
University of Nebraska - Lincoln University of Nebraska - Lincoln 

DigitalCommons@University of Nebraska - Lincoln DigitalCommons@University of Nebraska - Lincoln 

Publications from USDA-ARS / UNL Faculty U.S. Department of Agriculture: Agricultural 
Research Service, Lincoln, Nebraska 

4-16-2021 

Late-seeded cover crops in a semiarid environment: overyielding, Late-seeded cover crops in a semiarid environment: overyielding, 

dominance and subsequent crop yield dominance and subsequent crop yield 

John R. Hendrickson 
Northern Great Plains Research Laboratory 

Mark A. Liebig 
Northern Great Plains Research Laboratory 

David W. Archer 
Northern Great Plains Research Laboratory 

Marty Schmer 
USDA, marty.schmer@ars.usda.gov 

Kristine A. Nichols 
Northern Great Plains Research Laboratory 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.unl.edu/usdaarsfacpub 

 Part of the Agriculture Commons 

Hendrickson, John R.; Liebig, Mark A.; Archer, David W.; Schmer, Marty; Nichols, Kristine A.; and Tanaka, 
Donald L., "Late-seeded cover crops in a semiarid environment: overyielding, dominance and subsequent 
crop yield" (2021). Publications from USDA-ARS / UNL Faculty. 2522. 
https://digitalcommons.unl.edu/usdaarsfacpub/2522 

This Article is brought to you for free and open access by the U.S. Department of Agriculture: Agricultural Research 
Service, Lincoln, Nebraska at DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion 
in Publications from USDA-ARS / UNL Faculty by an authorized administrator of DigitalCommons@University of 
Nebraska - Lincoln. 

https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/usdaarsfacpub
https://digitalcommons.unl.edu/usdaars
https://digitalcommons.unl.edu/usdaars
https://digitalcommons.unl.edu/usdaarsfacpub?utm_source=digitalcommons.unl.edu%2Fusdaarsfacpub%2F2522&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1076?utm_source=digitalcommons.unl.edu%2Fusdaarsfacpub%2F2522&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/usdaarsfacpub/2522?utm_source=digitalcommons.unl.edu%2Fusdaarsfacpub%2F2522&utm_medium=PDF&utm_campaign=PDFCoverPages


Authors Authors 
John R. Hendrickson, Mark A. Liebig, David W. Archer, Marty Schmer, Kristine A. Nichols, and Donald L. 
Tanaka 

This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/
usdaarsfacpub/2522 

https://digitalcommons.unl.edu/usdaarsfacpub/2522
https://digitalcommons.unl.edu/usdaarsfacpub/2522


Renewable Agriculture and
Food Systems

cambridge.org/raf

Research Paper

Cite this article: Hendrickson JR, Liebig MA,
Archer DW, Schmer MR, Nichols KA, Tanaka DL
(2021). Late-seeded cover crops in a semiarid
environment: overyielding, dominance and
subsequent crop yield. Renewable Agriculture
and Food Systems 36, 587–598. https://doi.org/
10.1017/S174217052100020X

Received: 7 December 2020
Revised: 22 March 2021
Accepted: 16 April 2021
First published online: 20 May 2021

Key words:
Cool-season cover crops; diversity indices;
growing degree days (GDD); semi-arid
cropping systems; warm-season cover crops

Author for correspondence:
John R. Hendrickson,
E-mail: john.hendrickson@ars.usda.gov

© United States Department of Agriculture
and The Author(s), 2021. To the extent this is a
work of the US Government, it is not subject to
copyright protection within the United States.
Published by Cambridge University Press.

Late-seeded cover crops in a semiarid
environment: overyielding, dominance and
subsequent crop yield

John R. Hendrickson1 , Mark A. Liebig1 , David W. Archer1 ,

Marty R. Schmer1,2 , Kristine A. Nichols1,3 and Donald L. Tanaka1

1Northern Great Plains Research Laboratory, USDA-ARS Box 459, Mandan, ND 58554, USA; 2Agroecosystem
Management Research Unit, 137 Keim Hall, Univ. Nebr., Lincoln, NE 68583, USA and 3KRIS-Systems, 6625 E.
3rd Street, Scottsdale, AZ 85251, USA

Abstract

Interest in cover crops is increasing but information is limited on integrating them into crop
rotations especially in the relatively short growing season on the northern Great Plains. A 3-yr
research project, initiated in 2009 near Mandan, North Dakota, USA, evaluated (1) what
impact cover crops may have on subsequent cash crops yields and (2) whether cover crop mix-
tures are more productive and provide additional benefits compared to cover crop monocul-
tures. The study evaluated 18 different cover crop monocultures and mixtures that were seeded
in August following dry pea (Pisum sativum L.). The following year, spring wheat (Triticum
aestivum L.), corn (Zea mays L.), soybean (Glycine max L.) and field pea were seeded into the
different cover crop treatments and a non-treated control. A lack of timely precipitation in
2009 resulted in a low cover crop yield of 17 g m2 compared to 100 and 77 g m2 in 2008
and 2010, respectively. Subsequent cash crop yield was not affected by late-seeded cover
crops. Cool-season cover crop monocultures were more productive than warm-season mono-
cultures and some mixtures in 2008 and 2010. Relative yield total did not differ from one in
any cover crop mixture suggesting that overyielding did not occur. Species selection rather
than species diversity was the most important contributor to cover crop yield. Cover crops
can be grown following short-season cash crops in the northern Great Plains, but precipitation
timing and species selection are critical.

Introduction

Integrating cover crops is one approach to sustainably intensifying cropping systems. Cover
crops can provide the benefits of adopting cover crops and add production costs to agronomic
systems (Snapp et al., 2005). Benefits include ecosystem services such as, promoting cash crop
productivity, enhancing overall soil fertility (Blanco-Canqui et al., 2012), soil and water con-
servation, nutrient scavenging, cycling and management, enhancing pest management strat-
egies and providing livestock feed (Delgado et al., 2007). Costs can include increased
production costs, planting delays (Snapp et al., 2005) and the potential to reduce subsequent
cash crop yield due to soil moisture depletion (Nielsen et al., 2015). In Illinois, seeding a cereal
rye (Secale cereal L.) and daikon radish (Raphanus sativus L.) cover crop mixture at 84 kg ha−1

seeding rate, cost between $116–117 ha−1 to establish (Roth et al., 2018). If full season cover
crops are used, the opportunity cost of lost cash crop income for the year needs to be consid-
ered (Snapp et al., 2005) in addition to the production costs of the cover crops.

Seeding cover crops following cash crops in the same growing season may reduce lost
opportunity costs associated with cover crop production, especially if there are benefits to
the subsequent crop. In the northern Great Plains, a short growing season, limited soil mois-
ture (Farahani et al., 1998) and variable climate can restrict crop production. Producers in the
region have adopted no-till planting (Hansen et al., 2012), which increases available soil mois-
ture and resulted in producers looking to increase crop diversity (Aguilar et al., 2015). The
desire to enhance crop diversity increased interest in using including short season pulse
crops such as dry pea (Pisum sativum L.) in the rotation. Because of this interest, dry pea har-
vested acreage in North Dakota increased from 38,850 hectares in 1998 to 161,874 hectares in
2010 (NASS, 2020). The early harvest of dry pea provides opportunities for seeding a late-
season cover crop in the same growing season. Liebig et al. (2015) reported on an established
study in Mandan, North Dakota that evaluated the impact of late-seeded cover crop monocul-
tures and mixtures on nitrogen conservation, soil water and near-surface soil properties.

Improvement in cash crop yields was one of the top three benefits that non-users of cover
crops would look for in cover crops (SARE and CTIC, 2015). However, while producers have
reported increases in corn, wheat and soybean yields following cover crops (CTIC, 2017),
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research findings have been much less definitive. An review by
Blanco-Canqui et al. (2015) indicated cover crops can increase,
decrease or have no effect on crop yield while a meta-analysis
of 65 studies conducted between 1965 and 2015 indicated that
winter cover crops had no impact on corn yield (Marcillo and
Miguez, 2017). Still, there have been reports of increased corn
yield in Michigan when it was grown with a red clover cover
crop compared to no cover crops (Mutch and Martin, 1998)
and in California, dryland wheat yields did not differ between fer-
tilized plots that were fallowed and unfertilized plots that were fal-
lowed but had cover crop biomass added (McGuire et al., 1998).
The impact of cover crop mixture vs monocultures on crop yield
is also unclear. For example, a New Hampshire study demon-
strated no differences in oat yields that followed cover crop mix-
tures or monocultures (Smith et al., 2014). Interestingly, in
eastern Colorado and western Nebraska water use was the same
for cover crop mixtures and cover crop monocultures (Nielsen
et al., 2015).

The impact of diversity in cover crops has received less
emphasis (Wortman et al., 2012a) than it has in perennial crops
(Tilman et al., 2001). Using multi-species cover crop mixtures
and diverse crop rotations may allow producers to capture the ben-
efits of cover crops without sacrificing yield (Hunter et al., 2019).
An evaluation of mixtures vs monocultures in multiple sites in
southeastern Nebraska, found increased productivity with mixtures
(Florence et al., 2019). The authors believed the mixtures were
more productive because average productivity for the monocultures
was decreased by poor performers. Species composition may also
impact productivity. Murrell et al. (2017) found that grasses over-
performed and brassicas underperformed in mixtures compared to
monocultures. Although, mixtures may not be more productive,
increasing diversity in row-crop systems can improve ecosystem
functioning and enhance corn yield (Smith et al., 2008).

The controversy about the positive effect of species diversity on
productivity may exist because mechanisms responsible for pro-
viding the productivity increase are unidentified (Cardinale
et al., 2012). One of the common measurements of the positive
effect of diversity is overyielding (Bonin and Tracy, 2012), the
process where a species yields more in a mixture than in a mono-
culture. This has reported in cover crop mixtures in both
Nebraska (Wortman et al., 2012b) and New Hampshire (Smith
et al., 2014). Overyielding is generally considered to be either
transgressive (the mixture produces more than the most product-
ive monoculture) or non-transgressive (the species in the mixture
produce more than expected by the monoculture yields but do not
out-yield the most productive species).

Although these two measures can help detect overyielding,
they do not provide insights into how overyielding occurs
(Hector, 2006; Bonin and Tracy, 2012). Overyielding can occur
because of niche differentiation or facilitation [complementary
effects (CEs)], or because of a selection process that favors species
with certain traits [selection effects (SEs)] (Loreau and Hector,
2001). If overyielding occurs in cover crop mixtures, understand-
ing why it occurs can help in developing cover crop mixtures.

This paper reports on two additional hypotheses developed for
the same study. We hypothesized that (1) the inclusion of cover
crops would positively benefit subsequent crop yields and (2)
cover crop mixtures would be more productive and provide
greater subsequent cash crop yield benefits than would cover
crop monocultures. We also evaluated if overyielding occurred
in late-seeded cover crop mixtures and if so, what mechanisms
led to this overyielding.

Materials and methods

Site description

Three research sites, located on the Area IV Soil Conservation
Districts (SCD) Research Farm ∼6 km south of Mandan, ND (46°
46′12′′N, 100°54′57′′W), were used for each study year (2008–
2010). The sites were ∼2 km apart and had the same management
history, topography and soil type. Soils were dominated by a mix of
Temvik and Wilton silt loams (USDA: fine-silty superactive, frigid
Typic and Pachic Haplustolls; FAO: Calcic Siltic Chernozems).
Long-term (98 yr) mean annual precipitation is 412mm, with
79% of the total received during the growing season (April–
September) and long-term mean annual temperature averages 4°C.

Weather data

Weather data were collected from a North Dakota Agricultural
Weather Network (NDAWN) station located within 3 km of the
research sites (NDAW-North Dakota Agricultural Weather
Network, 2016). Weather data collection was initiated with cover
crop planting. Cool-season growing degree days (GDD) were
based on the canola GDD, which was calculated without a max-
imum temperature and with a 5°C base temperature. The warm-
season GDD were based on the corn GDD, which was calculated
using a maximum of 30°C and a minimum of 10°C. The formulas
for both GDD calculations can be found at the NDAWN web site
(NDAWN, 2016). Precipitation was recorded for the study period
at the same location, again initiating at the same time as cover
crops were seeded. Precipitation for the cash crops was recorded
from April through October at the same location.

Precipitation during the cover crop growing season was 50 and
75% greater in 2009 and 2010 than in 2008 (Fig. 1). The longest
lapse between cover crop seeding and the initial precipitation
event >1 mm was 16 days in 2009. 2010 had the longest growing
season for cover crops (Fig. 1). Both warm- and cool-season GDD
were consistent between years. Warm-season GDD only varied by
5 GDD between years while cool-season GDD varied by 17 GDD.
April through October precipitation for the cash crops was 484,
481 and 508 mm for 2009, 2010 and 2011, respectively.

Field activities

In April 2008, an 8 ha field was seeded to dry pea (Pisum sativum L.)
at a seeding rate of 141,700 viable seeds ha−1 using a John Deere 750
(Deere & Company, Moline, IL) no-till drill with a 19 cm row spa-
cing. The dry peas were inoculated prior to seeding with Rhizobium
leguminosarium. Dry pea was harvested in early August using a John
Deere 4420 combine and the residue evenly spread over the soil sur-
face. In 2009 and 2010, nearby sites (∼2 km apart) with the same
management history, topography and soil type were seeded to dry
pea prior to the initiation of cover crop treatments.

Cover crops were seeded into the dry pea stubble in each year.
Individual cover crop plots were 9.1 × 36.6 m. Planting dates for
the cover crops were August 21–22 in 2008 and August 25–26
in 2009 and 2010. None of the cover crop treatments were ferti-
lized or inoculated. Treatments consisted of seven different
cover crop monocultures; each in a different functional group
and a series of cover crop mixtures, which included the same
seven cover crops but had selected functional groups removed
from the mixture. Cover crops used in the study included (1) win-
ter canola (WC) (Brassica napus L.); (2) vine pea (VP) (Pisum
sativum L.); (3) spring triticale (ST) (Triticosecale Wittmarck);
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(4) sunflower (SF) (Helianthus annuus L.); (5) soybean (S)
(Glycine max L); (6) purple top turnip (PTT) (Brassica rapa var
rapa); and (7) proso millet (PM) (Panicum miliaceum L).
Functional groups in this study included warm-season crops
(SF, S, PM); cool-season crops (WC, VP, ST); grasses (ST, PM);
legumes (S, VP); forbs (WC, SF) and a root crop (PTT). On cer-
tain treatments, an entire functional group was removed. For
example, in the DPMST treatment, grasses were removed
(Table 1). Other functional groups that were excluded include
legumes (DSVP), forbs (DWCSF) and root crops (DPTT). All
treatments, the acronyms and functional groups or cover crop
mixture composition are listed in Table 1.

Besides the cover crop treatments, a non-seeded control
(CON) was included in all years (2008, 2009 and 2010). In
2009 and 2010, an additional non-seeded plot was mechanically
disturbed using the no-till drill (COND) (Table 1). This plot
was included to isolate the impact of cover crops from any plant-
ing operation effect.

Seeding rates for the cover crops are included in the
Supplementary material. Cover crops were seeded with a John
Deere® 750 No-Till drill on 19 cm row spacing. Selection of the
cover crop treatments and the seeding rates were determined in
consultation with area farmers and SCD personnel (Liebig
et al., 2015). In seeding, rates were substitutive rather than addi-
tive and the seeding rate of an individual species decreased as the
number of species in the mixture increased. In the case of the
mixture of all the cover crops (ALL), the seeding rate was
1,124,446 viable seeds ha−1. While a different site was used for

the cover crop seeding each year, the soil and initial field prepar-
ation were similar between years.

Beginning in 2009 and continuing in 2010 and 2011, four cash
crops, spring wheat (Triticum aestivum L.), corn (Zea mays L.), soy-
bean (Glycine max L.) and dry pea were seeded in strips (9.1 × 180
m) perpendicular to the cover crop treatments each year. Therefore,
plot size for determining impact of a cover crop treatment on
response crop yield was 9.1 × 9.1m. Timing of field operations
and the amounts of inputs for the cash crops are listed in Table 2.
Yield data from the four cash crops were collected using a Hege
140 (Hege Equipment; Colwich, KS) small plot combine that har-
vested a 1.5 m central strip from each plot. More details on field
experiments and soil properties are reported in Liebig et al. (2015).

Cover crop biomass estimations

Cover crop yield was estimated by clipping two ¼ m2 quadrats per
plot in the wheat response strip (see below) following one or more
killing frosts in the fall. Because some species in the cover crop
mixtures continued to grow after light frosts, delaying clipping
was necessary to reach maximum yield. Harvest dates were
October 15, 2008; October 26, 2009 and November 2, 2010. All
cover crops and any weeds and/or non-target plant species were
clipped to ground level and separated by species within each

Fig. 1. Warm-season and cool-season growing degree day (GDD) accumulation and
precipitation events recorded after the seeding of the cover crops for 2008, 2009
and 2010. The numbers in parentheses below the year indicate the amount of pre-
cipitation between cover crop seeding and harvest.

Table 1. Listing of the cover crop treatments, the acronyms used and the
functional group of the monoculture or the composition of species mixtures

Acronym Monoculture functional group/mixture composition

Monocultures

WC Cool-season forb

VP Cool-season legume

ST Cool-season grass

SF Warm-season forb

S Warm-season legume

PTT Root-crop

PM Warm-season grass

Mixtures

ALL Mixture of all monocultures

DWC Removal of cool-season forb from mixture

DSF Removal of warm-season forb from mixture

DWCSF Removal of forbs from mixture

DVP Removal of cool-season legume from mixture

DS Removal of warm-season legume from mixture

DSVP Removal of legumes from mixture

DST Removal of cool-season grass from mixture

DPM Removal of warm-season grass from mixture

DPMST Removal of grasses from mixture

DPTT Removal of root-crop from mixture

Non-seeded controls

CON All years

COND In 2009 and 2010 only

Only the cover crops removed from the mixture are listed. All other cover crops remained in
the mixture.

Renewable Agriculture and Food Systems 589
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Table 2. Management practices for response crops following cover crop treatments near Mandan, ND

2009

Response crop Date Activity Data

Dry pea 05/14/2009 Planting cv: DS Admiral

Dry pea 05/14/2009 Fertilizing 56 kg ha−1 (11-52-0)

Spring wheat 05/20/2009 Planting cv: Howard

Spring wheat 05/20/2009 Fertilizing 67 N kg ha−1

Corn 05/22/2009 Planting cv: Legend 9780RB

Corn 05/22/2009 Fertilizing

Soybean 06/03/2009 Spraying Preplant burndown glyphosate (1.1 L ha−1), 2.4D LV6 (0.6 L ha−1)

Spring wheat 06/20/2009 Spraying Fenoxaprop (0.6 L ha−1), bromoxynil (1.1 L ha−1)

Dry pea 06/22/2009 Spraying Sethoxydim (3.8 L ha−1) plus adjuvants (ammonium sulfate, methylated seed oil), indobutryic acid (0.15 L ha−1)

Dry pea 09/02/2009 Harvest

Spring wheat 09/04/2009 Harvest

Corn 11/20/2009 Harvest

Soybean 11/6/2009 Harvest

2010

Dry pea 04/29/10 Planting cv: DS Admiral

Spring wheat 05/21/10 Planting cv: Howard

Soybean 06/03/10 Planting cv: Legend 0439RR

Corn 06/01/10 Planting cv: Legend 9780RB

Corn and soybean 06/02/10 Spraying Glyphosate (1.1 L ha−1), carfentrazone (0.04 L ha−1) and adjuvant (ammonium sulfate)

Dry pea 06/15/10 Spraying Sethoxydim (3.8 L ha−1) and adjuvant (methylated seed oil 1.5 L ha−1)

Spring wheat 06/23/10 Spraying Fenoxaprop (0.6 L ha−1), bromoxynil (1.1 L ha−1), pyraclostrobin (0.2 L ha−1).

Soybean 07/08/10 Spraying Glyphosate (1.1 l ha−1), diflufenzpoyr and dicamba (0.18 L ha−1)

Corn 07/09/10 Spraying Glyphosate (1.1 L ha−1), diflufenzpoyr and dicamba (0.18 L ha−1)

Dry pea 08/09/10 Harvest

Spring wheat 09/14/10 Harvest

Soybean 11/08/10 Harvest

Corn 11/05/10 Harvest

2011

Crop Date Activity Data

Dry pea 05/06/11 Planting cv: DS Admiral

Spring wheat 05/17/11 Planting cv: Howard
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quadrat. One quadrat was placed toward the outside of each plot
while the other was placed near the center of the plot. Following
collection, yield samples were dried for 2 days at 60°C. Yield from
both quadrats was composited in the field for ½ m2 quadrats for
yield estimation. Weed yield was different between years (P =
0.0063) but not treatments (P = 0.5164) so weeds were not
included in the total yield estimations.

Overyielding calculations

The cover crop mixtures were evaluated for overyielding using
relative yield total (RYT). RYT evaluates whether the expected
yield of species in a mixture is greater than the expected yield
of the same species in a series of monocultures (Hector, 2006).
The formula and interpretation for RYT is given in Table 3.
Transgressive overyielding which indicates whether mixtures pro-
duce more than the best-performing monocultures was measured
using Dmax (Bonin and Tracy, 2012). The formula and interpret-
ation for Dmax is given in Table 3.

CEs indicate if overyielding is due to ecological effects such as
facilitation or niche partitioning (Bonin and Tracy, 2012).
Measuring CE is determined by multiplying the number of spe-
cies in the mixture by average deviation in relative yield (ΔRY)
and by the average monoculture yield (mean M ) (Loreau and
Hector, 2001). The formula and interpretation for CE, ΔRY and
mean M are given in Table 3. SE which measures if overyielding
is due to the presence of a specific species in the mixture (Bonin
and Tracy, 2012) and is the species number multiplied by the
covariance of deviation in relative yield and yield (Loreau and
Hector, 2001). SE is positive and higher when the mixtures are
dominated by the most productive monocultures. The formula
for SE is in Table 3. Species dominance within a cover crop mix-
ture was measured using the Berger–Parker dominance index (d)
(Berger and Parker, 1970). The proportion of the yield dominated
by one species is determined by d. The formulas for the metrics
and additional interpretation are in Table 3.

Experimental design

The experiment was set up as a randomized complete block with
all treatments within each of the four blocks. Treatments were
replicated four times within each year and the experiment was
analyzed as a randomized complete block using PROC
GLIMMIX (SAS 2012) with year and cover crop treatment as
fixed effects and replicate nested within year as a random effect.
Differences between treatment means were considered significant
at P≤ 0.10 unless noted otherwise.

Overyielding indices were analyzed using PROC Univariate
(SAS 2012) to determine if indices were significantly different
from 1, for RYT, or 0 for Dmax, CE and SE for each year and
cover crop mixture. Since not all indices were normally distribu-
ted, normality was checked using the Anderson–Darling test
(Anderson and Darling, 1952). If the index was normally distrib-
uted, Student’s t-test was used to test for significance. The signed
rank test was used for non-normally distributed indices.

Results

Cover crop yields

There were differences in cover crop yield between treatments and
years. The maximum yield of the cover crops was only 17 g m2 in
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2009 compared to 100 and 77 g m2 in 2008 and 2010, respect-
ively. Cover crop yield was lower for all treatments in 2009
than in 2008 or 2010 (Fig. 2). Warm-season cover crops, such
as SF, soybean and proso millet, did not produce large yields
in any year (0.07–12.9 g m2). ST produced the greatest yield in
2009 and 2010 and the second greatest in 2008. There were no
significant differences between the maximum monoculture
yields and that of the high diversity mixture (ALL); the mixtures
that dropped legumes (DSVP) and grasses (DPMST) or the mix-
ture that dropped winter canola (DWC) in any year (Fig. 2). In
general, yields of the cover crop mixtures were intermediate
between spring triticale and the low producing warm-season
cover crops.

Response crop yields

Year rather than cover crop treatment made the most impact on
spring wheat, corn, soybean and dry pea grain yield. There were
no differences in yields between any of the cover crop treatments
for any of the cash crops within year (data not shown). However,
there were differences in grain yields between years for all cash
crops (Table 4).

Overyielding effects

Four different metrics were used to evaluate overyielding and its
components (Table 3). Overyielding as measured by RYT was
greater than 1 in 2010 and less than 1 in 2009 (Table 5). Of the
11 different cover crop mixtures DVP was less than 1 but all
other mixtures were not different from 1. Overyielding as mea-
sured by Dmax was significantly negative (<0) for all years and
cover crop mixtures except for DPMST (Table 5). The CE was
negative in 2009 and positive in 2010 but did not differ from 0
for any of the cover crop mixtures (Table 5). The SE was positive
for all three years and also for 9 of the 11 mixtures. The DSF did
not differ from 0 while DST was negative (SE < 0) (Table 5).

Dominance measures

The Berger–Parker dominance index (d) had a year by treatment
interaction. The d index had significant differences in 2009 but

not in 2008 or 2010 (Table 6). In 2009, d was greater for the
DSVP than for DSF, DS, DWC, DPM or DWCSF. The d value
was also greater for DVP than for DWCSF or DPM (Table 6).

Table 3. Metrics for determining overyielding in the cover crop mixtures with the equations and interpretations

Metric Equation Interpretation

Relative yield total (RTY) RYT =∑RYoi Overyielding occurs when RTY is greater than 1.

Transgressive overyielding (Dmax) Dmax =
Yo−max Mi( )

max Mi( )
A positive Dmax indicates transgressive overyielding.

Complementary effects (CEs) CE = S × mean(ΔRYi) × mean(Mi) Positive CE indicates overyielding is due to processes such as facilitation or
niche differentiation.

Selection effects (SEs) SE = S × covariance(ΔRYi, Mi) Positive SE occurs when the most productive species in the monoculture
overyields the most in a mixture.
Negative SE occurs when a species that produces low biomass in a monoculture
overyields the most in a mixture.

Berger–Parker dominance (d ) d = Nmax
N Diversity decreases and dominance by one species increases as d nears 1.

Variables: Yo = observed total yield of a cover crop mixture; S = number of species in the mixture; Mi = average yield of species i in monoculture; max(Mi) = average monoculture yield of the
best-performing species found in mixture; Oi = observed yield of species i in mixture; Ei =Mi/S = expected yield of a species i in mixture; RYoi = Oi/Mi = observed relative yield of species i in
mixture; RYei = 1/S = expected relative yield of species i in mixture; ΔRYi = RYoi−RYei; Nmax = biomass of the most productive cover crop; N = total cover crop biomass for the plot.
Equations and variables are adapted from Bonin and Tracy (2012).

Fig. 2. Production for cover crop monocultures and mixtures recorded in 2008, 2009
and 2010. Treatments are (1) winter canola (WC); (2) vine peas (VP); (3) spring triticale
(ST); (4) sunflowers (SF); (5) soybean (S); (6) purple top turnip (PTT); (7) all species
(ALL); (8) ALL minus WC and SF(DWCSF); (9) ALL minus WC (DWC); (10) ALL minus
VP (DVP); (11) ALL minus S and VP (DSVP); (12) ALL minus ST (DST); (13) ALL
minus SF (DSF); (14) All minus S (DS); (15) ALL minus PTT (DPTT); (16) ALL minus
PM and ST (DPMST); and (17) ALL minus PM (DPM).
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There were year by treatment interactions for the proportion of
PTT, S, ST, VP and WC in the mixtures. The proportion of PTT
differed in 2008 and 2010. In 2008, there were no differences
between treatments in the proportion of PTT in any treatment
except for the DPTT in which PTT was not seeded. In 2010,
the proportion of PTT was greater in the DPMST than in any
other mixture except for DST. The DST mixture also had a greater
proportion of PTT than did DWCSF, DS or DPTT (Table 6). In
2009, the proportion of S in the DPMST mixture was greater than
in the DPM, DS, DSF, DSVP, DWC and ALL mixtures (Table 6).

The proportion of ST in mixtures was different in every year.
The proportion of ST was greater in the DPTT, DSVP, DWC,
DWCSF and ALL than in the DST or DPMST mixtures in
2008. In 2009, the proportion of ST was greater in the DSVP mix-
ture than in any other mixture except for DVP. The DVP mixture
had a greater amount of ST than did DWCSF, DSF, DPTT,
DPMST or DST mixtures. ST was greater in the DWC, DS and
DPM mixtures than in the DPMST or DST mixtures. In 2010,
the proportion of ST in the DSVP mixture was greater than in
the DST or DPMST mixtures (Table 6).

There were differences in VP between mixtures in every year,
also. In 2008, VP was greater in the DPTT mixture than in the
DS, DSF, DSVP, DVP or ALL mixtures. In 2009, VP made up a

greater proportion of the DST mixture than any other mixture
except for DPMST. The VP was also greater in the DPMST
than in the DPM, DS, DSVP, DVP, DWCSF, DWC and ALL mix-
tures. The DPM, DWC, DSF and DWCSF treatments had a
greater proportion VP than did DVP or DSVP. In 2010, VP
made up less of the DVP and DSVP mixtures than the
DPMST, DPTT, DST and ALL mixtures (Table 6).

The proportion of WC was different between mixtures in 2008
but not 2009 or 2010. In 2008, the proportion of WC was greater
in DPMST than in DPM, DWC, DWCSF or ALL mixtures. The
proportion of WC was also greater in the DS, DSF DST, DSVP
and DVP than in the DWC or DWCSF mixtures (Table 6).

Discussion

Our research study evaluated the potential to seed late-season
cover crops following dry peas in a northern, semi-arid climate.
We hypothesized that (1) adding late-season cover crops would
enhance subsequent cash crop yield and (2) cover crop mixtures
would be more productive and provide greater subsequent crop
yield benefits than would cover crop monocultures. Our findings
did not support either hypothesis. Year, rather than cover crops,
was the main driver of subsequent crop yield, and cover crop

Table 4. Yields of four response crops in each year following late-seeded cover crops at research site near Mandan, ND

Year
Corn
kg ha−1 Dry pea Soybean Spring wheat

2009 5896 (84) b1 1576 (47) a 1693 (49) b 4040 (68) a

2010 7215 (101) a 987 (24) b 2722 (38) a 3195 (38) b

2011 3475 (60) c 527 (16) c 1371 (20) c 793 (17) c

1Yields with different lower-case letter signify differences between years within response crop. Number in parenthesis indicates standard error of the yield.

Table 5. Measurements of overyielding in the cover crop mixtures

Year RYT Dmax CE SE

2008 0.977 (0.079) −0.362 (0.069)* −1.090 (2.070) 11.953 (2.006)*

2009 0.778 (0.070)* −0.694 (0.016)* −0.582 (0.168)* 0.747 (0.018)*

2010 1.415 (0.148)* −0.330 (0.058)* 6.256 (2.214)* 4.316 (3.024)*

Mixture

All species mixture (ALL) 0.881 (0.155) −0.383 (0.121)* −0.912 (2.649) 11.476 (3.302)*

All minus purple top turnip (DPTT) 0.885 (0.122) −0.707 (0.119)* 0.043 (1.693) 5.436 (2.958)*

All minus proso millet (DPM) 1.174 (0.284) −0.437 (0.119)* 3.419 (5.730) 0.939 (6.042)

All minus spring triticale (DST) 1.589 (0.346) −0.534 (0.103)* 8.383 (4.413) −3.598 (6.501)*

All minus soybean (DS) 0.915 (0.118) −0.430 (0.084)* −1.344 (2.686) 7.439 (2.539)*

All minus vine pea (DVP) 0.853 (0.276)* −0.605 (0.077)* −1.608 (3.840) 4.142 (4.041)*

All minus winter canola (DWC) 1.232 (0.198) −0.367 (0.085)* 3.850 (3.027) 7.611 (3.647)*

All minus sunflower (DSF) 1.019 (0.219) −0.492 (0.080)* 0.614 (3.933) 1.387 (2.003)

All minus proso millet and spring triticale (DPMST) 1.182 (0.192) −0.377 (0.164) 2.194 (3.535) 8.245 (4.654)*

All minus soybean and vine pea (DSVP) 0.958 (0.167) −0.336 (0.132)* 0.606 (3.216) 12.489 (3.823)*

All minus winter canola and sunflower (DWCSF) 0.889 (0.120) −0.428 (0.105)* 0.910 (1.761) 6.814 (3.560)*

Overyielding measurements are relative yield total (RYT), transgressive overyielding (Dmax), complementary effects (CEs) and selection effects (SEs). Values in parenthesis indicate standard
error of the mean for each value. An * following the number indicates the value is significantly different from 1 for RYT and 0 for Dmax, CE and SE.
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Table 6. Percent of each cover crop species in the species mixtures and the Berger–Parker dominance index (d )

Treatment Proso millet Purple top turnip Soybean Sunflower Spring triticale Vine pea Winter canola Berger–Parker dominance index (d )

2008

DPM 0.0 (0.0) 40.0 (4.5)a 0.9 (0.3) 0.0 (0.0) 22.3 (7.1)ab 23.4 (5.6)ab 13.4 (3.4)bcd 0.42 (0.03)

DPMST 0.0 (0.0) 40.0 (6.7)a 0.6 (0.3) 0.2 (0.2) 0.0 (0.0)b 19.9 (8.4)ab 39.4 (5.7)a 0.49 (0.03)

DPTT 0.2 (0.1) 0.0 (0.0)b 1.9 (0.5) 0.0 (0.0) 36.0 (7.6)a 47.2 (9.6)a 14.8 (2.3)bcd 0.56 (0.04)

DS 0.3 (0.1) 34.4 (5.4)a 0.0 (0.0) 0.0 (0.0) 24.0 (5.0)ab 10.3 (3.5)b 31.1 (6.8)ab 0.42 (0.04)

DSF 0.2 (0.1) 33.4 (5.2)a 0.6 (0.3) 0.0 (0.0) 28.0 (3.7)ab 14.9 (4.3)b 22.9 (5.9)abc 0.38 (0.03)

DST 0.7 (0.3) 50.8 (7.6)a 1.0 (0.4) 0.3 (0.3) 0.0 (0.0)b 21.5 (6.2)ab 25.8 (8.6)abc 0.55 (0.05)

DSVP 0.3 (0.2) 32.7 (5.0)a 0.0 (0.0) 0.0 (0.0) 44.4 (5.9)a 0.0 (0.0)b 22.6 (4.7)abc 0.49 (0.03)

DVP 0.3 (0.3) 42.2 (14.0)a 1.0 (0.4) 0.0 (0.0) 28.1 (7.1)ab 0.0 (0.0)b 25.4 (10.0)abc 0.56 (0.09)

DWC 4.3 (4.7) 37.0 (8.8)a 0.7 (0.3) 0.0 (0.0) 40.4 (7.4)a 17.2 (3.8)b 0.0 (0.0)d 0.50 (0.06)

DWCSF 0.2 (0.1) 36.9 (9.7)a 1.0 (0.7) 0.0 (0.0) 41.5 (8.5)a 20.4 (2.8)ab 0.0 (0.0)d 0.52 (0.06)

HD 0.2 (0.1) 49.6 (2.9)a 0.6 (0.2) 0.0 (0.0) 36.6 (4.3)a 5.0 (0.7)b 8.0 (4.2)cd 0.50 (0.03)

2009

DPM 0.0 (0.0) 4.3 (2.4) 2.5 (1.0)b 0.2 (0.2) 56.1 (4.3)bc 33.9 (5.4)cd 3. (1.4) 0.56 (0.04)c

DPMST 0.0 (0.0) 7.4 (4.4) 7.0 (2.8)a 0.0 (0.0) 0.0 (0.0)d 68.2 (11.0)ab 17.3 (9.4) 0.70 (0.09)abc

DPTT 0.9 (0.8) 0.0 (0.0) 3.3 (1.3)ab 0.0 (0.0) 47.2 (11.9)c 48.2 (10.8)bc 0.4 (0.3) 0.67 (0.01)abc

DS 0.6 (0.5) 2.4 (1.1) 0.0 (0.0)b 0.9 (0.9) 58.2 (7.2)bc 35.0 (6.3)cd 2.8 (0.9) 0.62 (0.04)bc

DSF 1.7 (1.5) 0.5 (0.3) 1.7 (1.7)b 0.0 (0.0) 54.4 (10.2)c 40.0 (6.7)bcd 1.6 (1.3) 0.61 (0.05)bc

DST 1.7 (0.5) 4.4 (1.1) 4.0 (2.1)ab 0.0 (0.0) 0.0 (0.0)d 86.1 (4.0)a 3.6 (2.7) 0.86 (0.04)ab

DSVP 1.3 (0.8) 4.6 (1.5) 0.0 (0.0)b 0.9 (0.9) 92.4 (0.5)a 0.0 (0.0)e 0.8 (0.4) 0.92 (<0.00)a

DVP 1.4 (0.8) 3.4 (1.6) 4.0 (1.4)ab 1.8 (1.8) 88.7 (3.6)ab 0.0 (0.0)e 0.7 (0.6) 0.88 (0.04)ab

DWC 2.3 (1.8) 1.9 (1.4) 0.6 (0.6)b 0.6 (0.6) 58.1 (4.0)bc 36.4 (5.4)cd 0.2 (0.2) 0.60 (0.05)bc

DWCSF 0.1 (0.1) 3.2 (2.1) 3.4 (1.3)ab 0.0 (0.0) 54.0 (4.5)c 39.3 (5.8)cd 0.0 (0.0) 0.55 (0.04)c

HD 0.4 (0.3) 4.4 (1.4) 1.0 (0.6)b 0.0 (0.0) 75.0 (7.1)abc 17.3 (6.7)de 1.9 (1.4) 0.75 (0.07)abc

2010 Proso millet Purple top turnip Soybean Sunflower Spring triticale Vine pea Winter canola Berger–Parker dominance index (d )

DPM 0.0 (0.0) 20.7 (8.4)bc 0.3 (0.1) 0.1 (0.1) 40.8 (8.5)b 24.9 (5.0)ab 13.3 (5.5) 0.48 (0.03)

DPMST 0.0 (0.0) 54.5 (7.1)a 0.2 (0.1) 0.0 (0.0) 0.0 (0.0)c 32.0 (8.0)a 13.3 (5.9) 0.54 (0.06)

DPTT 0.3 (0.3) 0.0 (0.0)c 0.1 (0.1) 0.0 (0.0) 64.7 (6.4)ab 31.2 (7.2)a 3.8 (1.9) 0.66 (0.05)

DS 0.1 (0.1) 17.2 (6.3)c 0.0 (0.0) 0.0 (0.0) 54.8 (6.9)ab 20.2 (4.4)ab 7.8 (1.5) 0.55 (0.07)

DSF 0.2 (0.1) 19.7 (6.5)bc 0.1 (0.1) 0.0 (0.0) 48.0 (5.0)ab 22.2 (5.4)ab 9.8 (3.5) 0.51 (0.06)

DST 2.5 (2.1) 47.4 (6.5)ab 0.3 (0.2) 0.2 (0.2) 0.0 (0.0)c 31.2 (10.0)a 18.5 (7.5) 0.55 (0.04)

DSVP 0.1 (0.9) 18.6 (4.2)c 0.0 (0.0) 0.0 (0.0) 74.0 (3.0)a 0.0 (0.0)b 7.3 (3.5) 0.75 (0.03)
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mixtures were not any more productive than monocultures and
neither benefited subsequent yield. However, inclusion of late-
season cover crops did not subtract from subsequent crop yield
and, depending on environmental conditions, may be a useful
inclusion into crop rotations.

Surveys have suggested more producers would use cover crops
if they improved crop yields (SARE and CTIC, 2015). However,
the reported impact of cover crops on subsequent crop yields
has been mixed with reports of cover crops either increasing,
decreasing or not affecting subsequent crop yields (Blanco-
Canqui et al., 2015). In our study, year, rather than cover crops,
drove crop yield response (Table 4). Cover crops can be problem-
atic, in semi-arid systems, since they potentially limit soil water
for the next crop (Unger and Vigil, 1998). We did not see a
decrease in subsequent crop yield even though we seeded both
dry pea and a cover crop in the same cropping season. Liebig
et al. (2015) reported no differences in soil water content after
cover crop seeding or before planting the cash crops. The cover
crops were harvested in the fall and the cash crops were planted
the following spring which may have allowed sufficient time for
soil water recharge (Lyon et al., 2007).

The experiment was designed to evaluate the impacts of differ-
ent cover crop functional groups. Understanding the impacts of
different functional groups is important since functional diversity
can predict multifunctionality (Blesh, 2018). Some functional
groups, such as legumes can benefit subsequent crops through
providing N (Sainju and Singh, 1997), although the same func-
tional group (legumes) has been reported to reduce subsequent
wheat yield when used as cover crop in place of fallow in a winter
wheat–fallow system (Nielsen and Vigil, 2005). The impact of
winter cover crops on subsequent corn yields depended on func-
tional group and region (Miguez and Bollero, 2005). They found
that legume cover crops had a positive impact, while grasses had a
neutral and bicultures had a mixed effect on subsequent corn
yields. There have also been reports that the cover crop mixture’s
carbon:nitrogen ratio can impact subsequent crop yields (Hunter
et al., 2019). However, despite having multiple functional groups,
both present and absent in different treatments, we did not see
any impact on crop yield response. The impact of year indicates
that environmental factors, rather than presence or absence of
cover crops or cover crop functional groups, was the major driver
of response crop yield.

Bi-cultures have shown increased productivity compared to
monocultures (Sainju et al., 2005) at least in some years (Teasdale
and Abdul-Baki, 1998), while, in Nebraska, cover crop yield tended
to increase with cover crop diversity (Wortman et al., 2012a).
However, in our study, at least one of the cover crop monocultures
yielded more than the mixtures every year. Florence et al. (2019)
suggested that mixtures did better than monocultures mainly
because monoculture productivity was depressed by poorly per-
forming species. However, predicting which monoculture would
produce the most yield from year to year was challenging. For
example, WC went from the highest yielding cool-season monocul-
ture in 2008 to the lowest in 2010 (Fig. 2). Total WC production
declined from 101 gm−2 in 2008 to 28 gm−2 in 2010. However,
even relatively low cover crop productivity can provide valuable for-
age in forage limited situations (Franzluebbers and Stuedemann,
2015). As a group, the warm-season species were particularly unpro-
ductive as late-season cover crops because of the late-seeding and
slow GDD accumulation (Fig. 2). Integrating a purely cool-season
cover crop mixture may increase productivity and yield stability
but that combination was not included in this study.
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Although cover crop mixtures were not more productive than
monocultures, it is useful to get information about how individual
species performed within a mixture (Creamer et al., 1997). We
utilized overyielding as a method to biological benefits to diver-
sity. Overyielding basically measures whether individual species
do better in a mixture than would be predicted by their perform-
ance in monocultures (Bonin and Tracy, 2012) and can occur in
cover crop mixtures (Wortman et al., 2012b). We measured over-
yielding through RYT (Table 3) which is a sum of the individual
relative yields of different species in a mixture (Hector, 2006).
Year rather than mixture impacted overyielding as measured by
RYT suggesting that environmental factors contributed more to
overyielding than did species diversity. The strongest evidence
of overyielding for all mixtures occurred in 2010 when RYT was
significantly greater than 1. RYT was less than 1 in 2009, which
was also the year with the least cover crop yield. Transgressive
overyielding, which is measured by Dmax, and indicates if mix-
tures yield more than the most productive monocultures
(Hooper and Dukes, 2004), did not occur in our study.
Overyielding in perennial species mixtures increases with time
(Frankow-Lindberg et al., 2009; Bonin and Tracy, 2012) and
this includes transgressive overyielding (Bonin and Tracy, 2012).
The short-term nature of the annual cover crops in our study
may have limited the ability of species mixtures to exhibit trans-
gressive overyielding.

While measuring overyielding helps to compare productivity
of mixtures and monocultures, it does not provide insights into
mechanisms that may explain differences in productivity. The
use of additional portioning equations can help to evaluate
some of these differences. CEs measure ecological effects such
as facilitation, complementation, niche portioning and suppres-
sion while SEs measure the impact of an individual high perform-
ing species (Bonin and Tracy, 2012). While CE and SE can be
interrelated (Hooper and Dukes, 2004), the dominance of positive
SE does suggest that dominant species had greater impacts on
yield than did ecological effects. The SE was significantly greater
than 0 in all 3 yr and 9 of the 11 mixtures compared to only 1 yr
(2010) and none of the 11 mixtures for CE. This suggests that (1)
as noted with cover crop yield, mixtures did not provide a prod-
uctivity advantage over monocultures and (2) if mixtures are used,
species selection is a critical component driving yield.

The CE was greatest in 2010, the wettest year of the study,
while SE was greatest in 2008, the year with the greatest monocul-
ture and mixture productivity (Fig. 2). A higher CE in wetter con-
ditions has been reported for grasslands (Hooper and Dukes,
2004) and this study suggests that annual cover crop mixtures
may follow this trend. Each year of our study was unique from
a precipitation and heat accumulation perspective and our data
supports Hooper and Dukes (2004) suggestion that biotic and abi-
otic environment, such as water availability, can impact
overyielding.

Because most mixtures had a positive SE, the dominance of
individual species within each mixture was assessed. Treatment
differences in the Berger–Parker dominance index were only evi-
dent in 2009, which was also the year with the lowest overall prod-
uctivity. This indicates greater dominance by a single species in
years with low resource availability. Overall, the cool-season
cover crops, regardless of functional group, made up a majority
of the mixtures (Table 6).

We included warm-season cover crops as an important func-
tional group but they did not perform well in this late-seeded
study. Warm-season cover crops did not produce significant

aboveground yield (Fig. 2) and with one exception made up
<5% of the species composition of the mixtures (Table 6).
Warm-season cover crops received ∼330 GDD in this study.
More than 330 GDD were needed to either produce more than
10% of the total yield for proso millet (Maman et al., 1999) or
to develop past the vegetative stage for soybean (Kandel and
Akyuz, 2012) and sunflower (Sheoran et al., 1999). In contrast,
cool-season GDD averaged 543 GDD, which was 65% more
than the warm-season GDD. Cool-season grasses such as wheat
(Triticum aestivum L.) or barley (Hordeum vulgare L.) are tillering
or entering stem elongation at 540 GDD while canola and vine
pea are in the late vegetative stages (Miller et al., 2018).

Late-season cover crops also need timely precipitation for
establishment. The importance of timely precipitation for cover
crop establishment can be seen by comparing 2008 and 2009.
Precipitation during the cover crop growing season was lowest
in 2008 but cover crop production was lowest in 2009 (Fig. 2).
In 2009, the first late-season precipitation event >1 mm did not
occur until 17 days after seeding compared to 11 and 5 days for
2008 and 2010, respectively (Fig. 1). A lack of early precipitation
in 2009 delayed emergence thereby reducing the capacity to utilize
increasingly scarce GDD.

Conclusions

The use of cover crops has been increasing in dryland cropping
systems. We evaluated the ability of cover crops to enhance sub-
sequent crop yields and to evaluate the contributions of cover
crop mixtures vs monocultures in a semi-arid environment in
the northern Great Plains. Our data did not provide evidence of
cover crops enhancing subsequent crop yield or evidence that
cover crop mixtures were more productive than cover crop mono-
cultures. We did find that late-season cover crops could be pro-
duced in a semi-arid region in the northern Great Plains
provided cool-season species are used and timely precipitation
is received. However, yield production was generally low and
erratic and costs of establishing cover crops may be high, depend-
ing on species and mixtures used.

It is important to realize that cover crops can provide benefits
not directly related to yield. A previous report on the same study
(Liebig et al., 2015) indicated these cover crops could help in N
conservation. Because late-seeded cover crops have demonstrated
potential for N conservation and limited forage production
(Franzluebbers and Stuedemann, 2015), more research is needed
into making them an acceptable tool for producers. Year had the
greatest impact on cover crop yield in our study primarily because
of the importance of timely prescription for establishment.
Further research into planting times and soil moisture conditions
would be valuable to producers to determine the potential for
cover crop yield. Also, since cover crop benefits may accrue
over years, evaluating the impact of late-seeded cover crops in a
single location for multiple years may provide more insight into
their potential effectiveness.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S174217052100020X.
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