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Abstract
Spring-seeded annual forages are well adapted to the Great Plains; however, the
influence of application rate and method of N fertilization on winter wheat (WW)
(Triticum aestivum L.) forage productivity is unknown. A field study was conducted
in a factorial design for 3 yr to determine the influence of N application rate and
method on water and N productivity of awnletted WW ‘Willow Creek’. Urea was

4

either broadcast or banded at planting using N fertilization rates of 0, 28, 56, and
84 kg N ha−1 . The N application rate × method interaction was significant only for

5

WW height. Weed herbage was low at WW forage harvest, 19 kg ha−1 . As N fertilization rate increased from 0 to 84 kg N ha−1 , wheat stem density and height increased by
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70 and 78%, respectively, and herbage increased by 58%. Increased N rate increased
WW water use quadratically, but water productivity (kg biomass ha−1 mm−1 ) was
68% greater at 84 kg N ha−1 . However, N application method did not influence water
use or productivity. Banded N application increased N accumulation in WW herbage
by 11% compared to broadcast N. Increasing N rate reduced N productivity by 24%
compared to 0 kg N ha−1 . Willow Creek WW produced greater herbage yield as N
fertilization rate increased with banded application. Willow Creek is a highly productive fall-planted forage in this predominantly spring-planted small grain–grain
legume region.
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INTRODUCTION

Annual cereals can provide good yields of high-quality forage
for ruminant livestock. In the northern Great Plains, an area
with predominantly cow-calf (Bos taurus) operations, conserved annual forages are an important source of nutrients
for overwintering cattle. With comparatively lower nutrient
requirements than highly productive dairy cattle (NASEM,
2016), second and early third trimester cows can have nearly
Abbreviations: NP, nitrogen productivity; NRI, nitrogen recovery index;
WP, water productivity; WU, water use; WW, winter wheat.

all of their energy and protein needs provided by well managed and conserved annual cereal forage. In recent years,
awnletted barley (Hordeum vulgare L.) forage has replaced
oat (Avena sativa L.) forage in cattle diets, primarily due to
reduced nitrate accumulation (Cash, Funston, King, & Wichman, 2006). Nitrate accumulation in forages often occurs in
environments with high soil available inorganic N or terminal
drought prior to harvest in this semiarid region. Given that
droughts are expected to increase in many semi-arid regions
world wide, treatments to protect livestock from high nitrateN concentrations are needed. Willow Creek, a winter wheat
(WW) (Triticum aestivum L.) released primarily for use as
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a forage, was reported to accumulate even less nitrate than
‘Haybet’ spring barley (Cash et al., 2009), the annual cereal
grown for forage on most areas in Montana and North Dakota.
Resistance in important weed species to inexpensive, commonly used herbicides has become highly problematic (Heap,
2020). Although the complete loss of herbicides for weed
management in the Great Plains is not anticipated, changes
in their use has long been discussed (Lyon, Miller, & Wicks,
1996). Effective strategies to delay the resistance include
diversification of cropping systems, use of no-tillage planting, and banded N fertilization for improved crop competitiveness (Liebman & Gallandt, 1997; Anderson, 2008). Other cultural practices to improve cereal grain competitiveness with
weeds include increased seeding rate, decreased row spacing, and use of taller varieties (Anderson, 2005; Beres et al.,
2010a; O’Donovan et al., 2007, b). A number of studies have
documented positive effects of improved management techniques on spring-seeded, herbicide-free annual cereal forages
(Lenssen, 2008, 2009; Lenssen, Cash, & Carlstrom, 2015a),
but none of these investigated potential interaction between N
fertilization rate and method. Literature is particularly lacking on the combined influences of N fertilization rate and
method on WW harvested for forage in predominantly springseeded areas.
To feed an ever increasing population, crop yields must
be increased (Alexandratos & Bruinsma, 2012). Water use
often is the most important factor for grain production in
semiarid environments. To improve yield in these waterlimited environments, water capture, transpiration, and water
productivity (water use efficiency; kg biomass ha−1 mm−1 )
must be improved (Stewart & Lal, 2018). Widespread adoption of no-till systems revolutionized annual cropping in
the Great Plains, allowing for replacement of summer fallow by more diverse, intensified cropping systems (Farahani, Peterson, & Westfall, 1998; Peterson, Westfall, & Cole,
1993) with greater profitability and environmental sustainability. Additional gains in agricultural productivity are no
less urgent today, and these yield improvements must not
have large negative environmental effects (Gregory et al.,
2002). Increased soil water availability and subsequent crop
transpiration also can provide environmental benefits, such
as reduced N leaching, through greater nutrient uptake (Lal,
2013; Ullah, Santiago-Arenas, Ferdous, Attia, & Datta, 2019).
Compared with grain production systems, research efforts in
the development of management practices for improved water
and N productivity in forage production have received limited attention.
The available N in soil is an important consideration for
producers to obtain high yields of annual cereal forages.
Although many prairie states and provinces make fertilizer N
recommendations for cereal grain crops which include residual soil nitrate from the previous crop, N rate recommendations are unavailable for annual cereal forages, including fall-

Core Ideas
∙ Response of forage winter wheat to the N rate and
method is unknown.
∙ Greater available N increased stem height, stem
density, and herbage yield.
∙ Water productivity of forage winter wheat
increased with increased available N.
∙ Banded N fertilization at planting improved N
recovery index compared to broadcast N fertilization.
∙ Forage yield was maximized at 16.9 kg available
N Mg−1 forage.

planted WW (Aasen & Bjorge, 2009; Franzen, 2018; Jacobsen, Jackson, & Jones, 2005). We conducted a 3-yr field
study investigating N fertilization rate and method influence
on weed community, water and N use, and productivity of
awnletted WW.

2

MATERIALS AND METHODS

Field sites were located about 11 km South of Froid, MT (48o
25′N 104o 50′W; altitude 650 m) in 2009–2010 and 2010–
2011, and 8 km North of Sidney, MT (47o 46′ N, 104o 16′ W;
altitude 690 m) in 2011–2012. The Köppen climate classification is BSk. Soil at both locations was mapped as a Williams
loam (fine-loamy, mixed, superactive, frigid Typic Argiustolls) (NRCS, 1998). Both sites have wide variation in mean
monthly temperature, ranging from –8 ˚C in January to 23 ˚C
in July and August. About 70% of the annual precipitation
occurs during the growing season period of April–August
(Table 1). Weather data were collected on-site at each location. Long-term weather data were obtained from Culbertson,
MT, about 11 km South of the Froid site, and from Sidney,
MT, 7 km South of the Sidney site. Before initiation of the
studies, the Froid site had been in continuous non-irrigated
spring wheat grain production for at least 15 yr, while the Sidney site had been in continuous spring wheat or spring barley
(Hordeum vulgare L.) for about 10 yr. Both sites had been in
no-till for 6 yr prior to initiation of this study.
The experimental design was a randomized complete block
in a complete factorial of N fertilization method and rate with
four replications. The fertilization methods were broadcast N
within 1 d of planting and banded N at planting (Table 1). Fertilizer N rates were 0, 28, 56, and 84 kg N ha−1 as urea (46%
N). The only means to incorporate broadcast N was via natural rainfall following application due to no-till management.
Planting and fertilizer banding was done with a drill equipped
with Barton double-shoot, disk openers set to deliver
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11–12 July 2011

28–29 June 2012
14 Sept. 2011

9 Sept. 2010
8 Sept. 2010

14 Sept. 2011
5.9

6.2
26

10 Sept. 2009
9 Sept. 2009
6.0
14
168

298

282

13

27

mg

Olsen-P

kg−1
10

g

kg−1

32

25–29 June 2010

Harvest date
Planting and banded
N application date
Broadcast N
application date
pHb
K

OMa

fertilizers at 5 cm below and 5 cm to the side of each seed row.
Row spacing was 20.3 cm. Phosphorus as monoammonium
phosphate (11% N, 23% P) and K as muriate of potash (52%
K) were banded at planting in both management systems at
24 kg P ha−1 and 37 kg K ha−1 , respectively. Individual plots
were 3.1 m wide and 9.1 m long. Individual replications were
separated by 9.1 m alleys that also were planted with WW and
this successfully prevented migration of Acrididae into plots,
precluding damage to the WW.
The WW cultivar Willow Creek (Cash et al., 2009) was
planted each year without prior tillage at 2.23 million pure
live seed ha−1 . This cultivar is awnletted and was developed
for use as forage. Pre-plant soil nutrient concentrations based
on pre-plant soil sampling and planting dates are provided in
Table 1. Following planting, plots were land rolled to push
exposed rocks to the soil surface. The roller consisted of a
1.1-m diam. by 3.1-m width metal cylinder attached to a carriage frame. Total weight of the roller was 2415 kg. Each year
all plots received a pre-plant application of glyphosate [N(phosphonomethyl)glycine] [3.36 kg a.e. ha−1 in 37.8 L ha−1 ]
to control emerged weeds. The WW never received an in-crop
or residual herbicide application in any year.
Stand density of WW was determined at the one- to twoleaf stage by counting plants in four 1-m length rows in each
plot. Aboveground crop and weed herbage was determined by
hand clipping two 0.5-m2 quadrats per plot at Zadoks stages
of 65–68. Crop and weeds were separated, weeds counted
and identified to species, placed in separate paper bags, transported to the laboratory, dried in a forced air oven at 55 ˚C
for 3 d, and weighed. Total herbage was calculated as the sum
of crop and weed herbage. Stem height was determined on 10
stems randomly selected in each plot. Stem density, including
main stems and reproductive tillers, was determined from 1-m
row per plot. Herbage yields are presented as 100% dry matter.
Soil water content at 0-to-15-, 15-to-30-, 30-to-60-, 60to-90-, and 90-to-120-cm depths was determined gravimetrically prior to planting and immediately following harvest and
reported from the 0-to-1.20-m depth. Water use (WU in millimeters) was calculated as:
WU = pre − plantH2 O + growing season precipitation

b

aC

by combustion × 1.724.
1:2 soil/water.

Sidney

Froid
2010–2011

2011–2012

Froid
2009–2010

Location

− postharvest H2 O

Year

TA B L E 1
for 3 yr

Pre-plant Olsen-P, ammonium acetate extractable-K, and organic matter (OM) concentrations, and pH for the 0-to-15-cm depth, and planting and harvest dates for winter wheat forage

3

(1)

where growing season precipitation is total precipitation
between pre-plant and postharvest soil sampling (Farahani
et al., 1998). Water productivity (WP) (kg ha−1 mm−1 ) was
calculated as:
WP =

HY
WU

(2)

where HY is the herbage (aboveground biomass) yield
(kg ha−1 ) of WW forage and weeds (total herbage) and WU
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TA B L E 2

Monthly and annual precipitation from 2009 to 2012 at the experimental sites
Froid

Month

2009

2010

Sidney
115-yr
average

2011

2011

2012

68-yr
average

mm
Jan.

8

5

2

9

5

0

6

Feb.

2

2

4

5

10

1

13

Mar.

3

4

7

14

7

2

15

Apr.

53

33

35

22

39

33

29

May

24

118

172

51

146

58

50

June

27

69

71

71

24

26

72

July

100

125

42

68

68

38

54

Aug.

96

83

25

34

15

21

37

Sept.

23

23

17

29

20

2

34

Oct.

69

32

16

22

9

45

25

Nov.

1

22

2

11

1

9

12

Dec.

1

7

4

10

3

1

10

Sept.–
Junea

–

325

375

231

288

153

242

406

522

397

341

347

233

357

Total
a

Growing season precipitation from September of the previous (winter wheat planting) year to June of the harvest year.

(mm) is water use (Equation 1) (Farahani et al., 1998). Preplant soil samples from 0-to-15-, 15-to-30-, 30-to-60-, 60to-90-, and 90-to-120-cm depths were analyzed for NO3 –N
concentration by flow injection with a LACHAT QuickChem
8000 analyzer (Hach Company). The N concentration in
herbage was determined by combustion using a C and N analyzer (Fiedler, Proksch, & Koepf, 1973). The N recovery index
(NRI) was calculated as:
(HY × N)
NRI = (
)
Nres +Nfert

(3)

where HY is herbage yield (kg ha−1 ), N is nitrogen concentration in herbage (g N kg−1 ), Nres is pre-plant residual soil
NO3 -N (kg N ha−1 , 0–60 cm), and Nfert is fertilizer nitrogen
applied (kg N ha−1 ) (Huggins & Pan, 2003; Lenssen et al.,
2010). The N productivity (NP) was calculated as:
HY
NP = (
)
Nres +Nfert

(4)

Data were analyzed using the SAS-MIXED model procedure (Littell, Milliken, Stroup, & Wolfinger, 1996). The N
application method, N fertilization rate, and year were considered fixed effects; replication was considered as the random effect. Regression analyses were done as appropriate
with N fertilization rate as the predictor on measured parameters when linear or quadratic effects were significant. Means
were separated by using the least square means test (Littell

et al., 1996). Statistical differences were considered significant at P ≤ .05 for all analysis of variance, protected means
tests, and regressions.

3
3.1

RESULTS AND DISCUSSION
Weather conditions

Fall precipitation was above the long-term normal for WW
seeded in 2009 (Table 2). Conversely, fall precipitation was
below the normal for the 2011–2012 planting, while WW
seeded for 2010–2011 had near-normal precipitation. Precipitation in May was 67 and 121 mm above the long-term normal in 2010 and 2011, respectively, but was normal in 2012
(Table 2). Precipitation in June 2012 was 46 mm below the
long-term normal, but June precipitation was near normal in
2010 and 2011. Overall, precipitation was above the longterm normal for 2009–2010 and 2010–2011 WW but was
slightly below the long-term normal for the 2011–2012 crop.

3.2
Stand density, stem height, and stem
density
Year and the three-way interaction of year × N application
method × N rate (linear and quadratic responses) were
significant for plant stand density at WW harvest (Table 3).
Stand density responded nonlinearly with N rate for banded

172

218 a

146 b

149 b

Broadcast

2009–2010

2010–2011

2011–2012

ns

ns

*

*

***

ns

ns

*

*

*

*

*

M×R

M × Rlinear

M × Rquadratic

Year (Y)

Y×M

Y×R

Y × Rlinear

Y × Rquadratic

Y×M×R

Y × M × Rlinear

Y × M × Rquadratic
ns

ns

ns

ns

ns

ns

ns

***

ns

ns

ns

***

***

***

ns

469 a

354 b

433 a

406

431

no.

m−2

Stem
density

ns

ns

ns

**

**

**

**

***

ns

ns

ns

***

***

***

***

9,910 a

6,784 b

6,103 c

7,187 b

8,010 a

Wheat
herbage

22

16

ns

ns

ns

ns

ns

ns

ns

***

ns

ns

ns

ns

ns

ns

ns

4b

37 a

16 b

kg

ha−1

Weed
herbage

Note. ns, not significant.
a
Numbers followed by different letters within a column in a set are significantly different at P = .05 by the least square means test.
*Significant at P ≤ .05. **Significant at P ≤ .01. ***Significant at P ≤ .001.

ns

ns

ns

***

***

***

***

***

***

***

*

***

***

ns

Rlinear

Rquadratic

***
***

ns

ns

N application method (M)

117 a

114 b

111 c

111 b

118 aa

cm

Height

N application rate (R)

Year

170

no.

m−2

Stand

Banded

N application method

Treatment

ns

ns

ns

**

**

**

**

***

ns

ns

ns

*

***

***

***

9,913 a

6,821 b

6,119 c

7,209 b

8,026 a

Total
herbage

249 a

***

257 a

231 b

233 b

232 b

ns

ns

ns

ns

ns

ns

ns

***

ns

ns

ns

ns

ns

ns

Postharvest
Water

ns

ns

ns

ns

*

*

ns

***

ns

ns

ns

ns

**

***

ns

140 c

213 b

230 a

195

193

mm, 0-1.2 m depth

Pre-plant
water

ns

ns

ns

ns

ns

ns

ns

***

***

***

ns

***

***

***

**

269 c

388 a

324 b

318 b

337 a

mm

WU

a

*

*

ns

ns

ns

**

***

ns

ns

ns

**

***

***

ns

37.7 a

17.4 b

18.8 b

23.9

25.9

kg ha−1 mm−1

WP

T A B L E 3 Forage winter wheat stand density, height, stem density, winter wheat, weed, and total herbage, pre-plant soil water content (0-to-1.2-m depth), post-harvest soil water content
(0-to-1.2-m depth), water use (WU), and water productivity (WP) for total forage for three growing seasons, Sidney, MT
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F I G U R E 1 Mean (± standard deviation) of winter wheat forage
stand density affected by N application method, N fertilization rate, and
year. Marker followed by different letters are significantly different at
P = .05 by the least square means test

fertilization in 2009–2010 and 2011–2012 and for broadcast
fertilization in 2010–2011 (Figure 1). Plant counts taken
in fall 2009 documented that WW had increased stand
density for banded fertilization at 0 kg N ha−1 , but decreased
density for banded compared to broadcast fertilization at
84 kg N ha−1 . Despite the fertilizer band placement at 5 cm
below and to the side of each seed row, perhaps precipitation
timing and amount did not adequately dilute the concentration of resulting salts sufficiently to prevent some seedling
mortality at the higher N rates. Stand density was similar
among treatments in fall 2009–2010. In fall 2010–2011, stand
density was similar when N was banded at planting; however,
stand density was greater for the 28 kg N ha−1 than other N
rates in the broadcast application. Stand density was greater
for banded than broadcast fertilization at 84 kg N ha−1 in
2011–2012. Despite these few differences in fall density,
stands were well within the range recommended for production of WW for grain in dryland Montana (McVay, Burrows,
Jones, Menalled, & Wanner, 2017).
At harvest, WW stem height varied for all treatments and
interactions, except for the three-way interaction of year × N
application method × N fertilization rate (Table 3). The linear
and quadratic responses of stem height for N rate in interaction with method of fertilization and year were also significant. Winter wheat height increased nonlinearly with N rate
for both banded and broadcast N fertilization in all years (Figure 2a and 2b). Wheat height was greater with banded than

F I G U R E 2 Mean (± standard deviation) of winter wheat forage
plant height affected by (a) N application method and fertilization rate
and (b) N fertilization rate and year and (c) postharvest soil (0-to-1.2m depth) affected by N fertilization rate and year. Marker followed by
different letters are significantly different at P = .05 by the least square
means test

broadcast fertilization at 56 and 84 kg N ha−1 , suggesting that
banded N had greater N availability compared to broadcast N.
Stem density was significant for N application rate, and
year, with significant linear and quadratic effects of N rates
(Table 3); all interactions of main effects were nonsignificant.
Stem densities at harvest in 2009–2010 and 2011–2012 were
similar, and greater than 2010–2011 (Table 3). Stem density
showed a quadratic response to N rate, with maximum height
at 88 kg N ha−1 (Figure 3a). A greater density of taller stems
results in greater herbage yield for annual cereals (Lenssen
et al., 2015a).

3.3

Weed biomass and community

Weed biomass was influenced by year; other main effects
and all interactions were nonsignificant (Table 3). Despite
differences among years, weed biomass was scant with an
overall mean of 19 kg ha−1 . At harvest, the weed community comprised of 41.4% of broadleaf species (23 individuals m−2 ) and 58.4% of grass weeds (19 individuals m−2 )
out of total weed biomass. Predominant species were Russian thistle (Salsola tragus L.), green foxtail [Setaria viridis
(L.) P. Beauv.], wild oat (A. fatua L.), wild buckwheat (Polygonum convolvulus L.), and cheatgrass (Bromus tectorum L.),

LENSSEN ET AL.

F I G U R E 3 Mean (± standard deviation) of winter wheat forage
(a) stem density, (b) water use, and (c) total available N affected by N
fertilization rate

comprising 43.9, 19.3, 14.7, 7.0, and 6.3%, respectively, of
the total weed community. The weed community in the current study differed substantially from that of spring-planted,
herbicide-free barley forage conducted at the same research
farm where Lenssen (2008, 2009), reported greater percentages of green foxtail, wild oat, ribseed sandmat [Chamaesyce
glyptosperma (Engelm.) Small], redroot pigweed (Amaranthus retroflexus L.), and kochia [Bassia scoparia (L.) A.J.
Scott]. Across N application methods, total weed density in
WW was 49 m−2 with 0 kg N ha−1 applied, greater than
the 33 weeds m−2 present with 84 kg N ha−1 applied. Total
weed density was 43 and 42 m−2 in the 28 and 56 kg N ha−1
treatments, similar to both the 0 and 84 kg N ha−1 treatments. At harvest, weeds were bulked within each plot prior
to drying, precluding determination of dry weight by individual species. However, we noted that most weeds were small
and in seedling or early vegetative stages, except for cheatgrass, which did produce some seeds in this later developing WW cultivar (Cash et al., 2009; Lenssen et al., 2015a).
Bruckner et al. (2019) recently released awnletted WW ‘Ray’
as a dual-purpose forage-grain cultivar. Although forage yield
and quality were similar to WW Willow Creek over 12 environments, Ray matured 4 d earlier, which should decrease
seed production by downy brome in herbicide-free management systems. The northeastern region of Montana is primarily a spring wheat production area due to frequent winterkill
and distance to elevators receiving WW grain (McVay et al.,
2017). Many weed species observed in northern Montana are
better adapted to spring-seeded crops because they have been
routinely planted for more than 100 yr, resulting in the lack

7

F I G U R E 4 Mean (± standard deviation) of (a) winter wheat
herbage yield, (b) total herbage yield, and (c) N productivity affected by
N fertilization rate and year when analyzed across N application method

of selection pressure from scant use of fall-seeded varieties
or species (Anderson, 2008; Beres et al., 2010b). Although
numerous new technologies and cultural practices for integrated weed management are in early stages of deployment
(Korres et al., 2019), an effective approach to managing these
pests are to vary the planting and harvest date and to apply N
when it optimized crop response. This approach is called the
many little hammers.

3.4

Wheat and total herbage production

Winter wheat herbage and total herbage (WW + weeds) were
influenced by N application method, N rate, and year, with
significant interactions of year × method and year × N rate
(linear and quadratic responses) (Table 3). However, neither
the interaction of N application method × N rate nor the
three-way interaction of year × method × rate was significant for herbage. In a previous study (Lenssen, Cash, & Carlstrom, 2015a), 3-yr mean forage yield of Willow Creek was
6,410 kg ha−1 , 1,189 kg less than the mean yield of the current study. These results were attributed to 2 of 3 yr receiving below long-term normal precipitation in May and June,
the months typically with greatest WW growth in this region.
Both wheat and total herbage had a quadratic response to N
rate in 2009–2010 and 2010–2011 harvests, but the response
was linear in 2011–2012 (Figures 4a and 4b). In 2009–
2010 and 2010–2011, maximum wheat herbage occurred at
88 and 90 kg ha−1 and total herbage maximized at 88 and
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TA B L E 4

Interaction between N application method and year on winter wheat height, crop and total herbage, and N productivity

N application method

2009–2010

2010–2011

2011–2012

Winter wheat height, cm
Banded

117 aa

118 a

117 a

Broadcast

106 b

110 b

117 a

Winter wheat herbage, kg ha−1
Banded

6,403 a

7,715 a

9,914 a

Broadcast

5,804 a

5,852 b

9,906 a

Total winter wheat and weed herbage , kg ha

−1

Banded

6,423 a

7,740 a

9,916 a

Broadcast

5,815 a

5,901 b

9,910 a

Winter wheat N recovery index

a

Banded

0.73 a

0.66 a

0.91 a

Broadcast

0.76 a

0.40 b

0.84 a

Numbers followed by different letters within a column in a set are significantly different at P = .05 by the least square means test.

80 kg N ha−1 , respectively. Wheat and total herbage, averaged
across N application methods, was greater in 2011–2012 than
other years. Across N application rates, N application method
did not influence herbage in 2009–2010 or 2011–2012, but
banded N produced greater WW and total herbage than broadcast N in 2010–2011 (Table 4). Crop height at harvest predicted 93 and 99% of variation in WW and total herbage, substantially greater than the r2 of .390 reported for plant height
predicting wheat grain yield by Islam et al. (2014).

3.5
Soil water, water use, and water
productivity
Pre-plant soil water was greater in the plots where N was
banded (Table 3). Averaged across N application rates and
years, plots where N was banded had 17 mm greater preplant soil water in the surface 1.2 m of soil when compared
with the broadcast N. Additionally, pre-plant soil water varied
by years, a common occurrence in semiarid regions. About
25 mm greater water was present in soil at planting in 2011–
2012 than 2009–2010 and 2010–2011 (Table 3).
Postharvest soil water varied by N rate, and year, with significant N rate × year interaction (linear response) (Table 3).
Postharvest soil water decreased as N application rate
increased for harvests taken in 2009–2010 and 2010–2011
(Figure 2c), likely due to greater belowground biomass and
improved soil water extraction (Brown, 1975). However, there
was no relationship between postharvest soil water and N
application rate in 2011–2012.
Water use varied for N application methods, N rates,
and years; all interactions were nonsignificant. Water use
increased nonlinearly with increased N rate, maximizing at
73 kg N ha−1 (Figure 3b), suggesting increased water extraction from the soil at higher N rate due to increased biomass.

Water use was 19 mm greater when N was banded at planting
than broadcast application, 2 mm more than the difference in
pre-plant soil water between fertilizer N application methods
(Table 3). This strongly indicates that fertilizer N application
method did not influence WU per se. Overall, WU typically
is low in the semiarid northern Great Plains due to comparatively scant precipitation and available water in most seasons.
Water productivity was influenced by N rate and year, with
significant interactions for year × N application method and
N rate × N application method × year (linear and quadratic
responses) (Table 3). Water productivity of total herbage yield
was best described by quadratic functions for banded application in all years and broadcast application in 2009–2010,
and linear function for broadcast application in 2010–2011
(Figure 5). Banded application increased WP compared to
broadcast application at 0 and 84 kg N ha−1 in 2009–2010 and
at 28 and 56 kg N ha−1 in 2010–2011, but broadcast application increased WP at 0 kg N ha−1 in 2011–2012. Greater
herbage yield followed by similar or lower WU may have
increased WP with banded or broadcast application at these
N rates and years. Brown (1971) reported that N fertilization
improved WP of WW grain production by 56% over unfertilized WW, not dissimilar to the 47% increase in WP across
all N fertilized treatments reported for herbage in our study.
Previously, Lenssen et al. (2015a) reported that Willow Creek
WW had superior WP in 2 out of 3 yr compared to ‘Yellowstone’ WW and ‘Bobcat’ triticale (× Triticosecale Wittm. ex
A. Camus), which were released primarily for grain production (Bruckner et al., 2007; Salmon et al., 2000). Overall, WP
of winter cereals in the central and northern Great Plains over
several studies (Lenssen et al., 2015a; Vigil & Poss, 2016) was
similar to those of warm-season grasses, such as foxtail millet [Setaria italica (L.) Beauv.] (Lenssen et al., 2010), proso
millet (Panicum mileaceum L.), foxtail millet, and sorghum–
sudangrass (Sorghum bicolor (L.) Moench × S. sudanense
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F I G U R E 6 Mean (± standard deviation) of winter wheat herbage
(a) N concentration (b) N accumulation affected by N fertilization rate
F I G U R E 5 Mean (± standard deviation) of winter wheat forage
water productivity (WP) affected by N application method, N fertilization rate, and year. Marker followed by different letters are significantly
different at P = .05 by the least square means test

Stapf.) (Lenssen & Cash, 2010; Lenssen et al., 2010) and
forage barley (Lenssen et al., 2010; Lenssen, Sainju, Jabro,
Allen, & Evans, 2015b). However, in the central Great Plains,
Nielsen, Unger, and Miller (2005) reported lower WP (water
use efficiency) for winter triticale and foxtail millet than
observed in our study. Additionally, by using results from
Nielsen et al. (2005), Unger (2001) also reported lower WP
for triticale in the southern Great Plains than the central
and northern Great Plains. Differences in WP within species
between these regions likely are due to decreased evaporation
and transpiration at the northern than southern latitudes of the
Great Plains (Tang et al., 2014), in part from cooler nights.

3.6
Soil nitrate, nitrogen use, and nitrogen
productivity
Prior to planting and N fertilization, year was the only factor
that influenced pre-plant soil nitrate found in six soil depths
(Table 5). Total available N, the sum of pre-plant soil NO3 –N
and fertilizer N addition by urea and MAP, was influenced
by N application rate and year, with a significant linear effect
of N rate. Total available N increased with increased N rate
(Figure 3c) due to increases in both soil residual N from
2009–2010 to 2011–2013 and N rates (Table 5). Averaged
across N fertilization rates and methods, locations varied by
only 31.7 kg N ha−1 .

The WW herbage N concentration (g kg−1 ) was influenced
by N application rate and year, with significant linear and
quadratic effects (Table 5). Nitrogen concentration was minimized at 40 kg N ha−1 (Figure 6a), suggesting that increased
N rate may not always enhance N concentration in wheat
herbage. Forage N concentrations for Willow Creek WW were
low when considering the large amount of available N, especially at 84 kg N ha−1 fertilization rate (Figure 6a). In part,
the lower N concentration was probably due to a considerable dilution effect from the large herbage yield. Greater crude
protein concentrations (calculated as N concentration × 6.25)
for Willow Creek WW were reported previously in an earlier
study conducted at the Froid location (Lenssen et al., 2015a).
The N accumulation in WW herbage was influenced by N
application method, N fertilization rate, and year, with significant linear effects of N rate × year interactions (Table 5).
Across years and N rates, nearly 8 kg N ha−1 more N accumulated in WW herbage, an 11% increase, when N was
banded at planting compared to broadcast, due to increased
herbage yield (Table 3). Herbage N accumulation increased
with increased N rate (Figure 6b) due to greater herbage yield
and N concentration.
The NRI was influenced by N application method and year,
with significant interaction of year × N application method
(Table 5). In 2010–2011, banded N application had a 6%
greater recovery of available N compared to broadcast N
application; however, NRI was similar between application
methods in 2009–2010 and 2011–2012. Greater N availability due to N fertilizer applied in rows may have increased
NRI with banded compared to broadcast application during
the year with increased growing season precipitation, 2010–
2011 (Table 2). The NRI for forage WW in this study from
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‘Ray’ (Bruckner et al., 2019) prior to widespread use of this
N requirement by producers since it was developed with solely
Willow Creek WW.

4

F I G U R E 7 Winter wheat herbage predicted by total soil available
soil N (0-to-60-cm depth) across four N fertilization rates, two fertilization methods, and 3 yr

the 0-to-1.2-m depth and the NRI for winter triticale (Vigil
& Poss, 2016) from the 0-to-0.6-m depth document a high
potential for improved environmental benefits by the inclusion of winter cereal forage in annual crop rotations in the
semiarid Great Plains, at least for extracting deeper N and
decreasing the potential for N leaching. However, planting
annual forages can reduce C and N inputs to soil due to less
crop residue compared with annual cereal grain and perennial forage crops, decreasing soil total C and N concentration
(Sainju et al., 2011).
The NP was influenced by N fertilization rate, and year,
with significant interactions of year × linear and quadratic
effects of N rate (Table 5). The NP was maximized at
39 kg N ha−1 in 2009–2010 and 41 kg N ha−1 in 2010–
2011, but NP decreased linearly with N rate in 2011–2012
(Figure 4c). Lower herbage yield may have increased NP at
higher N rate. This was especially true in 2011–2012 when
the growing season precipitation was lower than other years
(Table 2). The NP was greater in 2010–2011 than other years,
a season with greater growing season precipitation and soil
water availability. The improved N accumulation, NRI, and
NP from banded urea likely was due to greater volatilization
of N following fall broadcast of urea (Engel, Jones, & Wallander, 2011).
Across N application methods, rates, and years, total soil
available N predicted 57% of the variation for WW herbage
(Figure 7). Herbage yield was maximized at 16.9 kg of available N per megagram of herbage. This is the first available prediction for total available N necessary for a winter
annual cereal forage in the semiarid NPG. Additional testing
is required for soil available N per unit herbage yield in newly
released winter cereal forages, including dual-purpose WW

CONCLUSIONS

Willow Creek WW is a highly productive, well-adapted forage in the semi-arid northern Great Plains. Winter wheat had
low weed density in the absence of in-crop herbicide application, providing an important weed management tactic to
decrease selection pressure for herbicide resistance in predominantly spring-planted annual crop systems in the northern Great Plains. Willow Creek WW expressed greater stem
density, stem height, herbage yield, N accumulation, and
WP with increased fertilizer N rate. Banded N application
increased plant height, water use, herbage yield, N accumulation, and NRI compared to broadcast application, likely
due to greater volatilization of N loss from fall broadcasting urea. Increased N fertilization rate improved WP, but N
recovery index decreased. Productivity and sustainability of
semiarid dryland cropping systems can be improved by inclusion of Willow Creek WW forage with total available N at
16.7 kg N Mg−1 .
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