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1 | INTRODUCTION

Management systems that produce both grain and biomass coproducts could enhance
the profitability of the novel perennial grain crop Kernza intermediate wheatgrass
[Thinopyrum intermedium (Host) Barkworth & D.R. Dewey] (IWG). Harvesting IWG
for grain typically results in a straw harvest; in addition, vegetative biomass can be
cut in spring, fall, or both for hay production. We evaluated the interacting effects
of defoliation and row spacing on yield, forage quality, and economic return across
the 3-yr life of a conventionally managed IWG stand in St. Paul, MN. We measured
straw and hay yield and forage quality and then used recent hay auction results to
model forage price and total potential value. We then used estimated production costs
to calculate potential net return from straw production alone and with additional hay
harvests. Overall, straw was more valuable than hay, despite being of much lower
quality, since yields were 3—4 times greater. Straw potential value was similar to the
cost of producing both straw and grain, greatly reducing the financial risk in Kernza
grain production. Hay production was almost always profitable. Straw and hay yield
and value were greater in 15- and 30-cm rows than in 61-cm rows. Defoliating in both
spring and fall led to lower hay and straw yields in the third year. Our results indicate
that the best strategy for achieving consistent high net return to biomass production is

to plant in 15- or 30-cm rows and only cut hay in the fall.

to North America as a forage crop, IWG has been bred in
recent years to produce higher yields of larger seeds, which

Management systems that produce both grain and biomass
coproducts could enhance the profitability of the novel peren-
nial grain crop intermediate wheatgrass [Thinopyrum inter-
medium (Host) Barkworth & D.R. Dewey] (IWG; Bell, Byrne,
Ewing, & Wade, 2008; Watt, 1989). Originally introduced

Abbreviations: ADF, acid detergent fiber; CP, crude protein; Ctrl, no
defoliation; Fa, defoliation only in fall; GDD, growing degree days; IWG,
intermediate wheatgrass; NIRS, near-infrared reflectance spectroscopy;
NDF, neutral detergent fiber; RFV, relative feed value; Sp, defoliation only
in spring; SpFa, defoliation in spring and fall.
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have been marketed under the trade name Kernza (The Land
Institute, Salina, KS; DeHaan, Christians, Crain, & Poland,
2018). Harvesting IWG for grain typically results in a straw
harvest; in addition, vegetative biomass can be cut in spring,
fall, or both for hay production. By improving the eco-
nomic viability of this crop, dual-use management has the
potential to help realize the environmental benefits of peren-
nial agriculture, including reduced soil erosion, lower nitrate
losses, increased carbon sequestration, and improved soil
health (Asbjornsen et al., 2013; de Oliveira, Brunsell, Suther-
lin, Crews, & DeHaan, 2018; Glover et al., 2010; Jungers,
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DeHaan, Mulla, Sheaffer, & Wyse, 2019). To help develop
best practices for dual-use management, we evaluated the
interacting effects of defoliation and increasing row spacing,
two practices that have increased productivity in perennial
grass seed dual-use systems.

1.1 | Use of intermediate wheatgrass for forage

Intermediate wheatgrass was introduced into North Amer-
ica from Eurasia in 1932 (Ogle, 2018). It has been widely
used for haying, grazing, and conservation plantings in the
Great Plains region (Hendrickson, Berdahl, Liebig, & Karn,
2005). Early studies indicated that IWG is not well-suited for
use in pastures because stand vigor declines and susceptibil-
ity to winterkill increases under repeated frequent defoliation
(Campbell, 1961; Heinrichs & Clark, 1961; Lawrence & Ash-
ford, 1966). However, Moore, Vogel, Klopfenstein, Masters,
and Anderson (1995) reported that IWG performed well over
2 yr of spring grazing, and Lawrence and Ashford (1966) har-
vested up to 12 Mg ha~! of biomass in a single season with
repeated defoliation.

In Kernza production systems, the stems and leaves remain-
ing after IWG grain harvest in August are typically removed
from the field to allow rapid regrowth. This straw has the
potential for use in total mixed rations for dairy cattle, as
animal bedding, or as a biomass energy feedstock (Jungers,
DeHaan, Betts, Sheaffer, & Wyse, 2017; Wang et al., 2014).
Here, we will focus on the forage potential of the straw. Straw
yields at grain harvest can reach over 12 Mg ha~! and are typ-
ically in the range of 3 to 10 Mg ha~!' (Jungers et al., 2017;
Pugliese, 2017; Tautges, Jungers, Dehaan, Wyse, & Sheaffer,
2018; Wang et al., 2014).

Intermediate wheatgrass also produces vegetative biomass
in the spring and the fall that can be harvested as high-quality
hay (Hendrickson et al., 2005). In addition to producing hay,
defoliating vegetative growth has also been shown to increase
seed yield in perennial grass seed production (e.g., Green &
Evans, 1957; Hebblethwaite & Clemence, 1981; Pumphrey,
1965). Removing fall biomass may also help preclude over-
wintering habitat for black grass bug (Labops spp.), which can
reduce IWG forage yield and quality (Blodgett, Lenssen, &
Cash, 2006). Across nine sites in North America (including a
subset of the plots in this study), spring and fall hay production
ranged from 0.5 to 3.9 and 0.1 to 3.8 Mg ha~!, respectively
(Pugliese, 2017).

Intermediate wheatgrass hay biomass can be very high
quality, with 700-800 g kg~! dry matter digestibility, greater
than 200 g kg~! crude protein (CP), and lower than 500 gkg ™!
neutral detergent fiber (NDF) when harvested during spring
vegetative growth, though quality declines as the plants
mature (Moore et al., 1995). Mean daily gain for steers grazing
on IWG pastures for 4-6 wk was 1-1.2 kg d~! (Moore et al.,
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Core ideas

e Forage production can improve the profitability of
Kernza perennial grain.

e Straw value often exceeded production costs in
Narrow rows.

e Adding hay harvests to grain and straw production
was almost always profitable.

e Planting in 15- or 30-cm rows produced more
straw and hay than wider rows.

e Harvesting hay in the fall only resulted in consis-
tent high net return.

1995). Compared to annual winter wheat (Triticum aestivum
L.), IWG biomass harvested in mid-spring had higher CP, dry
matter digestibility, and metabolizable energy and lower NDF
and acid detergent fiber (ADF; Newell & Hayes, 2017).

The dual-purpose use investigated in this study is analo-
gous to the common practice of using winter cereal fields
for backgrounding grazing animals. Likewise, perennial grass
seed producers commonly harvest biomass coproducts (Green
& Evans, 1957; Hare, 1993; Lawrence & Lodge, 1975; Heb-
blethwaite & Clemence, 1981). Incorporating dual-purpose
crops can improve farm economics by providing additional
forage, lengthening pasture rest periods, improving weed
management, and enabling increased stocking rates (Dove
& Kirkegaard, 2014). Dual-purpose use of IWG could pro-
vide similar benefits, including in regions that are too cold
to support dual-purpose, winter-annual cereals. However, few
studies have investigated the agronomic or economic con-
sequences of this management approach (Pugliese, 2017;
Pugliese, Culman, & Sprunger, 2019).

1.2 | Effects of defoliation

As discussed in the companion paper (Hunter, Sheaffer, Cul-
man, & Jungers, 2020), mechanical defoliation for forage
harvest stimulates tiller production in grasses by increasing
both the intensity and the red/far red ratio of the light at the
plant base (Aamlid, Heide, Christie, & McGraw, 1997; Dereg-
ibus, Sanchez, & Casal, 1983; Ugarte, Trupkin, Ghiglione,
Slafer, & Casal, 2010; Youngner, 1972). Defoliation can
improve sward density and help maintain an optimal leaf
arrangement for photosynthesis (Youngner, 1972). As aresult,
appropriately timed defoliation can increase total forage yield
within a growing season, while also enhancing forage quality
by keeping tillers vegetative. However, defoliation can also
reduce radiation interception and limit photosynthate pro-
duction (Youngner, 1972). Repeated severe defoliation can
reduce stand vigor and productivity by depleting carbohydrate
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reserves and causing root dieback (Alberda, 1957; Hampton
& Fairey, 1997; Youngner, 1972). In perennial grass seed pro-
duction, the effects of hay harvest on subsequent biomass pro-
duction (hay or straw yield) have been mixed (Green & Evans,
1957; Hare, 1993).

In IWG, spring hay yield in a dual-use system in Australia
tended to increase as the harvest date was delayed, allowing
for additional growth, but this also tended to decrease posthar-
vest regrowth and overall hay production (Newell & Hayes,
2017). Across 2 yr and nine sites in North America, spring
hay harvest resulted in numerically lower straw yield at grain
harvest in almost every case, but both spring and fall hay har-
vest tended to increase annual total forage yield (Pugliese,
2017). Dick, Cattani, and Entz (2018) found minimal effects
of postharvest grazing on IWG straw yield the following year.

Early and repeated defoliation consistently increases IWG
forage quality (Karn, Berdahl, & Frank, 2006) by maintaining
stands in a vegetative state. For instance, CP concentration
was highest with early defoliation (Newell & Hayes, 2017),
though later and less frequent cutting optimized yields of CP
and biomass (Heinrichs & Clark, 1961; Lawrence, Warder, &
Ashford, 1971).

1.3 | Effects of row spacing

The effects of different row spacings on forage yield in peren-
nial grass seed dual-purpose systems have been little studied.
In many cases, planting in wider row spacings increases tillers
m~! of row, but decreases tillers ha~! due to increased inter-
row space (Deleuran, Gislum, & Boelt, 2009, 2010; Deleuran,
Kristensen, Gislum, & Boelt, 2013; Lawrence, 1980). Han
et al. (2013) found that straw production from Altai wildrye
[Leymus angustus (Trin.) Pilg.)] was lower in wide-row spac-
ings until the rows filled in after 5 yr. However, Koeritz,
Watkins, and Ehlke (2015) found that row spacings ranging
from 10 to 30 cm had no effect on vegetative biomass at
seed harvest in first-year perennial ryegrass (Lolium perenne
L.) fields. In a 5-yr study, row spacing ranging from 76 to
152 cm did not affect forage yield of IWG or Russian wildrye
[Psathyrostachys junceus (Fisch.) Nevski], though there was
a trend toward higher yield in narrower rows when fertil-
izer was applied (Black & Reitz, 1969). Generally, the effects
of row spacing on stand density and biomass production
decrease over time, unless the initial row spacing is main-
tained through tillage or herbicide applications (Donald et al.,
1954; Kays & Harper, 2009; Deleuran, Kristensen, Gislum, &
Boelt, 2013).

1.4 | Objectives

Understanding both the agronomic and economic implica-
tions of defoliation and row spacing may help develop com-

mercially viable dual-purpose IWG production systems. Our
objectives were to evaluate the interacting effects of defoli-
ation and row spacing on (a) the yield and forage quality of
IWG straw and hay; (b) the economic value of IWG straw and
hay; and (c) the net economic return to straw and hay pro-
duction based on calculated potential forage value and esti-
mated costs of production in Minnesota. We conducted this
study across the 3-yr life of an IWG stand. A companion paper
(Hunter et al., 2020) discusses the effects of defoliation and
row spacing on IWG grain yield and yield components.

2 | MATERIALS AND METHODS

The experiment was conducted under nonirrigated condi-
tions at the University of Minnesota Agricultural Experiment
Station in Saint Paul, MN (44.988291, —93.175625) on a
Waukegan silt loam (fine-silty over sandy, mixed, superac-
tive, mesic Typic Hapludoll). The previous alfalfa (Medicago
sativa L.) crop was terminated prior to preparing a seedbed for
IWG planting. An improved grain-type IWG from the fourth
cycle of a breeding program at The Land Institute (Salina, KS)
was seeded at a rate of 12 kg ha~! pure live seed (1.9 mil-
lion seeds ha™!). The IWG was seeded in 15-cm rows with 20
rows per plot on 5 September 2014. Total plot size was 3 by
4.5 m. The experiment encompassed three production years,
from 2015 to 2017. The defoliation treatments were contin-
ued in 2018, as reported in Hunter et al. (2020), but complete
forage yield data was not collected.

The experimental design was a split-plot, randomized com-
plete block with defoliation as the main-plot treatment and
row spacing as the split-plot treatment with four replications.
Mechanical defoliation for hay production occurred in spring
(Sp), fall (Fa), spring and fall (SpFa), or not at all (Ctrl). All
vegetation was clipped to a height of 7.5 cm and removed
immediately after clipping.

Row spacing treatments of 15, 30, and 61 cm between rows
were imposed within split plots by terminating rows of IWG
about 14 d after emergence by hand-hoeing. As a result, the
initial seeding rate m~! of row was the same across row spac-
ings, but the seeding rate ha~! was lower at wider row spac-
ings (6 kg ha~! in 30-cm rows and 3 kg ha~! in 61-cm rows).
After establishing row spacings, IWG recruitment between
rows was not controlled, as this requires specialized equip-
ment for interrow cultivation or herbicide banding that is not
widely available on commercial cash-grain farms.

The  herbicides Dual Magnum  (S-metolachlor
82.4%, Syngenta, Basel, Switzerland) and 2,4-D (2,4-
dichlorphenoxyacetic acid) were applied to IWG at the
vegetative stage in early April annually at labeled rates for
grass seed production. Nitrogen fertilizer was applied in early
April as ammonium nitrate (NH, " -NO;™; 34-0-0) at a rate
of 40 kg N ha=! 2015, and then as urea (46-0-0) at a rate of
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TABLE 1 Monthly mean precipitation and temperature in St. Paul, MN for August 2014-October 2017, with long-term means (normals) for

1981-2018
Year Jan. Feb. Mar. Apr.
Precipitation, mm 2014
2015 11 10 20 62
2016 12 21 79 58
2017 33 30 29 119
Normal 22 22 48 77
Mean temperature, °C 2014
2015 -9.0 -12.1 09 8.4
2016 -106 5.8 3.6 7.6
2017 -9.3 —2.7 -0.2 8.2
Normal -10.6 -7.9 -0.3 7.0

56 kg N ha=! in 2016, 2017, and 2018. Baseline soil pH, P,
and K levels were 6.8, 105 ppm, and 514 ppm, respectively,
and no lime or P or K fertilizer was applied.

Daily temperature and precipitation data from satellite
observations were obtained from the NASA POWER Project
(https://power.larc.nasa.gov/; Table 1). Growing degree days
(GDD) were calculated with a base of 0 °C and a maximum of
30 °C, with accumulation beginning on the fifth consecutive
day with nonzero GDD in spring.

2.1 | Yield data collection

Straw yield was sampled annually at grain harvest on about
4 August. Straw sampling methods are described in the com-
panion paper (Hunter et al., 2020). Spring and fall hay samples
were collected by harvesting all vegetation 7.5 cm above the
soil surface in two separate 2-m lengths of row per split plot.
Biomass was dried at 60 °C for 72 h and weighed. Remaining
biomass was mechanically cut with a forage harvester (Carter
Mfg., Brookston, IN) and removed from the plot. Spring defo-
liation occurred prior to stem elongation on 8, 2, and 5 May
and fall defoliation occurred prior to senescence on 20, 5,
and 26 October in 2015, 2016, and 2017, respectively. In the
30- and 61-cm row spacings, both straw and hay yields were
adjusted to account for the colonization of interrow space that
occurred in 2017 (see Hunter et al., 2020).

2.2 | Forage quality analysis

Straw and hay biomass samples were ground and analyzed for
forage quality using near-infrared reflectance spectroscopy
(NIRS; Model DA 7200, Perten Instruments, Springfield, IL)
with calibration equations developed in Minnesota and vali-
dated with wet chemistry. Parameters analyzed included NDF,
ADF, CP, and concentration of phosphorus (P) and potas-

May Sept. Oct. Nov. Dec.
120 45 38 29 23
113 120 157 116 100 59 97 69

78 116 154 190 185 79 42 51

June July Aug.

145 116 94 139 52 139

105 129 104 110 81 63 40 31
21.6 15.7 8.3 -44 =53

14.2 20.1 220 204 18.9 10.0 3.8 =32

14.8 20.3 225 217 17.0 9.8 4.6 -8.1

13.0 19.6 22.0 18.7 17.8 8.9

14.1 19.7 223 211 16.4 8.5 0.0 -7.6

sium (K). The concentration of N was estimated by divid-
ing CP by 6.25. Equations for NIRS were developed using
the software program Calibrate (NIRS 3 version 4.0, Infra-
soft International, Port Matilda, PA) with the modified partial
least squares regression option (Shenk & Westerhaus, 1991).
The validation process for this equation yielded the following
coefficients of determination and standard errors of cross val-
idation, respectively: NDF, .98 and 2.4; ADF, .95 and 1.9; CP,
98 and 1.0; P, .55 and 0.04; K, .61 and 0.4.

The relative feed value (RFV; Rohweder, Barnes, & Jor-
gensen, 1978) of the forage was calculated with the following
equations (Moore & Undersander, 2002):

Dry matter intake (DMI) = 120/NDF (D)

Digestible dry matter (DDM) = 88.9 — (0.779 ADF) (2)

RFV = (DMI)(DDM)/1.29 3)

2.3 | Economic analysis

The potential net return to straw and hay production was
calculated from recent auction results and estimated cost
of production in Minnesota. Grass hay prices from 2018
auctions at Mid-American Auction in Sauk Centre, MN
(Nathaniel Drewitz, personal communication, 2018) were
used to develop a simple linear regression between RFV and
price Mg~! dry matter. Only sales with RFV numbers and for
which prices were reported by weight were used. Including
CP in the model did not improve fit, and the CP term was not
significant (p = .44). The final equation was:

Forage price ($ Mg™!) = 34.0 + 1.02RFV 4)

This equation explained 18% of the variation in forage price
(r? = .18) and RFV was a significant predictor (p < .0001).
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Price variability was high, likely due to fluctuations in sup-
ply and demand, as well as quality parameters not captured
by RFYV, such as weediness. The same equation was used for
both straw and hay prices, even though straw is typically not
sold based on RFV, because the RFVs for both types of for-
age were within the range of data used to develop the model.
Moreover, IWG straw can be higher quality than small grain
straw, so it may receive a higher price. Calculated straw prices
were compared against 2018 straw auction prices to ensure
that the calculated prices were reasonable. Potential forage
value ha~! was calculated by multiplying the calculated price
by the measured yield.

The cost of production was estimated with an enterprise
budgeting tool (William F. Lazarus, personal communica-
tion, 2019; based on Lazarus & Keller, 2018; AAEA Task
Force, 2000). This tool accounts for the costs of seed; fer-
tilizer; chemicals; machinery and machinery operation; crop
transport and storage; nonmachinery labor and management;
land rent; and interest on operating expenses calculated at
a 5% annual rate. The IWG seed cost was assumed to be
$0.68 kg~! and land rent was set at $410 ha=!' ($166 ac™!),
the mean land rent in Minnesota in 2018 (NASS, 2019).
Machinery costs reflected 2018 values in Minnesota (Lazarus,
2018). Labor and management costs were derived from
data from the FINBIN farm financial management database
(https://finbin.umn.edu/).

The cost of production was first estimated for a baseline
scenario in which only grain and straw were produced, includ-
ing field preparation, seeding, fertilization, herbicide applica-
tion, combining, and baling of straw. Since IWG is a perennial,
the costs of field preparation and seeding were omitted after
the establishment year. The cost of hay harvest—including
costs for mowing, raking, and baling—was estimated
separately.

Potential net return was calculated for each subplot in each
year by subtracting the cost of production from the value ha=!.
Straw net return included the cost of production for both grain
and straw production, since all of the same field operations are
involved. Hay net return included the additional cost of pro-
duction for one or two hay harvests, depending on the defolia-
tion treatment. The value of the grain was not factored into the
economic analysis because the Kernza market is too young to
enable robust price discovery, and because most of the market
demand is for organic or transitional organic grain. Moreover,
currently there are no herbicides labeled for use on IWG for
grain production.

2.4 | Statistics

All statistical analyses were performed in R (R Core Team,
2018). Split-plot mixed-effect linear models fit to a Gaussian
distribution were specified with the Ime function of the nlme

package v. 3.1-137 (Pinheiro, Bates, DebRoy, & Sarkar D,
2018). Random intercepts were fitted to block, main plot,
and year, when year was not included as a fixed effect.
Initially, the interacting effects of year, row spacing, and
defoliation were fit across all years. Then, to enable inter-
pretation of overall effects across all four years, these three
predictors were modeled one-by-one, without covariates.
Finally, the interacting effects of row spacing and defoliation
were modeled within each year. Pairwise comparisons among
treatment means were evaluated with the emmeans function
of the emmeans package v. 1.3.0 (Lenth, 2018) with a Tukey
adjustment for multiple comparisons. Models were evaluated
to ensure they met the assumptions of independence and
normality of residuals and, if necessary, response variables
were transformed following the Box—Cox procedure. The
linear regression between RFV and forage price was fit
with the Im function. Pearson’s correlation coefficient was
calculated with the cor function to assess the relationship
between spring and fall GDD and hay yield. An alpha value
of .05 was used to assess statistical significance.

3 | RESULTS
3.1 | Weather and field conditions

Growing conditions were generally favorable throughout the
experiment, with monthly mean precipitation and temperature
typically near long-term values during the growing season
(Table 1). However, precipitation was highly limited during
the fall regrowth period in late August and September of 2017.
Growing degree day accumulation (base temperature = 0°C)
prior to spring hay harvest was greater in 2015 (510 °C d) than
in in 2016 and 2017 (450 °C d). Accumulation of GDD prior
to grain and straw harvest was greater in 2016 (2,240 °C d)
than in 2015 and 2017 (2,180 °C d). Between grain harvest
and fall hay harvest, GDD accumulation was greatest in 2015
(1,340 °C d), intermediate in 2017 (1,290 °C d), and lowest
in 2016 (1,210 °C d).

3.2 | Straw yield and quality

Mean yield of straw (stems and leaves remaining after
grain harvest) was 10.2 Mg ha~! in the first year, but then
declined by 24% in 2016 and was similar in 2017 (Figure 1;
Tables 2, 3). Across all years, the Fa harvest treatment pro-
duced more straw biomass than SpFa and Ctrl, and the two
narrower row spacings (15 and 30 cm) produced more straw
than the widest (61 cm) row spacing.

Defoliating for hay production affected straw yield differ-
ently in different years. In 2015, Sp defoliation depressed
straw yield compared to Ctrl. In contrast, in 2016 all of the
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FIGURE 1 Yields (Mgha™') of intermediate wheatgrass (A) straw, (B) spring hay, (C) fall hay, (D) total hay, and (E) total forage (straw + hay)
by year, row spacing, and defoliation. Bars represent means and whiskers represent standard error. Because the fall defoliation had not occurred yet
in 2015, the Ctrl and Fa defoliation treatments were pooled (dark gray bar) and the Sp and SpFa defoliation treatments were pooled (light gray bar) in
panels (A) and (B). Missing bars indicate treatments in which hay was not harvested. Ctrl, no defoliation; Fa, defoliation in fall only; Sp, defoliation

in spring only; SpFa, defoliation in spring and fall

defoliated treatments yielded more biomass than Ctrl, and
straw yield was almost twice as high following Fa defoliation
(9.4 Mg ha™!) as following Ctrl (4.5 Mg ha~!). The Fa treat-
ment out-yielded SpFa defoliation in 2017.

The effects of row spacing on straw yield also shifted over
time. In 2015 and 2016, straw yield was higher in narrower

row spacings. However, in 2017, straw yield in the 30-cm row
spacing exceeded that in the 61-cm spacing, which exceeded
the 15-cm spacing.

Mean straw RFV was highest in 2017 (70), intermediate in
2016 (65), and lowest in 2015 (57; Tables 3, 4; Supplemen-
tal Figure S1). Row spacing did not affect straw RFV overall,
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TABLE 2 Mean straw, hay, and total forage (straw + hay) yields by year, row spacing, and defoliation treatment. Within each category, values

within a column that share a letter are not significantly different at the @ = .05 level with a Tukey correction for multiple comparisons. Letters in bold

indicate years in which there was a significant interaction between defoliation and row spacing. Interactions are displayed in Figure 1

Straw Spring hay Fall hay Total hay" Total forage’
Mg ha!
Year 2015 10.2a 1.0b 3.0a 2.7a 12.2a
2016 7.4b 1.0b 2.7a 2.4a 9.2b
2017 8.2b 2.4a 1.1b 2.3a 10.0b
Row spacing 15 cm 8.9a 1.7a 3.0a 3.1a 11.2a
30 cm 9.4a 1.5ab 2.2b 2.5b 11.2a
61 cm 7.6b 1.2b 1.6¢ 1.9¢ 9.0b
Defoliation Ctrl 7.7b - - - NS
Fa 10.0a - 2.3a 2.3b 12.3a
Sp 8.6ab 1.7a - 1.7b 10.2b
SpFa 8.2b 1.3b 2.3a 3.5a 11.7ab
2015 15 cm 11.5a 1.7a 3.9a 3.7a 14.4a
30 cm 10.3a 0.9b 3.0b 2.6b 12.3b
61 cm 8.8b 0.5¢ 2.3b 1.8¢ 10.1c
Ctrl 11.1a - - - 11.3bc
Fa - 2.8a 2.8b 13.9a
Sp 9.3b 1.0 - 1.0¢ 10.7¢
SpFa 3.3a 4.3a 13.2ab
2016 15 cm 9.2a I.1a 3.9a 3.3a 11.7a
30 cm 7.5b 1.2a 2.5b 2.4b 9.3b
61 cm 5.5¢ 0.8b 1.6¢ 1.6¢ 6.6¢
Ctrl 4.5b - - - 4.5¢
Fa 9.4a - 2.7a 2.7b 12.1a
Sp 7.2a 1.0a - 1.0¢ 8.2b
SpFa 8.5a 1.0a 2.6a 3.6a 12.1a
2017 15 cm 6.0c 2.2a 1.3a 2.3a 7.7c
30 cm 10.3a 2.5a 1.1a 2.4a 12.1a
61 cm 8.4b 2.5a 1.0a 2.3a 10.2b
Ctrl 7.6ab - - - 7.6b
Fa 9.6a - 1.4a 1.4b 10.9a
Sp 8.8ab 2.9a - 2.9a 11.7a
SpFa 7.0b 1.9b 0.9b 2.7a 9.7ab

2Overall means by year and row spacing reflect only those defoliation treatments for which there is data in each column. Therefore, total hay values are different than the
sums of spring and fall hay, and total forage values are different than the sums of straw and total hay, because different defoliation treatments are averaged in each case.
bBecause the fall defoliation had not occurred yet in 2015, the Ctrl and Fa defoliation treatments were pooled and the Sp and SpFa defoliation treatments were pooled for

straw and spring hay.

but all defoliation treatments reduced RFV relative to Ctrl.
Within individual years, row spacing only affected straw RFV
in 2016, when it was lower in 30-cm than in 61-cm rows. Defo-
liation did not affect straw RFV in 2015, but all defoliation
treatments had lower straw RFV than Ctrl in 2016 and 2017.

Mean straw CP concentration was highest in the first year,
at 48 gkg~!, and then dropped to 27 g kg~! (Tables 3, 4; Sup-
plemental Figure S2). Row spacing did not affect CP, either
across all years or within individual years. However, CP was

higher in Ctrl than in all of the defoliated treatments across all
years. The effect of defoliation was not evident in 2015, but all
defoliation treatments reduced CP in the following two years.

Straw P concentration was highest in 2015 (1.9 g kg™!),
intermediate in 2016 (1.2 g kg™!), and lowest in 2017 (0.70 g
kg‘l; Tables S1, S2). Across all years, defoliation reduced
straw P concentration by roughly 0.30 g kg~'; this effect was
strongest in 2016 and 2017. Straw K concentration dropped
sharply after the first year, from 24 g kg~! to a mean of 7.8 g
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TABLE 4 Mean straw and hay relative feed value (RFV) and crude protein as determined by near-infrared reflectance spectroscopy, by year,

row spacing, and defoliation treatment. Within each category, numbers within a column that share a letter are not significantly different at the « = .05

level with a Tukey correction for multiple comparisons. Letters in bold indicate years in which there was a significant interaction between defoliation

and row spacing. Interactions are displayed in Supplemental Figures S1, S2

Crude protein

RFV
Straw Spring hay

Year 2015 57c 161a

2016 65b 148b

2017 70a 147b
Row spacing 15 cm 64a 145a

30 cm 63a 153a

61 cm 64a 150a
Defoliation Ctrl 70a -

Fa 61b -

Sp 63b 144b

SpFa 62b 155a
2015 15 cm 56a 153b

30 cm 57a 161ab

61 cm 57a 171a

Ctrl 57a —

Fa =

Sp 56a 162

SpFa
2016 15cm 65ab 158a

30 cm 62b 148b

61 cm 68a 139b

Ctrl 76a -

Fa 60b -

Sp 64b 146a

SpFa 59 151a
2017 15 cm 72a 126b

30 cm 70a 150a

61 cm 69a 143a

Ctrl 76a -

Fa 67b -

Sp 69b 133b

SpFa 70b 161a

Fall hay Straw Spring hay Fall hay
o kg"
107a 48a 288a 132a
89b 27b 220b 128a
107a 26b 195¢ 105b
101a 34a 231a 122a
101a 33a 230a 122a
102a 35a 236a 121a
- 48a - -
101a 26b - 121a
- 32b 239a -
101a 28b 225a 122a
105a 46a 269b 128a
107a 47a 289ab 134a
110a S5la 305a 135a
- 47a = =
105a - 125a
- 50a 288 -
109a 139a
89a 29a 227a 128a
9la 24a 216a 129a
89a 27a 216a 125a
- 57a - _
88a 14b - 126a
- 23b 230a -
90a 10b 209a 129a
108a 27a 200a 109a
106a 27a 193a 103a
108a 25a 196a 103a
- 40a - -
110a 19b - 113a
- 21b 199a -
105a 25b 191a 97b

4Because the fall defoliation had not occurred yet in 2015, the Ctrl and Fa defoliation treatments were pooled and the Sp and SpFa defoliation treatments were pooled for

straw and spring hay.

kg~! in the following years. There were few effects of row
spacing or defoliation, but K concentration was lower than
Ctrl in all defoliation treatments in 2016.

3.3 | Spring hay yield and quality

Mean spring hay yield increased as the stand aged, with yield
in 2017 (~2.4 Mg ha~!) exceeding the yield in 2015 and 2016

(~1 Mg ha~!; Figure 1; Tables 2, 3). Across all years, spring
hay yield was higher in 15-cm than in 61-cm rows and was
higher with only spring defoliation than with SpFa defoliation.
The effect of row spacing was greatest in 2015, when spring
hay yield declined at each successively wider row spacing. In
2016, spring hay yield was equivalent between 15- and 30-cm
rows, and there was no effect of row spacing in 2017. In con-
trast, the distinction between Sp and SpFa defoliation did not
emerge until 2017. The number of GDD accumulated before
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harvest was negatively related to spring hay yield (r = —.43,
p <.0001).

Mean spring hay RFV declined over time, from a high in
2015 (161) to a moderate level in 2016 and 2017 (mean of
148; Tables 3, 4; Supplemental Figure S1). Overall, row spac-
ing did not affect RFV, but it was higher with SpFa defoli-
ation that with Sp. Within individual years, RFV alternated
between increasing and decreasing with row spacing, and only
increased with SpFa defoliation in 2017.

Mean spring hay CP followed the trend of RFV and
declined every year, from 290 g kg~! in 2015 to 200 g kg~!
in 2017 (Tables 3, 4; Supplemental Figure S2). Neither row
spacing nor defoliation affected CP overall, but it was higher
in 61-cm than 15-cm rows in 2015.

Mean spring hay P concentration also declined every year,
from 4.4 g kg~! in 2015 to 2.8 g kg~! in 2017 (Supplemental
Tables S1, S2). Neither row spacing nor defoliation affected
P concentration overall, though it was higher with SpFa than
with Sp defoliation in 2017. Mean spring hay K concentra-
tion declined steadily from 2015 to 2017. K concentration
was higher in 61- and 30- than in 15-cm row spacings overall
(38 gkg~! and 36 g kg™, respectively), mostly due to a large
difference in 2017. The SpFa defoliation reduced K concen-
tration in 2016.

3.4 | Fall hay yield and quality

Fall hay yield, in contrast to spring hay, tended to decline over
time. Mean yield was lower in 2017 (1.1 Mg ha~!) than in
2015 and 2016 (~2.8 Mg ha=!; Figure 1; Tables 2, 3). Across
all years, there was no effect of defoliation treatment on fall
hay yield, but row spacing had a strong effect: yield declined
in each successively wider row spacing. Within individual
years, the SpFa harvest increased fall hay yield in the 15-cm
row spacing in 2015, but decreased yield overall in 2017. Fall
hay yield was highest in 15-cm rows in both 2015 and 2016,
and higher in the 30-cm than the 61-cm rows in 2016. There
was no relationship between fall hay production and the num-
ber of GDD accumulated between grain harvest and fall hay
harvest (r = .04, p = .91).

Mean fall hay RFV was higher in 2015 and 2017 (~107)
than in 2016 (89), but did not differ by row spacing or defo-
liation in any year (Tables 3, 4; Supplemental Figure S1).
Mean CP was lower in 2017 than in the previous two years
(110 gkg~! vs. ~130 g kg~!) and was lower with SpFa defo-
liation than Fa in 2017 (Tables 3, 4; Supplemental Figure S2).
Fall hay P concentration was highest in 2016 (3.0 g kg™!),
intermediate in 2015 (2.7 g kg™!), and lowest in 2017 (2.1 g
kg~"); K concentration was lower in 2017 (25 g kg™!) than
in the previous two years (35 g kg™!; Supplemental Tables
S1, S2). Row spacing and defoliation did not affect P or
K concentration.
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3.5 | Total hay and forage yield

Mean total hay production, the sum of spring and fall hay,
did not differ among years (~2.5 Mg ha~!; Tables 2, 3;
Figure 1). This reflects the contrasting trends in spring and
fall hay yield, with the former increasing and the latter declin-
ing. Across 2015-2017, harvesting hay twice (in both spring
and fall) resulted in higher total hay yield than either Sp or Fa
harvest. The SpFa defoliation was more productive than Fa in
every year. The Sp defoliation was the least productive in 2015
and 2016 but was equally as productive as SpFain 2017. Aver-
aging across years, row spacing had a strong effect on total hay
yield, with the highest yield in 15-cm rows, followed by 30-cm
and then 61-cm rows. The row spacing effect was not evident
in 2017. Within individual years, there are many complex and
contradictory interactions between the effects of defoliation
and row spacing on total hay yield, due to different effects of
management on spring and fall hay yield.

Mean total forage yield—the sum of spring hay, fall hay,
and straw—declined after 2015 (12.3 Mg ha~!) and did not
vary between 2016 and 2017 (~9.6 Mg ha=!; Tables 2, 3;
Figure 1). Across all years, total forage yield was higher with
Fa defoliation than with Sp or Ctrl and was equivalent to that
with SpFa defoliation. Total forage yield was higher in the 15-
and 30-cm row spacings (mean of 11 Mg ha~!) and was lower
in 61-cm rows (9 Mg ha™!).

3.6 | Forage price and potential value

All variations in calculated forage prices were due to vari-
ations in RFV reported above. Mean calculated straw price
ranged from $92 Mg~! in 2015 to $106 Mg~! in 2017
(Tables 5, 6; Supplemental Figure S3). Defoliation reduced
the mean straw price by $8-10 Mg~! across all years.
Mean potential straw value ha~! (yield multiplied by price)
was greater in 2015 and 2017 (~$905 ha~!) than in 2016
($733 ha=!; Tables 5, 6; Supplemental Figure S4). Across all
years, straw value was lower in the 61 cm row spacing than in
the 30 cm spacing, and was greater in the Fa defoliation than
in the SpFa and Ctrl.

Mean spring hay prices dropped from $200 Mg~! in 2015
prices to ~$180 Mg~! in 2016 and 2017 (Tables 5, 6; Sup-
plemental Figure S3). Mean spring hay potential value rose
from a mean of ~$190 ha=! in 2015 and 2016 to $415 ha~! in
2017 (Tables 5, 6; Supplemental Figure S4). Across all years,
spring hay value was greater in narrow row spacings but was
not affected by defoliation. Value declined with each wider
row spacing in 2015 and was lower in 61-cm rows than in the
narrower row spacings in 2016. However, in 2017, spring hay
value was lower in 15-cm rows than in the wider row spac-
ings. The SpFa defoliation reduced spring hay value relative
to Sp in 2017.



1872 Agronomy Journal

HUNTER ET AL.

TABLE 5 Mean straw and hay price Mg~ and potential value ha~'. Within each category, numbers within a column that share a letter are not

significantly different at the o = .05 level with a Tukey correction for multiple comparisons. Letters in bold indicate years in which there was a

significant interaction between defoliation and row spacing. Interactions are displayed in Supplemental Figures S3, S4

Price Potential value
Straw Spring hay Fall hay Straw Spring hay Fall hay Total hay" Total forage’
$ Mg~! $ ha!
Year 2015 92¢ 199a 144a 940a 195b 436a 404a 1240a
2016 101b 186b 126b 733b 186b 331b 345a 994b
2017 106a 177b 144a 871a 415a 163¢ 386a 1160a
Row spacing 15 cm 100a 183a 137a 870ab 291a 405a 456a 1210a
30 cm 99a 190a 138a 918a 289a 300b 385a 1210a
61 cm 100a 188a 139a 761b 226b 225¢ 294b 981b
Defoliation Ctrl 106a - - 799b - - - 799b
Fa 96b - 138a 967a - 311a 311b 1280a
Sp 98b 182b - 840ab 288a - 288b 1130a
SpFa 97b 193a 138a 795b 248a 309a 536a 1340a
2015 15 cm 92a 190b 141a 1060a 311a 550a 548a 268a
30 cm 92a 199ab 143a 952ab 179b 423ab 386b 147b
61 cm 93a 209a 147a 813b 95¢ 334b 278¢ 65¢
Ctrl 93a - - 1030a - - - 1050b
Fa - 142a - 397a 397a 1400a
Sp 9la 200 - 852b 194 - 201b 1090b
SpFa 146a 474a 614a 1430a
2016 15 cm 101ab 196a 125a 909a 211a 484a 463a 205a
30 cm 98b 186b 127a 704b 215a 313b 352b 121b
61 cm 103a 176b 125a 562b 132b 196¢ 219¢ 21c
Ctrl 112a - - 502b - - - -
Fa 96b - 125a 916a - 336a 336b 1270a
Sp 100b 184a - 705ab 188a - 188c -
SpFa 94b 188a 127a 829a 184a 327a S5lla 1360a
2017 15 cm 107a 163b 145a 645¢ 354b 181a 356a 124¢
30 cm 105a 188a 143a 1080a 459a 164a 415a 168a
61 cm 105a 181a 144a 883b 434a 144a 385a 146b
Ctrl I11a - - 845a - - - -
Fa 102b - 146a 976a - 200a 200b 1180a
Sp 104b 162b - 920a 474a - 474a -
SpFa 106ab 193a 141a 741a 357b 126b 482a 1220a

20verall means by year and row spacing reflect only those defoliation treatments for which there is data in each column. Therefore, total hay numbers are different than

the sums of spring and fall hay, and total forage numbers are different than the sums of straw and total hay, because different defoliation treatments are averaged in each

case.

bBecause the fall defoliation had not occurred yet in 2015, the Ctrl and Fa defoliation treatments were pooled and the Sp and SpFa defoliation treatments were pooled for

straw and spring hay.

Across all years, mean fall hay price was higher in 2015
and 2017 (~$144 Mg~!) than in 2016 ($126 Mg~!), but did
not differ by row spacing or defoliation (Tables 5, 6; Sup-
plemental Figure S3). Fall hay potential value ha~! declined
each year, from $436 in 2015 to $163 in 2017 (Tables 5,
6; Supplemental Figure S4). Across all years, mean fall hay
value was greater at narrow row spacings, but there was no

effect in 2017. Defoliation had no effect overall, but in 2017
fall hay value was greater with Fa defoliation than with SpFa
defoliation.

Mean total hay potential value did not differ among years
(mean of $378 ha~!; Tables 5, 6; Supplemental Figure S4).
Across all years, hay value was greater in 15- and 30-cm rows
than in 61-cm rows, though there was no difference in 2017.
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The SpFa defoliation resulted in among the greatest total hay
value in every year, and it exceeded Sp in 2015 and 2016 and
Fa in 2016 and 2017.

Mean total forage potential value ha~! was greater in 2015
and 2017 (~$1,200 ha~!) than in 2016 ($994 ha~!; Tables 3,
6; Supplemental Figure S4). Across all years, total forage
value ha~! was greater in the 15- and 30-cm row spacings
than in the 61-cm row spacing; forage value was equivalent
among all defoliated treatments but lower in Ctrl.

3.7 | Net economic return

The costs of planting, controlling weeds, fertilizing, har-
vesting grain, and harvesting and removing straw were esti-
mated at $994 ha~! in the establishment year (Supplemental
Table S3). Costs in subsequent years were lower, at $877 ha™1,
due to lower weed control costs and avoided planting costs in
this perennial system. Each hay harvest was estimated to cost
$143 ha~!.

Straw production alone produced negative mean poten-
tial net return (potential value minus the cost of produc-
tion) in every year, but the value of the resulting grain was
not included in this analysis. The loss was greater in 2016
than in 2017 (—$144 ha—! and —$6.3, respectively) and was
not different from the other two years in 2015 (—$54 ha™';
Figure 2; Tables 6, 7; Supplemental Figure S5). Across all
years, the loss was greater in 61-cm rows than in 15- and
30-cm rows. Only the Fa defoliation treatment resulted in pos-
itive straw-only net return ($46 ha1), while all other defoli-
ation treatments resulted in negative net return. Within indi-
vidual years, differences among row spacings and defoliation
treatments mirror the results for straw biomass.

Mean potential net return to total hay production was
$141 ha~! and did not differ among years (Tables 6, 7; Supple-
mental Figure S5). Across all years, net return to hay produc-
tion was greater in 15- and 30-cm rows than in 61-cm rows and
did not differ among defoliation treatments (Ctrl was excluded
from this analysis). In 2015, net return declined at each wider
row spacing under Sp and SpFa defoliation, but there were no
differences under Fa defoliation. Also in 2015, SpFa defoli-
ation produced greater net return to hay production than Sp
defoliation at all row spacings, and Fa defoliation produced
greater net return than Sp at 30- and 61-cm row spacings. In
2016, net return declined at each wider row spacing under Fa
and SpFa defoliation, while under Sp defoliation net return
was only greater in 30- than in 61-cm rows. Correspondingly,
both SpFa and Fa defoliation produced greater net return than
Sp in 15-cm rows, SpFa exceeded Sp in 30-cm rows, and there
were no differences by defoliation in 61-cm rows. In 2017,
row spacing did not affect net return to hay production, but
Sp defoliation produced greater net return than SpFa, which
produced greater net return than Fa.

2015 2016 2017
200 A
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<
@ 0 _i |
=
-
2 |
© -200 A
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=
&
) I Ctrl
-400 BlFa
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FIGURE 2 Intermediate wheatgrass straw potential net return ($
ha~'), not accounting for the value of grain or hay, by defoliation
treatments (all row spacings pooled). Because the fall defoliation had
not occurred yet in 2015, the Ctrl and Fa defoliation treatments were
pooled (dark gray bar) and the Sp and SpFa defoliation treatments were
pooled (light gray bar). Ctrl, no defoliation; Fa, defoliation in fall only;
Sp, defoliation in spring only; SpFa, defoliation in spring and fall

Overall, treatment effects on potential net return to total for-
age mirrored those for net return to straw production, but the
mean net return was greater for total forage (Tables 6, 7; Sup-
plemental Figure S5). Net return was greater in 2017 than in
2016 ($140 and —$23, respectively), while it was intermediate
and not different from the other years in 2015 ($106 ha=1). Net
return to total forage was also greater in 15- and 30-cm row
spacings than in 61-cm rows. Net return did not vary among
the defoliated treatments, though only the Fa and SpFa treat-
ments exceeded Ctrl.

4 | DISCUSSION

Successful dual-purpose management of IWG stands will
require tactics that optimize both grain and forage production
while maximizing net economic return. Our results show that
both row spacing and defoliation for hay production affected
not only forage yield and quality, but also overall profitabil-
ity. Straw and hay production were typically maximized in
fall-defoliated stands (Fa or SpFa) planted in narrower rows,
which produced consistent positive potential net return.
Overall, straw yields were 3—4 times higher than hay yields,
so straw was much more valuable than hay, despite lower
quality. While straw production alone resulted in negative
potential net return in many cases, the potential value of the
straw typically covered a large percentage of the production
costs of both grain and straw. In fall-defoliated stands (Fa
or SpFa), straw production covered the full costs of grain
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TABLE 7 Mean potential net return ha™! to straw, hay, and total forage (straw + hay) production, not including the value of grain. Within each

category, numbers within a column that share a letter are not significantly different at the a = .05 level with a Tukey correction for multiple

comparisons. Letters in bold indicate years in which there was a significant interaction between defoliation and row spacing. Interactions are

displayed in Supplemental Figure S5

Potential net return

Straw Total hay" Total forage’
$ ha™!
Year 2015 —54ab 160a 106ab
2016 —144b 116a -23b
2017 —6a 146a 140a
Row spacing 15 cm —46ab 199a 153a
30 cm la 145a 148a
61 cm —157b 77b —76b
Defoliation Ctrl —117b - —117b
Fa 5la 168a 223a
Sp —76ab 145a 70ab
SpFa —121b 250a 136a
2015 15 cm 62a 268a 329a
30 cm —42ab 147a 105b
61 cm —181b 65b —116c
Ctrl 35a - 57ab
Fa 254a 267a
Sp —142b 58b —51b
SpFa 328a 153ab
2016 15cm 32a 205a 237a
30 cm -173b 121b —50b
61 cm -315b 2le -291¢
Ctrl —375b - —375b
Fa 39a 192a 248a
Sp —172ab 45b —132b
SpFa —47a 225a 199a
2017 15 cm -232¢ 124a —107¢
30 cm 207a 168a 375a
61 cm 6b 146a 152b
Ctrl —32a - —32b
Fa 99a 57c 156ab
Sp 43a 331a 374a
SpFa —136a 196b 61b

20verall means by year and row spacing reflect only those defoliation treatments for which there is data in each column. Therefore, total hay numbers are different than
the sums of spring and fall hay, and total forage numbers are different than the sums of straw and total hay, because different defoliation treatments are averaged in each

case.

bBecause the fall defoliation had not occurred yet in 2015, the Ctrl and Fa defoliation treatments were pooled and the Sp and SpFa defoliation treatments were pooled for

straw.

and straw production. The grain yield would provide another
source of revenue that would improve net return to grain
and straw production. When hay production was added to
the system by defoliating in spring and/or fall, the additional
hay revenue always covered the hay harvesting cost, which
would further improve the economics of dual-purpose IWG
production.

Overall, our economic analysis represents values and
net returns that may be difficult to achieve in real-world
production environments. The forage samples taken in this
study were removed from the field by hand and promptly
placed in the drier, so they were not subject to degradation
by weather or biological processes, or to mass losses in
the raking and baling processes. Therefore, the two factors
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that determine forage value in our calculation—quality and
quantity—represent maximum values. The results reported
here should be taken as the upper bounds of the potential
net returns to IWG forage production. Additional research
is needed to quantify the economic value of IWG forage
produced with field-scale equipment.

4.1 | Straw

Straw production was high and relatively consistent, with
yields in the upper half of the previously reported range
(Jungers et al., 2017; Pugliese, 2017; Tautges et al., 2018;
Wang et al., 2014). Straw yield declined as the row spacing
increased in 2015 and 2016. This could potentially be miti-
gated if the seeding rate ha~! were kept constant in the wider
rows, as it was in Koeritz et al. (2015), where row spacing did
not affect the yield of perennial ryegrass vegetative biomass
at seed harvest. The diminished effect of initial row spacing
in the final two years—both for straw and hay yields—is in
line with the literature on the population dynamics of grass
swards (Donald et al., 1954; Kays & Harper, 2009; Deleuran
et al., 2013).

Defoliation for hay production generally increased or did
not affect straw production. The exception was the spring
defoliation in 2015, the first year of the stand, when spring
defoliation reduced straw yield by 16%. This may have
occurred because the young plants had few initiated tillers
and therefore were not able to respond to the increase in light
intensity and red/far red ratio at the crown caused by defoli-
ation. Indeed, this defoliation did not increase tiller numbers,
unlike in 2016 (Hunter et al., 2020).

The decrease in straw yield after the first year occurred
despite an increase in the number of elongated tillers ha~!
(13.8 to 15.4 million tillers ha—!') between 2015 and 2017
(Hunter et al., 2020). Likewise, Fa defoliation tended to
increase straw yield in 2016-2017, even though it did not
maximize tiller number, and the Sp and SpFa defoliation treat-
ments often decreased straw yield, despite resulting in greater
tiller numbers. The only year in which Sp or SpFa defolia-
tion did not negatively affect straw yield was 2016, when tiller
numbers were very low. These findings indicate that overpro-
duction of tillers does not maximize straw yield, likely due
to inter-tiller competition that results in lower mass per tiller.
Therefore, tiller numbers could be reduced, as we recommend
for increased grain yield (Hunter et al., 2020) without jeopar-
dizing straw yield.

Straw quality was strongly affected by defoliation for hay
production, but almost never by row spacing. Defoliation
consistently reduced both RFV and CP in 2016 and 2017,
when it also greatly increased tiller numbers. Competition
among tillers may have caused nitrogen stress, resulting in
lower CP and potentially reducing leaf expansion, thereby

increasing the stem/leaf ratio and reducing digestibility (Karn
et al., 2006). This suggests that fertilizer rates may need to
be increased in dual-purpose IWG stands, to make up for
increased nutrient removal and greater tiller numbers. The
CP values reported here are somewhat lower than those typ-
ically reported for IWG biomass harvested in mid-summer
(Vogel, Reece, & Lamb, 1986; Heinrichs & Clark, 1961),
but past studies have focused solely on forage production and
so have harvested closer to flowering than to grain matu-
rity. Our values are in line with values reported from har-
vest in early August (Sedivec, Tober, Duckwitz, Dewald, &
Printz, 2007).

The mean calculated straw price of $92—106 was somewhat
higher than the mean 2018 auction price for small grain straw
in Sauk Centre, MN, which was $91, but within the observed
range of $12-218 (Nathaniel Drewitz, personal communica-
tion, 2019). Slightly elevated prices may be warranted, since
the mean ADF and NDF for IWG straw in this study were
both slightly below the mean for wheat straw (460 g kg~! vs.
510 gkg~! and 760 g kg~! vs. 790 g kg~! dry matter, respec-
tively; Nielsen, Stubbs, Garland-Campbell, & Carter, 2019).
While straw yield declined after the first year, increasing qual-
ity mitigated the resulting drop in economic value (Tables 5,
6; Supplemental Figure S4).

The potential net return to straw production covered a wide
range, from —$230 to over $200 ha~!, but the value of the
resulting grain was not included in this analysis. Net return
was always lowest in the 61-cm rows, while the 15-cm rows
were best in the first two years and the 30-cm rows were best
in 2017. The Fa defoliation treatment was clearly superior for
straw production, as it produced positive net return in every
year and was the only treatment to produce positive return
overall.

Overall, with narrower row spacings and Fa defoliation, the
potential value of the straw was similar to the cost of produc-
ing both grain and straw, and often exceeded it. This indicates
that, in regions with a strong market for straw, IWG straw sales
have the potential to cover the total costs of production, with
grain sales adding profitability. However, under current regu-
latory and market conditions, economic outlets for IWG grain
that has been sprayed with an herbicide are very limited. Both
the yields and costs of production of IWG straw may be dif-
ferent under organic or no-herbicide management.

4.2 | Spring hay

Spring hay production climbed from the low end of the range
reported previously (Pugliese, 2017) in the first two years
toward the middle of the range in 2017. The increase may
be due to improved stand establishment, since annual GDD
accumulation was negatively related to yield. Pugliese (2017)
found that spring hay yield increased numerically between the
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first and second years in five out of six states. In the present
study, the increase in spring hay yield was most pronounced
in the wider row spacings, due to the potential for increasing
colonization of interrow space over time. In contrast, the more
intensive defoliation in the SpFa treatment depressed spring
hay production over time, likely due to a depletion of nutri-
ents and/or carbohydrate reserves (Alberda, 1957; Hampton
& Fairey, 1997; Youngner, 1972). This is in line with the
grain yield results, which showed a decline under defoliation
in 2017 (Hunter et al., 2020), and with past literature on man-
aging IWG for forage (Campbell, 1961; Heinrichs & Clark,
1961; Lawrence & Ashford, 1966).

Spring hay quality decreased over time even as yield
increased, reflecting the common tradeoff between yield and
quality (Heinrichs & Clark, 1961; Youngner, 1972). The CP
value in 2015 (290 g kg~') was similar to that reported in
Newell and Hayes (2017), and the value in 2017 (200 gkg™")
was similar to that reported for leaves in Karn et al. (2006).
The concentrations of N, P, and K were above the common
critical values for vegetative growth in grass (25 g kg~ !,
2.0 gkg™!, and 22 g kg~!, respectively; NCDACS 2013).

Despite the higher price that resulted from SpFa defolia-
tion, total potential value of spring hay was lower in this treat-
ment due to reduced yield (Tables 5, 6; Supplemental Figure
S4). Overall, yield was more important than price for value, so
the value increased over time even as the hay quality declined.

4.3 | Fall hay

Fall hay production declined from the upper half of the
reported range (Pugliese, 2017) in 2015 and 2016 to the lower
end of the range in 2017. Pugliese did not find a consistent pat-
tern in the fall hay yields between the first and second produc-
tion years, which may indicate that maximum IWG fall hay
yield potential is reached in the first year after planting and
that interannual variation is therefore mostly due to weather
conditions.

Growing degree day accumulation did not explain the
yield decline, so it was likely due to the rainfall deficit in
the 6 wk following grain harvest in 2017. Future studies
should include multiple planting dates to avoid confounding
interannual weather variability with stand age. Nutrient
deficiency may have also played a role, since biomass
N concentration (15-20 g kg=') was below the com-
mon critical value for vegetative grasses (25 g kg!),
and the P and K concentration values (2.1 g kg~!
and 25 g kg~!, respectively) were similar to the criti-
cal values (2.0 g kg~! and 22 g kg~!, respectively) in
2017. Applications of P and K fertilizer to replace the
nutrients removed in the biomass, as well as a postgrain-
harvest N application, could help address these declines in
nutrient content.
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The declining yield drove a decline in fall hay potential
value over time, despite the increase in RFV in 2017. As with
spring hay, the SpFa defoliation decreased fall hay yield in
2017, indicating again that intensive defoliation can deplete
stand vigor.

4.4 | Total hay

The stability in total hay yield over time was due to the dif-
ferent patterns in spring and fall hay production across the
years of the study, with spring yield increasing and fall yield
declining. This is likely an idiosyncrasy of the particular years
included in this study, rather than a robust feature of multi-
year IWG stands. The SpFa defoliation treatment produced
the most total hay in 2015 and 2016, but by 2017 it had
reduced both spring and fall hay yield. As a result, it no longer
out-yielded the Sp treatment in 2017. This finding is in line
with past studies that found IWG had relatively low tolerance
to repeated defoliation (Campbell, 1961; Heinrichs & Clark,
1961; Lawrence & Ashford, 1966).

Total hay production almost always had a positive potential
net return, though in 61-cm rows with Sp defoliation it was
negative in 2015 and neutral in 2016. The SpFa defoliation
provided among the highest net return in the first two years,
despite incurring twice the production costs of a single hay
cutting, but the combination of this additional cost and falling
yields led to a net return below that of Sp defoliation in 2017.

It may be prudent to limit IWG hay harvests to a single cut
per year in situations in which there is at least 1 Mg ha~! of
biomass available and little to no risk of damaging the stand
through soil compaction or removal of growing points. In
general, these rules favor fall hay harvests. However, spring
harvests may be viable in the right conditions, when ample
biomass is present and the soil is trafficable. Spring defolia-
tion may also help reduce lodging in rich soils. As reported
in the companion paper (Hunter et al., 2020), spring defolia-
tion caused a large decrease in lodging and increase in grain
yield in 30-cm rows in 2015. These benefits may outweigh the
lower profitability and higher risk of spring hay harvest.

4.5 | Total forage

Defoliation for hay production almost always increased total
forage production. In some cases, hay harvest actually stimu-
lated additional straw production, and in others the hay yield
more than compensated for small reductions in straw yield.
Pugliese (2017) found similar results across nine North Amer-
ican sites, though hay harvest never increased straw yield in
any of the site-years. In contrast, Pugliese et al. (2019) found
that a fall hay harvest reduced total forage production in one
year. The SpFa defoliation treatment presented a tradeoff,
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in which more total hay was produced, but straw yield was
reduced relative to a Fa cut.

Overall, there was greater potential net return from the
15- and 30-cm row spacings than the 61-cm spacing for
both straw and hay, though the pattern differed by year. The
15-cm row spacing provided greater return in the first two
years, and thereafter the 30-cm row spacing provided greater
return. This suggests that the choice of row spacing may
depend on how long a farmer intends to maintain a stand.
However, grain yields were also greater in 30-cm than in
15-cm row spacings over four years (Hunter et al., 2020), so
the intermediate row spacing appears to offer the best overall
economic return.

The fall harvest treatment stood out for consistently pro-
ducing among the greatest straw and hay potential net return,
except for hay in 2017, and for producing the numerically
greatest annual net return to total forage ($223 ha~!; not sta-
tistically different than the other two defoliation treatments).
This suggests that harvesting only fall hay in addition to straw
may be a wise, low-risk strategy for IWG forage production.
The spring harvest is also more logistically challenging, given
the need to cut hay before stem elongation while avoiding wet
soil conditions. If hay harvest is delayed due to spring rains,
wheel traffic from raking and baling operations may harm the
developing culms and damage the stand.

S | CONCLUSIONS

Straw and hay production have the potential to contribute
substantially to the profitability of IWG dual-use production
systems. Since the straw is highly valuable—potentially
covering the total cost of grain and straw production under
optimal conditions—managing for high straw yield can
greatly reduce financial risk in Kernza grain production.
Our results indicate that the best strategy for achieving
consistently high net return to biomass production is to plant
in 15- or 30-cm rows and only cut hay in the fall. However,
30-cm rows and Sp or SpFa defoliation produced the highest
grain yield (Hunter et al., 2020), so the best strategy to max-
imize overall net return will depend on the price of Kernza
grain. Further research on the economics of IWG production
systems will be needed as the Kernza market develops.

Surprisingly, our findings suggest that high tiller numbers
are not important for straw yield in IWG and may even be
detrimental to yield when they cause excessive inter-tiller
competition. This supports the breeding targets outlined in
the companion paper (Hunter et al., 2020), particularly the
need to reduce culmed tiller numbers and to limit rhizoma-
tous growth. If these targets are met, it is likely that 15-cm
rows will become more advantageous than 30-cm rows for
both grain and biomass production.

The goal of Kernza development is to provide an environ-
mentally sustainable source of grain for human consumption.
However, the economic viability of this new crop enterprise
may depend heavily on its biomass coproducts. This study
shows that harvesting IWG straw and hay may be critical to
the profitability of Kernza production systems.
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