearly-
HYC3-HDC2, and 80 = NE28-HYC3-HDC2. Cluster groups are identified by vertical lines to the left of population numbers and by names

to the right of cluster nodes.

would limit their value in breeding switchgrass for bio-
energy feedstock production. Holocellulose represents
the majority of the fermentable sugars in the cell wall,
which comprise the major source of energy in dry-cured
switchgrass biomass. A positive phenotypic correlation
coefficient between lodging and holocellulose (r = 0.57,
P < 0.01) suggested that lodging may be a possible
consequence of high holocellulose concentration. Lodg-
ing was negatively correlated with lignin concentration
(r = -0.41, P < 0.01), suggesting that high lignin may
also be a factor contributing to lodging resistance. A

high lignin concentration in switchgrass biomass would
be detrimental for fermentation, because lignin cannot
be broken down during fermentation (Jung and Deetz,
1993). However, a previous study of switchgrass germ-
plasm did not reveal a relationship between lignin and
lodging (Casler et al., 2004). Furthermore, the literature
suggests that low-lignin grasses may have greater stem
flexibility, resulting in greater resistance to bending
stress and greater lodging resistance (Casler, 2001).
Members of the HZ4,5-N cluster group were charac-
terized by high values of PRINT1, low values of PRIN2,
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Fig. 4. Albers equal-area projection of a portion of the north-central and northeastern USA, showing the location of 38 switchgrass collections
made from remnant prairie sites in 1997 and 1998. Each one-letter code identifies the cluster to which each population was assigned in Fig. 3:
G = Great Plains, S = HZ4,5-S, N = HZ4,5-N, K = Koro Prairie, H = Howard, and L = Lowland. The site to the east of the Michigan
Lower Peninsula is on Hansen’s Island in Lake St. Clair. The stars indicate the two evaluation sites, Arlington and Marshfield, WI.

and low values of PRIN3 (Fig. 5). These populations
had relatively high dry matter and lignin; low biomass
yield, survival, lodging, and holocellulose; and were rela-
tively short and early in maturity (Table 6). These popu-
lations were distinguished from those in the HZ4,5-S
group, largely by their reduced survival, biomass, and
plant height. Because of these traits, these populations
have relatively little value in a breeding program de-
signed to improve the bioenergy feedstock production
of switchgrass. However, these populations should be
included in germplasm pools created to represent the
range of phenotypic variability within this region.

Two populations of the HZ4,5-N cluster group were
members of two paired-population collections from in-
dividual collection sites (Table 5). Population 23 (site SP
in Minnesota) was highly divergent from Population 24,
which was a member of the Great Plains cluster group.
Population 28 (site YC in Ohio) was highly divergent
from Population 29 (site SA in Ohio), which was a
member of the HZ4,5-S cluster group. The assignment
of paired populations from these sites to different cluster
groups provided a measure of the potential for pheno-
typic differentiation between collections from nearby
sites.

The collection from Koro Prairie (population 51 from

site KP in Wisconsin) ranked 49th for biomass yield and
plant height, 47th for survival, and 2nd in ash concentra-
tion among the 49 populations. This was the most ex-
treme phenotype among the 49 populations in the study,
with the fifth highest value of PRINI, the 4th lowest
value of PRIN2, and the highest value of PRIN3 (Fig. 4
and 5; Table 6). This collection derived from what ap-
peared to be a single plant, so inbreeding is a potential
explanation for the relatively poor survival and vigor
of this collection.

The two collections from Howard Twp. (Populations
4 and 5 from site HW in Indiana) had extremely low
values of all three principal components (Fig. 5). This
was caused by relatively low values of all nine pheno-
typic variables, although there was some phenotypic
variability between the two populations (Tables 5 and
6). Their relatively late maturity was probably the most
notable unique feature of these two populations.

Finally, Population 36 (site WP in Wisconsin) was
labeled as the Lowland cluster group, because of its
similarity to the typical phenotype of the lowland cyto-
type of switchgrass (Casler et al., 2004). This population
had unusually late maturity and the lowest dry matter
of the 49 populations (282 g kg™!, compared with the
next lowest population with 332 g kg~!). Population 36
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Fig. 5. Scatterplot of the first two principal components (PRIN1 and
PRIN2) for 49 switchgrass populations identified by the six cluster
groups in Fig. 3 and Table 6. Upper graph includes populations
that had a negative value of the third principal component (PRIN3)
and lower graph includes populations that had a positive value
of PRIN3.

was the 3rd tallest population, another indication of a
possible lowland cytotype. Population 36 had the lowest
values of both PRIN1 and PRIN3 (Fig. 5). Lowland
cytotypes of switchgrass are not known north of 38°N
latitude (Hultquist et al., 1997). The population col-
lected from site WP may be a relatively recent human
introduction of a lowland cytotype or an extremely rare
naturally occurring lowland cytotype from 43°N latitude.

CONCLUSIONS

Switchgrass is an allogamous species, resulting in
highly heterogeneous and variable populations. For this

collection of switchgrass populations, 66% of the geno-
typic variability occurs within populations (Stendal et
al., 2003). In this regard, switchgrass is fairly typical of
polyploid, allogamous grasses. Within-population vari-
ability creates the potential for natural selection to occur
in response to local environmental conditions, such as
soil or slope characteristics, climate, daylength, or habi-
tat. Differentiation among sites creates differential se-
lection pressures, diverging populations from each other
over hundreds or thousands of years. Site-to-site differ-
entiation may occur over vast geographic distances,
caused by differential climate, daylength, or habitat, or
over distances of a few meters, caused by soil or slope
characteristics.

Phenotypic differentiation among switchgrass popu-
lations occurred at regional, landscape, and neighbor-
hood levels in this study. Because so much of the pheno-
typic variability occurred at landscape and neighborhood
levels, there were no autocorrelation or spatial patterns
to the variability. Large-scale regional factors were
clearly important in distinguishing a group of popula-
tions, largely from the western portion of the sampled
region. This group of populations originated largely in
the HZ4 section of the Prairie Parkland ecoregion or
in the HZ3 or HZ4 sections of the Eastern Broadleaf
Forest ecoregion. These classifications, combined with
the phenotypic similarity of these populations to culti-
vars from the Great Plains (HZ4 to HZ6 of the Prairie
Parkland ecoregion), suggested that daylength and cli-
mate were likely factors driving natural selection at
many of these prairie-remnant sites. However, these
factors could only account for small amounts of pheno-
typic variability and many of the other populations could
not be distinguished on the basis of large-scale latitude,
climatic, or habitat factors. Differential soil or slope char-
acteristics or the possibility of human disturbance have
created small-scale phenotypic differentiation within
hardiness zones, ecoregions, and individual prairie-rem-
nant sites. Human disturbance cannot be ruled out for
some sites. Verification of putative prairie-remnant sites
is often achieved without written documentation, largely
based on oral documentation and institutional or per-
sonal memories. Gene migration can occur via pollen
or seed, potentially creating phenotypic differentiation
without natural selection and unrelated to any climatic
or edaphic factors.

Switchgrass is a highly adaptable species with an adap-
tion zone that includes much of eastern North America.
Daylength controls the adaptation zone of individual
plants or populations of switchgrass, such that most pop-
ulations cannot be moved north or south more than
one hardiness zone without adversely affecting vigor,
survival, or flowering (Casler et al., 2004). These results
build on this conclusion, suggesting that there may be
a longitudinal component to the large-scale adaptive
pattern of switchgrass, associated with the Prairie Park-
land vs. Eastern Broadleaf Forest ecoregions of the cen-
tral and eastern USA. More research will be required
to verify and refine this conclusion and to determine
why some natural populations of switchgrass do not
conform to this pattern.
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Table 6. Statistics associated with six cluster groups of 49 switchgrass populations based on principal components of nine variables
measured for 2 yr at two locations (Arlington and Marshfield, WI).
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Variable
Statistic and Biomass Dry Plant
cluster group n yield Survival matter Lodging Maturity height Holocellulose Lignin Ash
Mg ha™! % gkg! % score m gkg! g kg™! NDF g kg!
Cluster mean
Great Plains 22 14.8 86 362 29 5.4 1.63 637 98 58
HZ4,5-Southern 15 16.0 89 385 12 5.8 1.80 626 105 60
HZ4,5-Northern 8 8.9 53 397 6 6.0 1.63 624 103 59
Koro Prairie 1 7.2 50 412 35 6.3 1.37 643 107 63
Howard 2 10.4 73 344 10 3.7 1.50 626 93 52
Lowland 1 135 67 282 6 1.6 1.86 635 93 57
Cluster SDT
Great Plains 22 24 9 20 8 0.8 0.07 4 4 3
HZ4,5-Southern 15 2.9 9 24 5 0.3 0.07 7 4 2
HZ4,5-Northern 8 2.2 9 29 4 0.5 0.13 6 4 3
Howard 2 0.3 10 10 3 0.8 0.01 9 2 0
Overall mean 49 13.8 80 374 19 5.5 1.67 631 101 59
SEM: 2.0 3 10 8 0.3 0.04 3 1 1
R 0.57 0.71 0.48 0.74 0.64 0.61 0.54 0.51 0.33

T Standard deviation within cluster.

i+ Standard error of an individual population mean. Standard errors of cluster means can be obtained by dividing this value by the square root of the

cluster size (n).

§ The proportion of phenotypic variance among all 49 populations described by the six cluster means.

Finally, most populations of switchgrass have an ad-
aptation range that extends beyond their point of origin,
at least within their hardiness zone, possibly including
one zone north and south of their zone-of-origin, and
within their ecoregion of origin (Casler et al., 2004;
Casler and Boe, 2003; Hopkins et al., 1995). In some
cases, this can include a relatively large geographic re-
gion, e.g., HZS of the Eastern Broadleaf Forest eco-
region, which includes parts of Wisconsin, Illinois, Indi-
ana, Michigan, Ohio, Pennsylvania, and New York. The
observed lack of spatial patterns within ecoregions or
hardiness zones suggests that switchgrass populations
within combined ecoregions and hardiness zones may
be considered as regional populations. Some phenotypic
differentiation is present among populations within each
regional population, but members of a regional popula-
tion share some basic genotypic information and pheno-
typic traits defined, in part, by their adaptation zone.
Switchgrass populations within a combined ecoregion
and hardiness zone can be utilized for conservation and
restoration projects without undue fear of contaminat-
ing, diluting, or swamping the local switchgrass gene
pool.
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