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RESEARCH

Soil Quality and Region Influence Performance
and Ranking of Switchgrass Genotypes
M. D. Casler,* S. Sosa, A. R. Boe, and S. A. Bonos

ABSTRACT
Development of switchgrass (Panicum virgatum
L.) as a dedicated bioenergy feedstock requires
intensive and extensive breeding programs that
include careful and thoughtful consideration
of appropriate target populations of environments (TPEs). The purpose of this study was
to evaluate region (climate), soil quality, and N
fertilization level as potential factors influencing
the choice of TPE. A total of 45 switchgrass
genotypes were evaluated in uniform field
studies at six field sites defined as prime or
marginal soils in New Jersey, South Dakota,
and Wisconsin. Region and soil quality had
strong interactions with genotype, but N fertilization had little impact on genetic variation
or ranking of genotypes. Lowland genotypes
were considerably more sensitive than upland
genotypes to interactions with environmental
factors, probably due to these field sites being
outside of the traditional lowland adaptation
zones. Genotype rankings were highly inconsistent across regions and soil types, indicating
that breeding programs that target marginal
soils should be located on soils that represent
the appropriate TPE. Furthermore, interactions
across the three regions suggest that breeding
programs for the lowland ecotype should be
subdivided into different sets of TPEs, which
are largely a function of hardiness zone and
annual precipitation. Lastly, even with negligible
interactions involving N fertilization level, future
definitions of TPEs should be based on minimal
or no N fertilizer applications to allow breeders
to select plants with greater N-use efficiency,
N-scavenging ability, and N-recycling efficiency.
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T

he choice of test environments is a critical component of
a breeding program. Proper test environments should have
the following characteristics: (i) are representative of real-world
production conditions (i.e., a high genetic correlation between
selection and production environments), (ii) maximize genetic
variation and heritability to the greatest extent possible, (iii) are
proximal to the central breeding site, including accessibility for
personnel and equipment, and (iv) are of sufficient size and scope
that land is not a limiting factor. The first two factors can be
expressed numerically with classical quantitative genetic statistics
useful in making predictions regarding genetic gain, optimizing
scarce resources, and choosing the best test environments (e.g.,
Allen et al., 1978; Rosielle and Hamblin, 1981).
The choice of test environments is relevant to switchgrass
(Panicum virgatum L.), due to its status as the herbaceous model
species for biomass feedstock development by the USDOE
(McLaughlin and Kzsos, 2005; Sanderson et al., 2006). At the
time of writing this, there are 12 switchgrass breeding programs
in North America, and many more genetics or genomics programs
that support these breeding efforts. Genotype ´ environment
(GE) interaction is so important in switchgrass that no cultivars
Published in Crop Sci. 59:221–232 (2019).
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are broadly adapted across the entire adaptive region and,
indeed, few cultivars are broadly adaptive across more
than three hardiness zones or two ecoregions (Casler,
2012; Casler et al., 2012). Two cultivars, Alamo and Cavein-Rock, are exceptions to this “rule,” but they are very
rare exceptions.
Photoperiod and temperature are the most important factors driving GE interactions in switchgrass (Casler
et al., 2004, 2007). Photoperiod drives the evolution of
flowering time, whereas temperature drives the evolution of cold and heat tolerance. Southern populations
of switchgrass are later in flowering, more heat tolerant,
and less cold tolerant than northern populations (Casler,
2012; Casler et al., 2012). Although these three traits have
evolved more or less in unison with each other during the
Holocene epoch, they are not a priori linked or necessarily pleiotropic to each other. Recent breeding efforts
have shown that genetic variation for cold tolerance
exists within late-flowering southern populations and
the frequency of cold-tolerant plants can be increased by
selection within random-mating, late-flowering populations (Casler et al., 2018).
Precipitation or soil moisture capacity is the secondary
driver of GE interactions for switchgrass (Berdahl et al.,
2005; Casler et al., 2007, 2017). Cultivars bred or evolved
in the eastern United States have reduced vigor and/or
survivorship in the western United States due to drought;
cultivars bred or evolved in the west have reduced vigor
and/or survivorship in the east due to lack of disease resistance under humid conditions (Casler, 2012; Casler et al.,
2012, 2017). Taken together, these factors have led to the
creation of 12 North American breeding programs, each
focused on a relatively narrow geographic region, defined
partly by photoperiod, temperature, precipitation, and soil
moisture (Casler et al., 2015).
Development of a biomass industry that is supported
by the diversity that perennial crops add to the landscape
will require those crops to be grown under low-input
conditions on marginal lands (Robertson et al., 2017). In
this context, marginal lands are those that fail to meet
local minimum thresholds for economic production of
food or feed crops (Shortall, 2013; Richards et al., 2014).
For switchgrass, this could include dryland production on nonirrigated pivot corners (Uden et al., 2013),
reclaimed surface mines (Brown et al., 2016), buffer strips
surrounding sensitive surface waters (Hernandez-Santana
et al., 2013; Porter et al., 2015), and highly erosive soils
(Hassan et al., 2017). Low-input production conditions will
also require the elimination or reduction of N fertilizer,
the most expensive of all input factors (Perrin et al., 2008).
Ranking of switchgrass cultivars is generally consistent
under high-N vs. low-N conditions, but breeding under
high-N conditions does not allow breeders to identify
potential N-thrifty or N-scavenging genotypes, or those
222

genotypes that are capable of forming beneficial relationships with N-fixing soil microbes (Casler et al., 2017).
The purpose of this study was to clarify GE interaction
structure for a highly diverse set of switchgrass genotypes that
represent both upland and lowland ecotypes. Specifically,
this study focused on addressing the relative importance of
region, soil quality, and N fertilization as potential drivers
of GE interactions in switchgrass, attempting to answer
the question of exactly how best to conduct switchgrass
breeding for target populations of environments (TPEs)
that are characterized by low-input marginal soils.

MATERIALS AND METHODS
Forty-five genotypes were selected for this experiment, 15
contributed from each of the participating organizations: Rutgers
University (New Jersey), South Dakota State University, and the
USDA-ARS (Madison, WI). The 45 genotypes represented the
following cultivars and populations, with number of genotypes
in parentheses: upland populations Carthage (1), Cave-in-Rock
(6), Dacotah (14), Shelter (1), Sunburst (1), WS4U (5), and WS8U
(5); and lowland populations High Tide (5), Kanlow (3), SL93 (1),
and Timber (3). Among the 45 genotypes, 12 represented the
lowland ecotype and 33 represented the upland ecotype. The
upland populations Carthage and Shelter and the lowland populations High Tide and Timber are of eastern origin, whereas
all others originated in the Great Plains, the tallgrass prairie
ecosystem (Casler et al., 2015).
Each genotype was collected from a field nursery in early
spring 2009 and split into at least 40 clonal ramets for distribution to all collaborators. Clonal ramets were traded between
New Jersey, South Dakota, and Wisconsin so that each collaborator had sufficient material to establish equivalent common
garden experiments. Four experiments were created within
each region by transplanting genotypes in spring or early
summer 2009, creating a total of 12 field experiments. The four
experiments consisted of the following conditions: prime soil
without applied N, prime soil with 100 kg N ha−1, marginal
soil without applied N, and marginal soil with 100 kg N ha−1.
Prime and marginal soils were achieved by choosing two field
sites within each region, for a total of six field sites, belonging
to three regions, as defined in Table 1. Paired field sites within
each region (marginal vs. prime) were monitored for rainfall
and temperature throughout the duration of the study, and no
substantial differences were observed within pairs of field sites,
so we concluded that the principal factors governing differences
within pairs of field sites were the soil characteristics shown in
Table 1. Experiments with or without applied N were adjacent
to each other within each of the six field sites shown in Table 1.
Each experiment was established as a randomized complete
block with three replicates. Plants were spaced 0.9 m apart in
all directions, and each experimental unit consisted of a single
plant, with approximately three to six tillers at the time of
transplanting. Weeds were controlled by a combination of
preemergence herbicides and hand weeding as described by
Casler (2005). Transplants were irrigated only as needed for
establishment, during the first few weeks after transplanting.
Plots were clipped and biomass removed after killing frost in
autumn 2009.
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Table 1. Characteristics of the six field sites and soil types used to evaluate switchgrass genotypes.
Field site
Adelphia, NJ
Somerset, NJ
Aurora, SD
Pierre, SD
Arlington, WI
Hancock, WI

Soil
category

Prime vs. marginal
defining characteristic

Soil series and taxonomy

Prime

High P (400–700 ppm),
Freehold sandy loam soil (fine-loamy, mixed,
27-cm A horizon
active, mesic Typic Hapludults)
Marginal
Low P (30–60 ppm),
Klinesville loam (loamy-skeletal, mixed,
20-cm A horizon
active mesic Lithic Dystrudepts)
Prime
Well drained and deep silty clay Brandt silty clay (fine-silty, mixed, mesic,
superactive, frigid Calcic Hapludolls)
Marginal
Opal clay (fine, smectitic, mesic
Depth to bedrock ?80 cm,
Leptic Haplusterts)
heavy clay
Prime
Well drained, 204 mm water Plano silt loam (fine-silty, mixed, superactive
storage at 1-m depth§
mesic Typic Argiudolls)
Marginal
Excessively well drained,
Plainfield loamy sand (mixed, mesic
71 mm water storage at 1 m§
Typic Udipsamments)

Latitude Longitude Precip.†

HZ‡

°N
40.23

°W
74.25

1185

(°C)
7a (−16.4)

40.47

74.53

1180

7a (−16.4)

44.30

96.67

580

4b (−30.0)

44.36

100.00

505

4b (−30.0)

43.30

89.35

850

5a (−27.5)

44.11

89.55

825

4b (−30.0)

† Precip., mean annual precipitation, 1996–2015.
‡ HZ, USDA hardiness zone (https://planthardiness.ars.usda.gov/PHZMWeb/), with mean annual extreme minimum temperature shown in parentheses.
§ Obtained from the University of California-Davis SoilWeb (https://casoilresource.lawr.ucdavis.edu/gmap/).

Nitrogen fertilizer was applied in spring 2010 and 2011 to
the experiments so designated. Preemergence herbicides and
hand weeding were used to keep all experiments weed free.
Each plant was hand harvested in autumn 2010 and 2011 near
the time of killing frost. Plants were clipped to a stubble height
of 10 cm and weighed in the field. A sample of tillers of 100
to 300 g was collected, weighed, and dried at 60°C for 7 d to
determine dry matter concentration, which was used to adjust
plant biomass to a dry-matter basis.
Data were analyzed by mixed-models analysis (Littel et al.,
1996) with year, region, soil quality, N fertilizer, and genotype
as fixed effects and block as the only random effect. Contrasts
were used to estimate and test the effect of ecotype. Analyses
were performed separately for each region and combined across
field sites. Residuals were normally distributed but showed
evidence of heterogeneity associated with region, soil quality,
and N fertilization. As such, residuals were modeled as individual “variance groups” using the repeated measures function
within Proc Mixed (Littel et al., 1996). Year was treated as a
repeated measure and modeled using compound symmetry
covariance structure with heterogeneous variances between
years. All fixed effects involving genotypes were evaluated on
the basis of both P value and percentage contribution to the
Type I sum of squares (SS1). Statistical significance was based
on P <0.05, and biological significance was based on SS1 >5%.
Linear regressions and phenotypic correlation coefficients
were computed between the 24 arrays of mean plant biomass
(2 yr ´ 3 regions ´ 2 soil types ´ 2 N rates) to help explain
the interactions of genotype with year, region, soil type, and
N rate. Phenotypic correlation coefficients that were homogeneous and represented similar GE interaction structures
were pooled (Steel et al., 1997). Additionally, a mixed-models
analysis was conducted separately for each of the 24 combinations of region, soil quality, N level, and ecotype. The F values
for genotypes from these 24 analyses were then subjected to a
mixed models analysis to identify associations with region, soil
quality, N level, or ecotype.
Finally, phenotypic plasticity was computed for each of the
45 genotypes by first computing the GE matrix of means (12
environments = 3 regions ´ 2 soil types ´ 2 N rates), then
crop science, vol. 59, january–february 2019 	

computing the phenotypic SD for each genotype across the 12
environments. Reaction norms are typically used to evaluate
phenotypic plasticity, but they do not easily lend themselves
to an overall evaluation of plasticity across 12 environments.
Hence the phenotypic SD was used as a measure of environmental sensitivity (Falconer, 1990).

RESULTS
Genotype was the most important source of variation, the
largest of the fixed effects, excluding the main effects of
the environmental factors (Table 2). Ten of the 15 interaction terms involving genotype were significant (P < 0.01),
but only three of these were biologically significant: the
interactions of genotype with region, soil type, and region
´ soil type. These three interactions plus the main effect
of genotype accounted for 79% of the sum of squares for
the fixed effects listed in Table 2. Although there was
some significance to interactions involving year and N
rate, these were never >2.7% of the sum of squares and,
combined, accounted for only 13 (all year terms) or 12%
(all N terms) of the sum of squares.
For upland genotypes, there was considerable concordance across all six field sites, including both regions and soil
types (Table 3, above the diagonal). All of these correlations
were significant (P < 0.05) and positive. For comparative
purposes, the pooled correlation between years was 0.75
± 0.06 and the pooled correlation between N rates was
0.73 ± 0.10. This is in contrast with the lowland genotypes,
which were highly inconsistent across regions and soil types
(Table 3, below the diagonal). Three field sites had similar
ranking and relative responses for the lowland genotypes:
both South Dakota sites and Wisconsin prime. The other
three sites largely gave completely different results, uncorrelated with each other or with the concordant groups that
included the South Dakota sites.
These interactions resulted in a strong disagreement in ranking of genotypes across the six sites (Table 4).
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Table 2. Analysis of variance results associated with the
fixed effects of switchgrass genotype and all genotype ´
environment interactions involving year (Y), region (R), soil
type (S), and N fertilization rate (N) for plant biomass measured
in 2010 and 2011.
Fixed effect

df

F value

P value

%SS1†

Genotype
Genotype ´ R
Genotype ´ Y
Genotype ´ R ´ Y
Genotype ´ S
Genotype ´ S ´ R
Genotype ´ S ´ Y
Genotype ´ S ´ R ´ Y
Genotype ´ N
Genotype ´ N ´ R
Genotype ´ N ´ Y
Genotype ´ N ´ R ´ Y
Genotype ´ N ´ S

44
88
44
88
44
81
44
79
44
84
44
82
44

34.45
11.74
1.90
1.24
11.56
9.23
2.96
1.41
1.67
1.53
1.02
0.99
1.69

<0.01
<0.01
<0.01
0.07
<0.01
<0.01
<0.01
0.01
<0.01
<0.01
0.44
0.51
<0.01

%
31.4
21.4
1.7
2.3
10.5
15.5
2.7
2.3
1.5
2.7
0.9
1.7
1.5

Genotype ´ N ´ S ´ R
Genotype ´ N ´ S ´ Y
Genotype ´ N ´ S ´ R ´ Y

78
44
71

1.39
0.70
0.64

0.02
0.93
0.99

2.2
0.6
0.9

Genotypes ranked within the top four were dominated by
lowland genotypes (8 of 13), which was largely as expected.
Remarkably, 7 of the 11 germplasm sources contributed at
least one genotype to those in Table 4, the genotypes that
ranked within the top four at one or more of the six sites.
Only Dacotah, WS4U, Shelter, and Sunburst were not
represented (Shelter and Sunburst likely because they each
contributed only one genotype to the experiment; Dacotah
and WS4U likely due to their relatively low productivity, as
observed in previous studies: Casler and Boe, 2003; Casler,
2010). Lowland genotypes of eastern origin (Timber and
High Tide) were ranked high at both New Jersey sites and
the South Dakota prime soil. Lowland genotypes of western
origin (Kanlow and SL93) ranked high within all three
regions, essentially at five of the six sites, excluding only the
Wisconsin marginal soil. The five upland genotypes shown
in Table 4 were included only as a result of high rankings
at either South Dakota soil or the Wisconsin marginal soil.
There were no differences among genotypes from
Timber, High Tide, or the western lowland populations
at the two most extreme field sites: New Jersey prime soil
and Wisconsin marginal soil (Table 5). At the other four
sites, High Tide was always lower in plant biomass, on

† %SS1, percentage of the Type I sums of squares for all genotype and genotype ´
environment interaction effects.

Table 3. Phenotypic correlation coefficients among regions and soil types for plant biomass of switchgrass genotypes (upland
genotypes above the diagonal, n = 33; lowland genotypes below the diagonal, n = 12).
Region and soil type

New Jersey
prime

New Jersey prime
New Jersey marginal
South Dakota prime
South Dakota marginal
Wisconsin prime
Wisconsin marginal

New Jersey
marginal

South Dakota
prime

South Dakota
marginal

Wisconsin
prime

Wisconsin
marginal

0.75**

0.68**
0.50**

0.86**
0.61**
0.92**

0.50**
0.63**
0.39*
0.53**

0.44**
0.59**
0.62**
0.56**
0.73**

0.25
−0.12
−0.27
−0.13
−0.48

0.58
0.45
0.42
−0.39

0.81**
0.86**
0.01

0.59*
0.10

0.08

* Significantly different from zero at the 0.05 probability level.
** Significantly different from zero at the 0.01 probability level.

Table 4. Rankings of 13 switchgrass genotypes (out of 45 total) for mean plant biomass, averaged over years, replicates, and N
rates for each of the six locations shown in Table 1. The criterion for inclusion in this table was to be ranked within the top four
within at least one of the six locations (those rankings are shown in bold and italicized font).
Genotype no.
101
110
115
114
102
103
104
113
111
112
311
312
315

Origin†

Ecotype

New Jersey
marginal soil

Timber
Timber
Timber
High Tide
Kanlow
Kanlow
Kanlow
SL93
Carthage
Cave-in-Rock
WS8U
WS8U
WS8U

Lowland
Lowland
Lowland
Lowland
Lowland
Lowland
Lowland
Lowland
Upland
Upland
Upland
Upland
Upland

1
11
10
17
2
3
6
4
5
21
7
20
19

New Jersey South Dakota South Dakota Wisconsin
prime soil
marginal soil
prime soil
marginal soil
3
15
1
4
2
14
7
13
10
8
45‡
28
17

8
1
7
30
6
3
2
5
9
4
13
17
10

40‡
40‡
8
21
4
1
2
14
5
3
12
6
9

45
27
32
44
39
33
42
16
4
11
2
3
1

Wisconsin
prime soil
44
37
40
34
3
1
2
4
13
15
11
9
6

† Timber and High Tide originated in the eastern United States; Kanlow and SL93 originated in the Great Plains of the central United States.
‡ Genotype was ranked last or tied for last due to mortality during the first or second year of the experiment.
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average, than the western lowland populations. Timber
was lower in plant biomass than the western lowland
populations only at two of the western field sites: South
Dakota prime soil and Wisconsin prime soil.
Separate ANOVA results for the three regions are shown
in Table 6, illustrating the dramatic difference across these
three regions. For New Jersey, there were no significant
effects for lowland genotypes—all variability was between
upland and lowland ecotypes or within the upland ecotype.
The genotype ´ soil type interaction accounted for 32% of
the sum of squares (Table 6), illustrated in Fig. 1A. The slope
of the linear regression for upland genotypes was significantly greater than one (Table 7), indicating they expressed
their genetic differences in productivity much more on the
New Jersey prime soil than the New Jersey marginal soil.
Likewise, lowland genotypes were 3.8´ more productive
than upland genotypes on the prime soil (2387 vs. 620 g
plant−1), but only 2.5´ more productive on the marginal
soil (409 vs. 162 g plant−1). Furthermore, the response to
N fertilizer, as indicated by the slope of the regressions for
plant biomass with vs. without fertilizer (Fig. 1B and 1C),
was 2.5´ greater for the prime soil than the marginal soil
(Table 6, 1.21 vs. 0.46).

Fig. 1. Scatterplots and linear regressions of plant biomass for
lowland and upland ecotypes of switchgrass in New Jersey:
(A) prime soil vs. marginal soil, (B) 100 vs. 0 kg N ha−1 on the prime
soil, and (C) 100 vs. 0 kg N ha−1 on the marginal soil. Statistics of
these regressions are shown in Table 6. Note that the x and y axes
of Panel A are not on the same scale.

Table 5. Mean plant biomass, averaged over years, replicates, and N rates, for eastern vs. western lowland switchgrass
genotypes evaluated at six locations.
Location (region and soil quality)

Timber
genotypes

High Tide
genotypes

Western lowland
genotypes

————————————————— g plant−1 —————————————————
467
351
487
2494
2376
2322
748
216
759
519
296
754
102
106
120
184
184
1249

New Jersey marginal soil
New Jersey prime soil
South Dakota marginal soil
South Dakota prime soil
Wisconsin marginal soil
Wisconsin prime soil

LSD(0.01)
122
NS†
169
180
NS
228

† NS, nonsignificant.

Table 6. Analysis of variance results associated with the fixed effects of soil type, N rate, genotypes, and interactions for
switchgrass plant biomass evaluated in three regions of the United States (New Jersey, South Dakota, and Wisconsin).
Fixed effect

df

F value

Soil type (S)
Nitrogen (N)

1
1
1
1
11
32
1
11
32
1
11
32
1
11
32

572.67
14.32
10.38
337.30
1.00
16.17
173.75
0.78
9.56
0.53
1.25
2.02
0.25
1.29
1.72

S´N
Ecotype (Eco)
Lowland genotype (Low)
Upland genotype (Up)
Eco ´ S
Low ´ S
Up ´ S
Eco ´ N
Low ´ N
Up ´ N
Eco ´ S ´ N
Low ´ S ´ N
Up ´ S ´ N

New Jersey
P value
SS1%†
<0.01
0.01
0.01
<0.01
0.46
<0.01
<0.01
0.66
<0.01
0.47
0.27
<0.01
0.62
0.25
0.03

38.0
2.6
17.5
19.6
2.0
10.0
0.1
3.2
2.1
0.0
3.3
1.5

F value
0.42
0.58
1.96
335.41
11.84
18.36
0.92
0.90
1.21
0.87
0.34
0.63
1.21
1.49
0.26

South Dakota
P value
SS1%†
0.54
0.47
0.20
<0.01
<0.01
<0.01
0.34
0.54
0.24
0.35
0.97
0.92
0.27
0.21
1.00

31.5
26.9
34.0
0.1
1.7
1.7
0.1
0.8
0.9
0.1
1.8
0.4

F value
129.49
4.56
2.28
0.14
102.92
12.12
34.64
100.71
4.93
7.39
2.08
2.33
1.46
2.59
1.08

Wisconsin
P value
SS1%†
<0.01
0.10
0.21
0.71
<0.01
<0.01
<0.01
<0.01
<0.01
0.01
0.04
<0.01
0.23
0.01
0.37

0.0
33.3
18.2
1.5
32.6
7.4
0.3
0.7
3.5
0.1
0.8
1.6

† SS1%, percentage of the Type I sums of squares for all genotype and genotype ´ environment interaction effects.
crop science, vol. 59, january–february 2019 	
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Table 7. Linear regression statistics characterizing various genotype ´ environment interactions for switchgrass plant biomass
of 12 lowland genotypes and 33 upland genotypes: New Jersey shown in Fig. 1, South Dakota shown in Fig. 2, and Wisconsin
shown in Fig. 3.
Region and
ecotype

y axis†

x axis†

Estimate

Intercept
SE

P value

Estimate

SE

Slope
P (b = 0)

P (b = 1)

R2

———— g plant ————
−1

New Jersey
Lowland
Upland
Lowland
Upland
Lowland
Upland
South Dakota
Lowland
Upland
Lowland
Upland
Lowland
Upland
Wisconsin
Lowland
Upland
Lowland
Upland
Lowland
Upland

Prime
Prime
P100
P100
M100
M100

Marginal
Marginal
P0
P0
M0
M0

2112
−36
2910
191
370
87

419
139
588
137
127
35

<0.01
0.80
<0.01
0.17
0.02
0.02

0.67
4.29
−0.14
1.21
0.16
0.46

0.98
0.71
0.26
0.19
0.30
0.17

0.51
<0.01
0.59
<0.01
0.61
0.01

0.75
<0.01
<0.01
0.26
0.02
<0.01

0.05
0.59
0.03
0.63
0.03
0.23

Prime
Prime
P100
P100
M100
M100

Marginal
Marginal
P0
P0
M0
M0

42
36
254
28
−67
24

119
25
128
22
114
20

0.74
0.16
0.10
0.21
0.59
0.24

1.08
1.18
0.55
0.74
1.30
0.88

0.21
0.10
0.18
0.06
0.23
0.08

<0.01
<0.01
0.03
<0.01
<0.01
<0.01

0.71
0.08
0.04
<0.01
0.22
0.12

0.84
0.86
0.64
0.87
0.87
0.85

Prime
Prime
P100
P100
M100
M100

Marginal
Marginal
P0
P0
M0
M0

404
70
−118
50
73
174

545
70
56
71
44
52

0.48
0.32
0.06
0.48
0.13
<0.01

1.23
2.33
1.21
0.95
0.65
0.59

4.73
0.39
0.08
0.14
0.47
0.46

0.80
<0.01
<0.01
<0.01
0.20
0.21

0.96
<0.01
0.02
0.73
0.48
0.37

0.01
0.54
0.96
0.58
0.16
0.05

† M0, marginal soil, 0 kg N ha−1; M100, marginal soil, 100 kg N ha−1; P0, prime soil, 0 kg N ha−1; P100, prime soil, 100 kg N ha−1.

Conversely, for South Dakota, there were no interactions involving either soil type or N rate, with the main
effect of genotypes accounting for 92% of the sum of squares
for genotypes and GE interactions (Table 6). This result is
reinforced by the high phenotypic correlations between
the two South Dakota sites for both upland and lowland
genotypes (Table 3). The lack of interactions for South
Dakota is illustrated in Fig. 2, which shows the general
agreement in both ranking and expression of genotype
performance for prime vs. marginal soils (Fig. 2A) and
between the two N rates (Fig. 2B and 2C). Furthermore,
all regression slopes in Fig. 2 were remarkably similar, all
significantly different from zero (P < 0.05) with only two
deviating significantly from unity (Table 7). All but one of
these linear regressions had R 2 > 0.8.
Lastly, the Wisconsin region displayed yet another
unique genotype ´ environment structure (Table 5), with
a strong genotype main effect (51% of the sum of squares)
and a strong genotype ´ soil type component (42% of
the sum of squares). Most of the genotype ´ soil type
interaction was due to the lowland genotypes, which were
unable to express their genetic differences at the Wisconsin
marginal site (Fig. 3A). Surprisingly, all 12 lowland genotypes survived at the Wisconsin marginal site, but most
were severely stunted with low vigor. Upland genotypes
exhibited a small amount of genotype ´ soil type interaction in Wisconsin, partly due to changes in ranking (R 2 =
0.54) and partly due to differential expression of genetic
differences (b > 1, P < 0.01, Fig. 3A, Table 6). Upland and
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lowland genotypes both expressed their genetic differences at the Wisconsin prime site (Fig. 3B), with a strong
positive relationship between plant biomass under the two
N rates. Conversely, due to the compression of genetic
variability at the Wisconsin marginal site, there was no
relationship in performance or agreement in ranking of
genotypes between the two N rates for this site (Fig. 3C).

Fig. 2. Scatterplots and linear regressions of plant biomass for
lowland and upland ecotypes of switchgrass in South Dakota:
(A) prime soil vs. marginal soil, (B) 100 vs. 0 kg N ha−1 on the prime
soil, and (C) 100 vs. 0 kg N ha−1 on the marginal soil. Statistics of
these regressions are shown in Table 6. Note that the x and y axes
of Panel A are not on the same scale.
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Fig. 3. Scatterplots and linear regressions of plant biomass for
lowland and upland ecotypes of switchgrass in Wisconsin:
(A) prime soil vs. marginal soil, B) 100 vs. 0 kg N ha−1 on the prime
soil, and (C) 100 vs. 0 kg N ha−1 on the marginal soil. Statistics of
these regressions are shown in Table 6. Note that the x and y axes
of Panel A are not on the same scale.

Soil quality was the only factor that influenced the
size of the F value for genotypes; region, N level, and
ecotype were all nonsignificant. Mean F values were 8.16
± 2.47 for prime soils and 2.98 ± 0.81 for marginal soils
(P = 0.04). Treating genotypes within ecotypes to be a
random effect, these mean values translated into broad
sense heritability estimates of 0.63 vs. 0.42 for prime and
marginal soils, respectively.
Across all 45 genotypes, phenotypic plasticity was
strongly correlated with mean performance for plant
biomass (Fig. 4). This relationship was due largely to variation within upland genotypes and between upland and
lowland genotypes. The relationship was linear within
upland genotypes, and lowland genotypes were clearly
separated from all but three upland genotypes. Dacotah
had the lowest mean plant biomass and its genotypes
demonstrated little plasticity across the wide range of environments in this experiment. Genotypes from the other
upland cultivars were highly variable in plasticity, but their
plasticity was highly predictable from mean performance.
The lack of a relationship between mean plant biomass
and plasticity for plant biomass within lowland genotypes
indicates that some other factors were responsible for the
observed variation in phenotypic plasticity.

DISCUSSION
Genotype ´ Environment Interaction

This study provides additional evidence that there is a
strong GE interaction component for switchgrass productivity on an east–west gradient. A number of earlier studies
of switchgrass cultivars have pointed to the importance of
crop science, vol. 59, january–february 2019 	

Fig. 4. Scatterplot between mean plant biomass and phenotypic
SD across environments as a measure of phenotypic plasticity.
Linear regression for all upland genotypes: Y = −53.6 + 0.97X
(R2 = 0.87, P < 0.01).

this interaction (Casler and Boe, 2003; Casler et al., 2007,
Casler et al., 2017), but this is the first study to show that this
interaction is also manifested on an individual-genotype
level. Furthermore, this interaction is present within both
upland and lowland ecotypes, indicating that this interaction must be one of the drivers in making decisions about
test environments, breeding objectives, germplasm pools,
and target regions for cultivar deployment. If switchgrass
is going to become a major biomass crop for conversion to
bioenergy, the breeding programs in these three regions
will all be critical for development of regionally optimal
cultivars for biomass production.
The six field sites in this experiment resulted in five
different patterns of genotypic performance and ranking,
with the two South Dakota sites essentially mimicking
each other, due to the absence of genotype ´ soil type
interaction. Considering the two South Dakota sites as
one, this leaves five distinct “ecozones,” which are defined
by differences in soil quality, annual precipitation, and
minimum annual temperature (Table 1). South Dakota
and Wisconsin were similar in hardiness zone (minimum
annual temperature), but contrasting in annual precipitation, whereas New Jersey was highest in both metrics,
essentially the most favorable environment for switchgrass
production, especially for lowland genotypes (Fig. 1–3).
The performance of genotypes in New Jersey and
Wisconsin strongly suggests that breeding new cultivars
for use on marginal soils should be conducted on marginal
soils that are chosen to reflect production environments.
The South Dakota results are likely an anomaly, due to
the Pierre site not being sufficiently “marginal” to result
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in differential responses compared with the Brookings
site. Similar means and responses to N fertilizer between
Brookings and Pierre suggest that neither site could
be considered marginal for the purposes of this study.
Defining and choosing sites that can clearly and reliably
be considered to be marginal can be difficult in agronomic
research, as evidenced in a previous study with seven pairs
of prime vs. marginal sites, only one of which resulted
in a clear and obvious difference in mean productivity
and ranking of cultivars (Casler et al., 2017). One of the
obvious difficulties of conducting this type of study is to
identify sufficiently “marginal” sites that are available for
research. Each region has literally thousands of hectares of
marginal lands, probably based on a number of different
criteria or metrics (Richards et al., 2014), but this type of
experimental research cannot be conducted on many of
these sites, due to distance and logistical issues.
Two lines of evidence in this study point to reduced
tolerance for lowland genotypes to reduced moisture availability. First, the tendency of the western lowland genotypes
from Kanlow and SL93 to have greater plant biomass at the
western field sites (Table 5) suggests the possibility of preferential adaptation to this lower rainfall region. This was
consistent for High Tide, and partially consistent for Timber
(observed at two of the four western field sites). Second, the
extremely poor performance of most lowland genotypes at
Hancock, WI, the marginal site, defined by a sandy soil
with low water-holding capacity, suggest that most lowland
genotypes were unadapted to this site, not due to weather,
but due to the soil characteristics. Furthermore, the four
lowland genotypes that ranked high at the Wisconsin prime
site (Fig. 3) originated from Kanlow and SL93, both of
western (Great Plains) origin. Similarly, in South Dakota,
Kanlow genotypes tended to have the highest rankings
on both soil types. This is tangible evidence that lowland
populations show differential adaptation across a broad
east–west transect that extends from the Great Plains to the
Atlantic Seaboard and is dominated largely by a precipitation gradient. Furthermore, this is largely a subtle response,
not an overwhelming response that could be used to classify
germplasm as “adapated” vs. “unadapted.” High rankings
of some Timber genotypes in South Dakota and of Kanlow
genotypes in New Jersey indicate that this is a subtle difference in adaptation, in which adaptation varies across this
gradient by degrees, not leaps and bounds. Conversely, this
is simply not an issue for upland genotypes, which do not
display any evidence of differential adaptation across this
east–west transect or to different soil types.
Adaptational variation associated with mean annual
precipitation has been well documented within the tallgrass
prairie ecosystem. Increased precipitation leads to plants
with increased aboveground plant biomass, but not necessarily to increased root biomass (Epstein et al., 1997; Zhou
et al., 2009). Soil moisture availability is regulated by both
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precipitation and soil characteristics, both of which drive
plant functional composition of tallgrass prairies (Paruelo
et al., 1999; Knapp et al., 2001, 2015). Grasses with the C4
photosynthetic pathway tend to be fairly drought tolerant
as a rule and this trait likely explains their dominance
at the western edge of this cross-continental precipitation gradient (Lane et al., 1998; Knapp et al., 2001). As
mean annual precipitation increases, drought sensitivity
of grasses that have evolved under those conditions also
increases (Knapp et al., 2015). Similar to observations
from this study, big bluestem has demonstrated subtle
genotypic differences in adaptive responses to a precipitation gradient that ranges from 470 to 1100 mm (Rouse et
al., 2011; Johnson et al., 2015). Genotypes from dryland
environments have greater survivorship under dryland
conditions and less diversity in functional disease resistance gene homologs, presumably because there is reduced
disease pressure under dryland conditions (Rouse et al.,
2011; Johnson et al., 2015). Much like the current study
on switchgrass (Tables 4 and 5), adaptive responses for big
bluestem were subtle, not overwhelming and not observed
for all genotypes or for all evaluation sites.

Nitrogen: To Fertilize or Not
As a general observation, N fertilization had little effect
on genotype rankings and expression of genetic variability
in this study. The only exceptions were on the marginal
soils of New Jersey and Wisconsin. In Wisconsin, this lack
of relationship appears to have been caused exclusively by
the compression of genetic variability on the marginal soil,
essentially preventing genotypes from expressing their
production potential. The general rule seems to be that N
fertilization does not strongly influence cultivar rankings.
A previous study of upland and lowland cultivars, including
14 sites with both prime and marginal soils, showed a
pooled phenotypic correlation for biomass yield between 0
and 100 kg N ha−1 of r = 0.64 ± 0.08 (Casler et al., 2017).
This phenomenon is very common for grain yield of
annual crops, which generally displays a high positive correlation across different N rates in wheat (Triticum aestivum L.),
rice (Oryza sativa L.), and maize (Zea mays L.) (Bänziger et
al., 1997; Barraclough et al., 2010; Hitz et al., 2017; Li et
al., 2017; Russell et al., 2017). The switchgrass breeding
and selection experiments of Rose et al. (2007) are the
only notable exceptions, in which a relatively low genetic
correlation was observed between high-yield environments
(HYEs) and low-yield environments (LYEs). In this study,
the difference between LYEs and HYEs included numerous
confounded factors (depth of A and B horizons, ?100 vs.
?200 cm; 0 vs. 90 kg N ha−1; zero vs. recommended rates
of P and K fertilizer; and none vs. supplemental irrigation),
so that the low correlation between LYEs and HYEs could
not be attributed to the difference in N fertilization. Rose
et al. (2007) observed that selection for increased plant
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biomass was more effective in LYEs than in HYEs, regardless of which environments were used for evaluation of
selected populations.
Although the high correlations observed in this
study (Table 3) and that of Casler et al. (2017) suggest
that similar genotypes will be selected under N-fertilized
vs. unfertilized conditions, there are some risks associated
with continued fertilization of breeding nurseries and
evaluation plots.
First, N is expensive, both as a production input
(Perrin et al., 2008) and as it impacts the environment
(Robertson et al., 2017). Nitrogen fertilization of switchgrass results in NO3 leaching into groundwater and N2O
emissions into the atmosphere (Erisman et al., 2010;
Robertson et al., 2017).
Second, switchgrass does not always respond to N
fertilizer with increased biomass production (Wullschleger
et al., 2010; Robertson et al., 2017). Fertilization with N
leads to increased concentration of N in the biomass, which
may be removed if harvests are made before much of this
N can be recycled (Lemus et al., 2008; Jung and Lal, 2011).
Just-in-time harvesting is going to be a major component
of cellulosic biomass production systems, creating the
situation where agronomic or ecological optimal growth
stages for harvesting are unrealistic and biomass harvest
occurs over perhaps 3 to 4 mo in the autumn and early
winter (Shinners et al., 2017). Optimal rates of N fertilization have been determined as the maximum amount
to which switchgrass responds in a linear manner but
does not result in significant leaching into groundwater
(?100 kg N ha−1 yr−1; Vogel et al., 2002). Improvements
to N-use efficiency of switchgrass would allow a reduction in this rate, the frequency of application, or both.
Third, genetic variability exists for the rate and timing
by which switchgrass recycles N (Porter, 1966; Yang et
al., 2009) suggesting the possibility for genetic improvement. The most effective way for breeders to accomplish
this goal may be to conduct selection under conditions
where N is either limiting or just barely adequate for
biomass production—this is a hypothesis that should be
tested. This approach could help to ensure that roots
and rhizomes act as an efficient sink for aboveground N
(Clark, 1977; Schwartz and Amasino, 2013; de Vries and
Bardgett, 2016).
Fourth, rhizobacteria or endophytic bacteria can have
significant growth-promotion impacts, such as biological
N fixation, nutrient acquisition, and increased biomass
production (Farrar et al., 2014; Tkacz and Poole, 2015).
Arbuscular mycorrhizal fungi can acquire nutrients from
organic and inorganic sources in the soil and transfer some
of these nutrients to host plants (Hodge and Storer, 2015).
Nitrogen fertilization of switchgrass reduces the ability of
the soil microbiome to evolve into a diverse community
that resembles that under long-term prairies (Oates et al.,
crop science, vol. 59, january–february 2019 	

2016). Host–microbe associations are heritable (Peiffer et
al., 2013), and this variation can be used to identify and
select genotypes with superior abilities to benefit from
these associations from an agronomic viewpoint (Lima
et al., 1987; Urquiaga et al., 1992; Dong et al., 2018).
There is some evidence for genetic or ecotypic variability
in host–microbe nutrient dynamics within switchgrass,
supporting a hypothesis that high-biomass cultivars will
be better able to support a bacterial community with high
nitrogenase activity compared with low-biomass cultivars
(Rodrigues et al., 2017).
In contrast, there are almost no risks associated with
elimination of N fertilizer on breeding nurseries and evaluation plots. There are no theoretical or practical reasons
to expect that breeding gains will be greater or more efficient under high-N vs. low-N conditions (Rose et al.,
2007; Casler et al., 2017).

Implications for Switchgrass Breeding
The anonymous breeder’s axiom “you get what you select
for” should be one of the driving principles in the choice of
selection and evaluation environments to breed biomasstype switchgrass cultivars. Breeding late-flowering lowland
switchgrass for adaptation to northern environments (e.g.,
Hardiness Zones 3–5) provides a relevant example. Gains
have been made by selection within Hardiness Zone 5,
specifically near Madison, WI, and Lincoln, NE, but these
gains have not led to increased persistence or biomass yield
in Hardiness Zones 3 or 4, due to insufficient selection
pressure under these more extreme conditions (Casler et
al., 2018). It is clear that continued improvement in cold
or freezing tolerance for Hardiness Zones 3 and 4 will
not occur until selection nurseries are routinely planted in
representative environments.
Plant breeders have traditionally focused selection
efforts on HYEs, opting to create the most favorable environment for genetic expression in the naïve viewpoint
that this practice favors the greatest gains (Bänziger and
Cooper, 2001). More recently, many breeding programs
are shifting objectives to align with lower-input production systems or even organic systems, incorporating
principles of participatory research (Dawson et al., 2008;
Ceccarelli and Grando, 2009). Practical results from
maize and wheat breeding programs have demonstrated
that indirect selection for low-N environments conducted
under high-N conditions is considerably less effective than
direct selection under low-N conditions (Bänziger et al.,
1997; Machado and Fernandes, 2001; Presterl et al., 2003;
Brancourt-Hulmel et al., 2005). Theoretical considerations support these results, that the requirements for
high genetic correlation and increased heritability under
high-N conditions vs. low-N conditions are simply too
great to make indirect selection efficient (Allen et al.,
1978; Rosielle and Hamblin, 1981; Atlin and Frey, 1989).
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Similarly, sward-plot evaluations of switchgrass cultivars have shown that there can be significant changes in
ranking across different soil types and N rates, depending
on soil conditions (Casler et al., 2017).
These principles hold regardless of the source of the
GE interaction, whether the environmental component
is caused by a difference in N fertilizer, soil quality, soil
moisture, or temperature. Furthermore, they are generally true across all crops, including grain crops, fodder
crops, and biomass crops. Indeed, Brummer and Casler
(2014) indicated that a wide range of indirect selection
efforts to improve forage or biomass yield of perennial
crops have failed to produce gains equivalent to those
achieved by direct selection. Toward this end, switchgrass
breeding programs should be focused on subdivisions of
the overall region to which the species is adapted. The
choice of TPE for breeding should be defined according
to hardiness zone, soil moisture availability, and, to the
extent possible, soil quality. The results of this study
support the existing proposal of eight “breeding zones,”
defined largely by hardiness zone and annual precipitation (Casler, 2012; Casler et al., 2012, 2015). Atlin et
al. (2000) demonstrated the effectiveness of this form
of subdivision but included the caveat that each subdivision should retain a sufficient number of test sites to
adequately evaluate economic traits across the entire
subdivision. Uniform testing collaborations are an effective mechanism to accomplish this for switchgrass (e.g.,
Casler et al., 2017, 2018).
Lastly, there is little justification for continued selection of switchgrass on prime farmland where fertility tends
to be high and food or fodder crops are commonly grown.
Logistics may be considerably more difficult for breeders
to find long-term reliable marginal sites that are conveniently located, but the risks associated with breeding on
prime farmland are simply too great to continue with the
status quo. Because lands can be “marginal” for one or
more of many reasons (Richards et al., 2014), switchgrass
breeders might do well to identify and define appropriate
selection sites as LYEs, as was done by Rose et al. (2007),
where soil fertility, soil depth, and moisture availability
were all factors in creating low-yield conditions. Regardless of the underlying definition of the LYEs, their results
were in agreement with quantitative genetic theory—
increases in plant biomass in the LYEs were greatest when
selection was conducted directly in the LYEs.

Conflict of Interest
The authors declare that there is no conflict of interest.
Acknowledgments
Funding for this project was provided by USDA National Institute of Food and Agriculture Grant no. 2009-10001-05116, by
Agriculture and Food Research Initiative Competitive Grant
no. 2012-68005-19703 from the USDA National Institute of
230

Food and Agriculture, and the New Jersey Agricultural Experiment Station.

References
Allen, F.L., R.E. Comstock, and D.C. Rasmusson. 1978. Optimal environments for yield testing. Crop Sci. 18:747–751.
doi:10.2135/cropsci1978.0011183X001800050013x
Atlin, G.N., R.J. Baker, K.B. McRae, and X. Lu. 2000. Selection response in subdivided target regions. Crop Sci. 40:7–13.
doi:10.2135/cropsci2000.4017
Atlin, G.N., and K.J. Frey. 1989. Breeding crop varieties for
low-input agriculture. Am. J. Alternative Agric. 4:53–58.
doi:10.1017/S0889189300002721
Bänziger, M., F.J. Betrán, and H.R. Lafitte. 1997. Efficiency of
high-nitrogen selection environments for improving maize
for low-nitrogen target environments. Crop Sci. 37:1103–
1109. doi:10.2135/cropsci1997.0011183X003700040012x
Bänziger, M., and M. Cooper. 2001. Breeding for low input conditions and consequences for participatory plant breeding:
Examples from tropical maize and wheat. Euphytica 122:503–
519. doi:10.1023/A:1017510928038
Barraclough, P.B., J.R. Howarth, J. Jones, R. Lopez-Bellido, S.
Parmer, C.E. Sheperd, and M.J. Hawkesford. 2010. Nitrogen efficiency of wheat: Genotypic and environmental variation and prospects for improvement. Eur. J. Agron. 33:1–11.
doi:10.1016/j.eja.2010.01.005
Berdahl, J.D., A.B. Frank, J.M. Krupinsky, P.M. Carr, J.D. Hanson, and H.A. Johnson. 2005. Biomass yield, phenology, and
survival of diverse switchgrass cultivars and experimental
strains in western North Dakota. Agron. J. 47:1082–1090.
doi:10.2134/agronj2005.0549
Brancourt-Hulmel, M., E. Heumez, P. Pluchard, D. Beghin,
C. Departureaux, A. Giraud, and J. Le Gouis. 2005. Indirect versus direct selection of winter wheat for low-input or
high-input levels. Crop Sci. 45:1427–1431. doi:10.2135/cropsci2003.0343
Brown, C., T. Griggs, T. Keene, M. Marra, and J. Skousen. 2016.
Switchgrass biofuel production on reclaimed surface mines:
I. Soil quality and dry matter yield. BioEnergy Res. 9:23–31.
doi:10.1007/s12155-015-9658-2
Brummer, E.C., and M.D. Casler. 2014. Yield gains in coolseason forage legumes, cool-season forage grasses, and
switchgrass. In: S. Smith, et al., editors, Genetic gain in
major U.S. field crops. ASA, CSSA, and SSSA, Madison,
WI. p. 33–51.
Casler, M.D. 2005. Ecotypic variation among switchgrass populations from the northern USA. Crop Sci. 45:388–398.
doi:10.2135/cropsci2005.0388
Casler, M.D. 2010. Changes in mean and genetic variance during
two cycles of within-family selection in switchgrass. BioEnergy Res. 3:47–54. doi:10.1007/s12155-009-9071-9
Casler, M.D. 2012. Switchgrass breeding, genetics, and genomics. In: A. Monti, editor, Switchgrass. Springer, New York. p.
29–53. doi:10.1007/978-1-4471-2903-5_2
Casler, M.D., and A.R. Boe. 2003. Cultivar ´ environment interactions in switchgrass. Crop Sci. 43:2226–2233. doi:10.2135/
cropsci2003.2226
Casler, M.D., R.B. Mitchell, and K.P. Vogel. 2012. Switchgrass.
In: C. Kole, et al., editors, Handbook of bioenergy crop plants.
Vol. 2. Taylor & Francis, New York. p. 563–590. doi:10.1201/
b11711-25

www.crops.org

crop science, vol. 59, january–february 2019

Casler, M.D., S. Sosa, L. Hoffman, H. Mayton, C. Ernst, P.R.
Adler, et al. 2017. Biomass yield of switchgrass cultivars under
high- versus low-input conditions. Crop Sci. 57:821–832.
doi:10.2135/cropsci2016.08.0698
Casler, M.D., K.P. Vogel, and M. Harrison. 2015. Switchgrass
germplasm resources. Crop Sci. 55:2463–2478. doi:10.2135/
cropsci2015.02.0076
Casler, M.D., K.P. Vogel, D.K. Lee, R.B. Mitchell, P.R. Adler,
R.M. Sulc, et al. 2018. 30 Years of progress toward increasing biomass yield of switchgrass and big bluestem. Crop Sci.
58:1242–1254. doi:10.2135/cropsci2017.12.0729
Casler, M.D., K.P. Vogel, C.M. Taliaferro, N.J. Ehlke, J.D. Berdahl, E.C. Brummer, et al. 2007. Latitudinal and longitudinal
adaptation of switchgrass populations. Crop Sci. 47:2249–
2260. doi:10.2135/cropsci2006.12.0780
Casler, M.D., K.P. Vogel, C.M. Taliferro, and R.L. Wynia. 2004.
Latitudinal adaptation of switchgrass populations. Crop Sci.
44:293–303. doi:10.2135/cropsci2004.2930
Ceccarelli, S., and S. Grando. 2009. Participatory plant breeding.
In: M. Carena, editor, Cereals. Handbook of plant breeding.
Vol. 3. Springer, New York. p. 395–414.
Clark, F.E. 1977. Internal cycling of nitrogen in shortgrass prairie.
Ecology 58:1322–1333. doi:10.2307/1935084
Dawson, J.C., K.M. Murphy, and S.S. Jones. 2008. Decentralized selection and participatory approaches in plant breeding
for low-input systems. Euphytica 160:143–154. doi:10.1007/
s10681-007-9533-0
de Vries, F.T., and R.D. Bardgett. 2016. Plant community controls
on short-term ecosystem nitrogen retention. New Phytol.
210:861–874. doi:10.1111/nph.13832
Dong, M., Z. Yang, G. Cheng, L. Peng, Q. Xu, and J. Xu. 2018.
Diversity of the bacterial microbiome in the roots of four Saccharum species: S. spontaneum, S. robustum, S. barberi, and S.
officinarum. Front. Microbiol. doi:10.3389/fmicb.2018.00267
Epstein, H.E., W.K. Lauenroth, and I.C. Burke. 1997. Effects
of temperature and soil texture on the ANPP in the U.S.
Great Plains. Ecology 78:2628–2631. doi:10.1890/00129658(1997)078[2628:EOTAST]2.0.CO;2
Erisman, J.W., H. van Grinsven, A. Leip, A. Mosier, and A.
Bleeker. 2010. Nitrogen and biofuels; an overview of the current state of knowledge. Nutr. Cycling Agroecosyst. 86:211–
223. doi:10.1007/s10705-009-9285-4
Falconer, D.S. 1990. Selection in different environments:
Effects on environmental sensitivity (reaction norm) and
on mean performance. Genet. Res. 56:57–70. doi:10.1017/
S0016672300028883
Farrar, K., D. Bryant, and N. Cope-Selby. 2014. Understanding and engineering beneficial plant-microbe interactions:
Plant growth promotion in energy crops. Plant Biotechnol. J.
12:1193–1206. doi:10.1111/pbi.12279
Hassan, M.A., L. Roberge, M. Church, M. More, S.D. Donner, J.
Leach, and K.F. Ali. 2017. What are the contemporary sources
of sediment in the Mississippi River? Geophys. Res. Lett.
44:8919–8924. doi:10.1002/2017GL074046
Hernandez-Santana, V., X. Zhou, M.J. Helmers, H. Asbjornsen, R.
Kolka, and M. Tomer. 2013. Native prairie filter strips reduce
runoff from hillslopes under annual row-crop systems in Iowa,
USA. J. Hydrol. 477:94–103. doi:10.1016/j.jhydrol.2012.11.013
Hitz, K., A.J. Clark, and D.A. Van Sanford. 2017. Identifying
nitrogen-use efficient soft red winter wheat lines in high
and low nitrogen environments. Field Crops Res. 200:1–9.
doi:10.1016/j.fcr.2016.10.001
crop science, vol. 59, january–february 2019 	

Hodge, A., and K. Storer. 2015. Arbuscular mycorrhiza and nitrogen: Implications for individual plants through ecosystems.
Plant Soil 386:1–19. doi:10.1007/s11104-014-2162-1
Johnson, L.C., J.T. Olsen, H. Tetreault, A. DeLaCruz, J. Bryant,
T.J. Morgan, et al. 2015. Intraspecific variation of a dominant
grass and local adaptation in reciprocal garden communities
along a US Great Plains’ precipitation gradient: Implications
for grassland restoration with climate change. Evol. Appl.
8:705–723. doi:10.1111/eva.12281
Jung, J.Y., and R. Lal. 2011. Impacts of nitrogen fertilization on
biomass production of switchgrass (Panicum virgatum L.) and
changes in soil organic carbon in Ohio. Geoderma 166:145–
152. doi:10.1016/j.geoderma.2011.07.023
Knapp, A.K., J.M. Briggs, and J.K. Koelliker. 2001. Frequency
and extent of water limitation to primary production in a
mesic temperate grassland. Ecosystems 4:19–28. doi:10.1007/
s100210000057
Knapp, A.K., C.J.W. Carroll, E.M. Denton, K.J. La Pierre, S.L.
Collins, and M.D. Smith. 2015. Differential sensitivity to
regional-scale drought in six central US grasslands. Oecologia
177:949–957. doi:10.1007/s00442-015-3233-6
Lane, D.R., D.P. Coffin, and W.K. Lauenroth. 1998. Effects of
soil texture and precipitation on above-ground net primary
productivity and vegetation structure across the Central
Grassland region of the United States. J. Veg. Sci. 9:239–250.
doi:10.2307/3237123
Lemus, R., D.J. Parrish, and O. Abaye. 2008. Nitrogen-use
dynamics in switchgrass grown for biomass. BioEnergy Res.
1:153–162. doi:10.1007/s12155-008-9014-x
Lima, E., R.M. Boddey, and J. Döbereiner. 1987. Quantification of
biological nitrogen fixation associated with sugar cane using
a 15N aided nitrogen balance. Soil Biol. Biochem. 19:165–170.
doi:10.1016/0038-0717(87)90077-0
Li, X., Z. Xu, C. Guo, T. Ren, R. Cong, and J. Lu. 2017. Grain
yield and nitrogen use efficiency of various modern rice cultivars grown at different nitrogen levels. J. Plant Nutr. 40:1125–
1132. doi:10.1080/01904167.2016.1264421
Littel, R.C., G.A. Milliken, W.W. Stroup, and R.D. Wolfinger.
1996. SAS system for mixed models. SAS Inst., Cary, NC.
Machado, A.T., and M.S. Fernandes. 2001. Participatory maize
breeding for low nitrogen tolerance. Euphytica 122:567–573.
doi:10.1023/A:1017543426136
McLaughlin, S.B., and L.A. Kzsos. 2005. Development of switchgrass (Panicum virgatum) as a bioenergy feedstock in the United
States. Biomass Bioenergy 28:515–535. doi:10.1016/j.biombioe.2004.05.006
Oates, L.G., D.S. Duncan, G.R. Sanford, C. Liang, and R.D. Jackson. 2016. Bioenergy cropping systems that incorporate native
grasses stimulate growth of plant-associated soil microbes in
the absence of nitrogen fertilization. Agric. Ecosyst. Environ.
233:396–403. doi:10.1016/j.agee.2016.09.008
Paruelo, J.M., W.K. Lauenroth, I.C. Burke, and O.E. Sala. 1999.
Grassland precipitation-use efficiency varies across a resource
gradient. Ecosystems 2:64–68. doi:10.1007/s100219900058
Peiffer, J.A., A. Spor, O. Koren, Z. Jin, S.G. Tringe, J.L. Dangl, et
al. 2013. Diversity and heritability of the maize rhizosphere
microbiome under field conditions. Proc. Natl. Acad. Sci.
110:6548–6553. doi:10.1073/pnas.1302837110
Perrin, R., K.P. Vogel, M.R. Schmer, and R.B. Mitchell. 2008.
Farm-scale production cost of switchgrass for biomass. BioEnergy Res. 1:91–97. doi:10.1007/s12155-008-9005-y

www.crops.org

231

Porter, C.T. 1966. An analysis of variation between upland and
lowland switchgrass, Panicum virgatum L., in central Oklahoma. Ecology 47:980–992. doi:10.2307/1935646
Porter, P.A., R.B. Mitchell, and K.J. Moore. 2015. Reducing
hypoxia in the Gulf of Mexico: Reimagining a more resilient
agricultural landscape in the Mississippi River watershed. J.
Soil Water Conserv. 70:63A–68A. doi:10.2489/jswc.70.3.63A
Presterl, T., G. Seitz, M. Landbeck, E.M. Thiemt, W. Schmidt,
and H.H. Geiger. 2003. Improving nitrogen-use efficiency in
European maize: Estimation of quantitative genetic parameters. Crop Sci. 43:1259–1265. doi:10.2135/cropsci2003.1259
Richards, B.K., C.R. Stoof, I.J. Cary, and P.B. Woodbury. 2014.
Reporting on marginal lands for bioenergy feedstock production: A modest proposal. BioEnergy Res. 7:1060–1062.
doi:10.1007/s12155-014-9408-x
Robertson, G.P., S.K. Hamilton, B.L. Barham, B.E. Dale, R.C.
Izaurralde, R.D. Jackson, et al. 2017. Cellulosic biofuel contributions to a sustainable energy future: Choices and outcomes. Science 356:eaal2324. doi:10.1126/science.aal2324
Rodrigues, R.R., J. Moon, B. Zhao, and M.A. Williams. 2017.
Microbial communities and diazotrophic activity differ in
the root-zone of Alamo and Dacotah switchgrass feedstocks.
GCB Bioenergy 9:1057–1070. doi:10.1111/gcbb.12396
Rose, L.W., IV, M.K. Das, R.G. Fuentes, and C.M. Taliaferro.
2007. Effects of high- vs. low-yield environments on selection for increased biomass yield in switchgrass. Euphytica
156:407–415. doi:10.1007/s10681-007-9390-x
Rosielle, A.A., and J. Hamblin. 1981. Theoretical aspects of selection for yield in stress and non-stress environments. Crop Sci.
21:943–946. doi:10.2135/cropsci1981.0011183X002100060033x
Rouse, M.N., A.A. Saleh, A. Seck, K.H. Keeler, S.E. Travers, S.H.
Hulburt, and K.A. Garrett. 2011. Genomic and resistance
gene homolog diversity of the dominant tallgrass prairie species across the U.S. Great Plains precipitation gradient. PLoS
One 6:e17641. doi:10.1371/journal.pone.0017641
Russell, K., C. Lee, and D. Van Sanford. 2017. Interaction of genetics, environment, and management in determining soft red
winter wheat yields. Agron. J. 109:2463–2473. doi:10.2134/
agronj2017.02.0126
Sanderson, M.A., P.R. Adler, A.A. Boateng, M.D. Casler, and G.
Sarath. 2006. Switchgrass as a biofuels feedstock in the USA.
Can. J. Plant Sci. 86:1315–1325. doi:10.4141/P06-136

232

Schwartz, C., and R. Amasino. 2013. Nitrogen recycling and
flowering time in perennial bioenergy crops. Front. Plant Sci.
doi:10.3389/fpls.2013.00076
Shinners, K.J., B.K. Sabrowsky, C.L. Studer, and R.L. Nicholson.
2017. Switchgrass harvest progression in the north-central
USA. BioEnergy Res. 10:613–625. doi:10.1007/s12155-0179848-1
Shortall, O.K. 2013. “Marginal land” for energy crops: Exploring
definitions and embedded assumptions. Energy Policy 62:19–
27. doi:10.1016/j.enpol.2013.07.048
Steel, R.G.D., J.H. Torrie, and D.A. Dickey. 1997. Principles
and procedures of statistics: A biometrical approach. 3rd ed.
McGraw-Hill, New York.
Tkacz, A., and P. Poole. 2015. Role of root microbiota in plant
productivity. J. Exp. Bot. 66:2167–2175. doi:10.1093/jxb/
erv157
Uden, D.R., R.B. Mitchell, C.R. Allen, Q. Guan, and T.D.
McCoy. 2013. The feasibility of producing adequate feedstock for year-round cellulosic ethanol production in an
intensive agricultural fuelshed. BioEnergy Res. 6:930–938.
doi:10.1007/s12155-013-9311-x
Urquiaga, S., K.H.S. Cruz, and R.M. Boddey. 1992. Contribution of nitrogen fixation to sugar cane: Nitrogen-15 and
nitrogen balance estimates. Soil Sci. Soc. Am. J. 56:105–114.
doi:10.2136/sssaj1992.03615995005600010017x
Vogel, K.P., J.J. Brejda, D.T. Walters, and D.R. Buxton. 2002.
Switchgrass biomass production in the Midwest USA: Harvest and nitrogen management. 94:413–420. doi:10.2134/
agronj2002.0413
Wullschleger, S.D., E.B. Davis, M.E. Borsuk, C.A. Gunderson,
and L.R. Lynd. 2010. Biomass production in switchgrass
across the United States: Database description and determinants of yield. Agron. J. 102:1158–1168. doi:10.2134/
agronj2010.0087
Yang, J., E. Worley, M. Wang, B. Lahner, D.E. Salt, M. Saha,
and M. Udvardi. 2009. Natural variation for nutrient use and
remobilization efficiencies in switchgrass. BioEnergy Res.
2:257–266. doi:10.1007/s12155-009-9055-9
Zhou, X., M. Talley, and Y. Luo. 2009. Biomass, litter, and soil
respiration along a precipitation gradient in Southern Great
Plains, USA. Ecosystems 12:1369–1380. doi:10.1007/s10021009-9296-7

www.crops.org

crop science, vol. 59, january–february 2019

