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Abstract
Overwintered cover crops mechanically terminated into mulch can be a weed management tool for reduced-tillage
organic agriculture. However, the impacts of management options for cover cropping are not well understood, including
cover crop variety, termination timing and termination method. In a ﬁeld experiment, conducted in 2012 and 2013 in
Western Washington, we examined three grains, four vetches and one barley–vetch mix terminated with two mechanical
methods and at two different times. We determined the inﬂuence of cover crop variety and termination time on cover crop
biomass production and tissue nitrogen (N), effectiveness of cover crop termination, soil nitrate–N and percent weed
cover. We also determined the inﬂuence of termination method on percent weed cover. Cover crop biomass ranged
between 3 and 9 Mg ha− 1 and was not inﬂuenced by termination time; the greatest production was from three varieties of
grain. Rye varieties were more effectively terminated with a roller–crimper than barley. Mean soil nitrate–N levels
ranged from 1.9 to 18 mg kg− 1 and were the greatest with vetches. Post-termination weed cover was greater in 2013
than in 2012 and the cover crop variety inﬂuenced weed cover at the Late termination time only. Neither plant
N concentration in the cover crop mulch nor soil nitrate inﬂuenced weed cover. The results of this study indicate that
cover crop biomass and termination timing are important factors inﬂuencing weed cover and termination effectiveness
in cover crop mulch.
Key words: organic reduced-tillage, cover crops, mulch, roller–crimper, weed emergence

Introduction
Organic farming and reduced tillage
Organic vegetable growers rely on tillage and cultivation
as weed management tools, but reducing tillage can also
improve soil quality1,2, save fuel3 and reduce labor4.
Organic growers may avoid adopting tillage reduction
because of their concern over potential weed problems
and lack of management options5,6; thus research into
these issues is necessary to increase adoption.

Cover crops and weeds
A weed management tool for organic reduced-tillage
systems could be the conversion of cover crops grown over

winter into mulch7,8. Cover crops can help outcompete
and manage weeds6,8–11 through both physical and
chemical mechanisms12, in some cases providing weed
suppression comparable to that of herbicides10,13.
Choosing appropriate cover crop varieties, termination
times and termination methods may inﬂuence the success
of cover crop mulch and the subsequent weed suppressive
capacity14–16. Cover crops that produce greater biomass
result in mulch that better suppresses weed emergence17.
Teasdale and Mohler18 found that the amount of mulch
necessary to control summer annual weeds varied signiﬁcantly by weed species and mulch variety, and Ryan
et al.19 found that to completely suppress weeds in rye
(Secale cereale L.) mulch, more than 15 Mg ha− 1 biomass
is needed. In a recent study, Carr et al.20 concluded that
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weed management is one of the biggest obstacles for
managing roller-crimped cover crops as mulch for
growing cash crops.

Termination method
Rolling with a roller–crimper and mowing with a ﬂailmower are two mechanical methods to terminate cover
crops; both can be as effective as termination with
herbicides21. Flail-mowing ensures effective kill, provided
that mowing does not happen so early that cover crops
continue to grow22. However, with ﬂail-mowing, achieving mulch uniformity can be difﬁcult, resulting in weed
emergence through thinly covered gaps in the mulch
layer23. Flail-mowing also results in small pieces of
material that decompose faster and are less persistent as
mulch14,24. Morse14 found a reduction in cash crop yield
in ﬂailed cover crop mulch compared with that in rolled
mulch. Compared with ﬂailing, rolled cover crops
decompose less quickly and may provide more thorough
ground cover22, but fully killing cover crops with a roller–
crimper can be challenging6,10.

Termination timing
Killing a cover crop for a mulch is important because
ineffectively terminated cover crops regrow and act as
weeds themselves14,23,25. Phenological stage determines
the best time to terminate cover crops when rollercrimping15,26–28. Terminating after the early milk stage
is effective for killing rye26,29 and the mid-to-late bloom
stage is effective for vetches when terminated with an
undercutter30. In a study relating rye phenological
growth stage with growing degree days (GDD), Mirsky
et al.27 concluded that GDD could be used to predict
when cover crops would approach appropriate termination stages.
Cover crops need to produce adequate biomass before
termination because more biomass means thicker mulch,
which hinders emergence of weeds8,25,29,31. Cover crops
also need to achieve sufﬁcient maturity to be rollercrimped effectively, without growing so much as to
produce viable seed15. However, cover crop termination
should not be delayed so much that cash crop planting
is delayed10,25,32. Delaying termination beyond early or
mid-ﬂowering in hairy vetch (Vicia villosa R.) will not
increase the amount of N input from N ﬁxation, but will
increase vetch biomass31,33,34.

Cover crop variety
Competitive cover crops that produce plentiful biomass
help combat weeds8,25,35, thus it is important to determine
successful varieties for a region. This study focuses on
varieties of grains and vetches and a grain–vetch mix.
Mulched rye lasts longer over the season than does
mulched vetch24. With a higher cellulose concentration
than vetch, mulched rye is more resistant to
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decomposition31. Compared with rye, higher weed
populations have been observed in hairy vetch cover
crops20,36, especially when ﬂail-mowed14. Mixes of grains
and legumes often can produce more biomass than either
alone37–39, with plant tissue N concentrations between
that of both constituents37, and can effectively reduce
weeds11,32,40.

Soil nitrate–N
The majority of plant-available N released by mulched
vetch is released within 4–6 weeks after cover crop
termination41 (WAT), which may increase density and
biomass of weeds42–44. Morse14 attributes higher weed
biomass in hairy vetch mulch, compared with rye mulch,
to the N-input from the vetch. Although some studies
have explored the connection between soil N and weed
dynamics using controlled levels of N45, more work is
needed to understand the relationship between weeds and
soil nitrate–N derived from legume cover crops.

Objectives
The objectives of this study were to: (1) compare cover
crop biomass production and plant N, termination
effectiveness, soil nitrate–N and weed dynamics among
cover crop varieties and a variety-blend (50:50 by seed
weight); (2) determine if termination time (Early versus
Late) and termination method (roller–crimp versus ﬂail)
inﬂuence post-termination weed percent cover; and (3)
determine if a correlation exists between weed emergence
and cover crop N or soil nitrate–N. The goal is to identify
speciﬁc cover crop varieties and management strategies
that suppress weeds and are suitable for use in Western
Washington.

Materials and Methods
The study design was a split-plot randomized complete
block repeated over 2 years, with plot locations rerandomized each year. The main plot factor was cover
crop variety and the split-plot factor was termination
timing. A split–split-plot factor of the termination method
was applied only to the three grain cover crops. Main plots
were 12 × 9 m, split-plots were 6 × 9 m and split–splitplots 3 × 9 m.

Site description
The Washington State University Puyallup Research and
Extension Center (47°19′28′N 122°33′31′W) is on alluvial
soils used for high-value crop production. Mean annual
temperature is 11°C, with a January mean of 4°C and a
July mean of 18°C. Mean annual precipitation is
1020 mm, with wet winters and dry summers. The soil is
mapped as a Briscot loam (coarse-loamy, mixed, superactive, non-acid, mesic Fluvaquentic Endoaquepts).
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Table 1. Cover crop planting rates in 2012 and 2013 for cover
crop varieties.
Cover crop1
Aroostook rye
Common rye
Strider barley
Common vetch
Hairy vetch
Lana vetch
Purple bounty vetch
Strider + purple
bounty2

2012 Planting rate
(kg ha− 1)

2013 Planting rate
(kg ha− 1)

138
124
121
103
91
85
102
127

126
166
120
83
82
86
98
94

1

Cover crops were planted Sep. 21, 2011 and Sep. 20, 2012.
The Strider + purple bounty mix was a 50:50 blend by seed
weight.
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included in any analyzes following termination because it
could not be effectively mowed in 2013; its stems were so
long that they clogged the ﬂail-mower. We did not plant a
cash crop into the cover crop mulch and weeds grew
without management.
Cover crop biomass and C:N ratios of the cover crops
were determined from samples collected at the time of
termination. Biomass was clipped into two half m2
quadrats per split-plot at ground level just before
termination. Vetches, grains and weeds were separated,
dried at 56°C until reaching a constant weight, and
weighed to determine dry matter. Subsamples of cover
crop biomass were ground and C and N were determined
by the combustion analysis50.
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Termination timing
The site was in organic transition for 3 years before the
study began, with winter and/or summer cover crops
grown during the transition period, but no other soil
amendments or cash crops.

Cover crops
Cover crop varieties were chosen to represent previously
successful varieties in the region and from our preliminary
trials. Rye is adapted to cool climates9,46 and suppresses
weeds12. We included ‘Aroostook’ rye, a variety used
frequently in the Eastern USA19,47,48, and common rye
(variety not stated), typically used by Northwest growers,
as a comparison. Barley (Hordeum vulgare L.) is adapted
to cool humid climates and no-tillage systems49 and the
variety ‘Strider’ (certiﬁed organic seed from Washington
Crop Improvement Association) performed well in
preliminary trials in Western Washington. Hairy vetch
ﬁxes nitrogen (N), has a resulting low carbon (C) to N
ratio (C:N)40,46 and tolerates cold temperatures9. We
included three other vetches adapted to Western
Washington: ‘Purple Bounty’, an early-maturing variety
of hairy vetch, ‘Lana’ vetch (V. villosa spp. Dasycarpa)
and common vetch (V. sativa L. ssp. nigra L.).
Cover crops were planted Sep. 21, 2011 and Sep. 20,
2012 using a John Deere grain drill (model FB-B, setting
14) with 15 cm row spacing (Table 1). Target planting
rates for each cover crop were the same both years, but
actual rates varied from year to year. Cover crops were
terminated using a roller–crimper (I & J Roller Crimper,
Gap PA) or ﬂail-mower (IH-9049 in 2012 and John Deere
370 in 2013). The roller–crimper mounted on the front of a
John Deere 4700 tractor made two passes in each split–
split-plot, with an approximate 60 cm swath of overlap.
The ﬂail-mower cut the cover crop to leave stubble no
higher than 20 cm, at estimated 2.4 km h− 1 ground speed.
Previous observations at this site (unpublished data)
indicated that roller–crimping vetch was not effective, so
only grains were roller–crimped. Hairy vetch was not

Cover crop termination time was determined using the
Zadoks and Mischler scales10,51 for grains and vetches,
respectively (Table 2). The Early target stage was Zadoks
67 (late anthesis) for grains and 60% ﬂowering (Mischler
stage 4) for vetch, and the Late target date was Zadoks 70
(early milk) and 100% ﬂowering (Mischler stage 6).
Termination time for the barley–vetch mix was determined based on the stage of the barley, which reached the
target termination stage ﬁrst. Termination effectiveness
was assessed at 4 WAT by visually estimating percent
cover crop upright after termination. We also calculated
GDD from planting to the Early and Late termination
dates for each cover crop, using 2.6°C as the base
temperature for the grains and 1.4°C as the base
temperature for the vetches (Table 2)52.
We chose Early timing as Zadoks51 stage 67 based on
what others have found to achieve sufﬁcient cover crop
kill with a roller–crimper26,29. In preliminary experiments,
we observed that rolling common rye at Zadoks 67 was
ineffective, so we chose Zadoks stage 70 for Late to
determine how much ﬂexibility farmers might have in
choosing termination times. Waiting past Zadoks stage 70
increases the likelihood of viable seed production and
volunteer cover crop establishment and pushes back cash
crop planting. The difference between Early and Late
termination ranged from 3 to 27 days (33 to 345 GDD)
across years, depending on the cover crop variety and
maturation rate.

Soil nitrate–N
Soil samples for nitrate–N were taken 2, 4 and 6 WAT
from ﬂailed Late treatments in all cover crop varieties. Soil
was cored to a 30 cm depth using a 2.5 cm diameter hand
probe; six subsamples were combined from each split-plot
and air-dried at 30°C. Soil nitrate–N was extracted with
1 M KCl, and determined by an automated cadmium
reduction method53.
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1396
1535
1351
1429
1663
NA
1895
1970

Weed assessment

17 May
31 May
13 May
20 May
17 May
NA
5 Jun
10 Jun

72
71
82
82/1.3
5.7
5.5
5
5.6

Cover crop mulches were visually assessed for percent
weed cover in ﬂailed plots at 4 WAT and weeds were
considered to be ‘weed cover’ if they were visible above the
surface of mulch. At 6 WAT the three most abundant
weed species in each split–split-plot were recorded to
examine weed demography.

13 May
20 May
9 May
17 May
13 May
5 Jun
9 May
31 May

70
69
69
78/1.1
5.1
3.7
4.3
3.6

1351
1429
1293
1396
1613
1895
1551
1819

Data analysis

3

2

1

14 May
25 May
10 May
23 May
22 May
25 May
17 May
23 May
Aroostook rye
Common rye
Strider barley
Strider + purple bounty3
Common vetch
Hairy vetch
Lana vetch
Purple bounty vetch

Growth stage is Zadoks grain maturity scale and/or Mischler vetch maturity rating10,51.
GDD is growing degree days. Base temperature for grains = 2.6°C and for vetches = 1.4°C.
Mix GDD is reported for the grain component.

1326
1473
1305
1473
1649
1812
1586
1772
25 May
7 Jun
29 May
11 Jun
29 May
11 Jun
24 May
11 Jun

Date
Cover crop

67
67
64
84, 4.7
6.5
3.9
3.3
3.6

1211
1326
1165
1305
1564
1599
1509
1575

73
71
84
85, 5.5
6.5
5.7
5.5
4.8

Growth stage
Growth stage
Growth stage
Date
Growth stage1

GDD2

Late
Early

GDD

Date

Early

GDD

Date

2013 Termination
2012 Termination

Table 2. Cover crop termination date, cover crop growth stage and growing degree days at two termination times for eight cover crops in 2012 and 2013.

Late

GDD

4

All analyses were performed in R54 using packages nlme55
and agricolae56. The following response variables were
analyzed: cover crop biomass, biomass of weeds growing
in the live cover crop (‘winter weed biomass’), plant N
concentration and shoot N content (harvested cover crop
biomass × N concentration), C:N ratio, soil nitrate–N,
percent cover crop upright at 4 WAT and weed percent
cover at 4 WAT. For each response variable, a mixedeffects model was applied with year and rep as random
effects using the Restricted Maximum Likelihood
Method55. The Likelihood Ratio Test using the
Maximum Likelihood Method determined the signiﬁcance of the random effect year (and for nitrate–N
analysis the random effect WAT).
If year was signiﬁcant or a year by treatment interaction
occurred, data within each year were analyzed separately
with split-plot ANOVAs. Response variables were log,
square root, arcsine or arcsine-square root transformed if
not meeting the assumption of normality of residuals, and
were back transformed for reporting. Tukey’s HSD test
determined mean separation at the P = 0.05 signiﬁcance
level.
Spearman correlations determined the strength of the
relationship at 4 WAT for (1) weed cover and cover crop
plant N concentration; and (2) weed cover and soil nitrate
at the P = 0.01 signiﬁcance level. Spearman correlations
were used because data were non-normal, even when
transformed.

Results and Discussion
Cover crop biomass production and
termination time
Cover crop biomass production in 2012 ranged from 3.4
to 9.0 Mg ha− 1 and in 2013 from 4.6 to 7.9 Mg ha− 1
(Table 3). Cover crop variety and the interaction between
year and cover crop inﬂuenced cover crop biomass
(Table 4). The interaction occurred because some crops
(Aroostook rye and the barley–vetch mix) produced more
biomass in 2012 than in 2013, and there was less
variability across cover crop biomass production in 2013
than in 2012. Although differences in biomass production
among some cover crop varieties were statistically signiﬁcant in 2012 (P < 0.05), differences were not statistically
signiﬁcant in 2013 (Table 3). Given the observed annual
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Table 3. Cover crop and winter weed biomass for eight cover
crops over 2 years.
2012
Cover crop

2013

Cover crop
biomass

2012

2013

Winter weeds

Aroostook rye
Common rye
Strider barley
Strider + purple bounty
Common vetch
Hairy vetch
Lana vetch
Purple bounty vetch

- - - - - - - - - - - - Mg ha− 1- - - - - - - - -- - - - 9.0 a1
6.9
0.3 b
0.8 abc
6.4 abc 7.3
0.4 b
0.2 c
8.4 ab
7.9
0.7 b
1.2 a
6.4 abc 4.7
0.5 b
0.9 ab
5.9 abc 5.1
0.2 b
1.1 a
5.5 bc
7.4
0.5 b
0.3 bc
3.4 c
4.6
1.7 a
0.6 abc
5.5 bc
5.8
0.7 b
0.7 abc

Pvalue

0.0026

0.0876

< 0.0001

0.0112

1

Values in columns followed by same letter are not signiﬁcantly different at P = 0.05 by Tukey’s HSD test.

variability, additional years of biomass data may be
needed to identify with greater certainty the most
productive cover crops for Western Washington.
Cover crop varieties were terminated in similar order
both years (Table 2). Strider barley reached the target
termination earliest, whereas common rye was latest
among the grains. Lana vetch and common vetch were
earliest among the vetches, whereas hairy vetch was
the latest. Cover crops generally reached the target
termination times earlier in 2013 than in 2012, although
more GDD had accumulated at the time of termination in
2013 compared with 2012 (Table 2). Although this study
did not include cash crops, a cover-cropped cash crop
study in a neighboring ﬁeld had similar termination dates,
which were within the target window for planting mainseason cash crops.
Termination timing did not have a statistically signiﬁcant effect on biomass production (P = 0.32), indicating
that biomass did not increase between Early and Late
termination. In contrast to this, Mirsky et al.47 found that
delaying Aroostook rye termination both increased rye
biomass and decreased weed biomass in the following
mulch. Nord et al.48 found the average gain from waiting
10 days for termination in Pennsylvania in May increased
Aroostook rye biomass by 1.79 Mg ha− 1. However, Parr
et al.40 observed that the effect of termination timing on
legume biomass depended on the species and variety, with
many varieties showing no signiﬁcant increase in biomass
or N accumulation between mid-April and mid-May in
North Carolina.
As biomass did not generally increase between anthesis
and early milk for grains or between late ﬂowering and full
ﬂowering for vetches, other factors, such as termination
effectiveness or percent weed cover, should instead drive
the choice of termination timing. Earlier termination
would be desirable under the conditions of our study, as it
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enables earlier cash crop establishment. In some areas,
waiting for rye to reach anthesis can push back vegetable
planting time and reduce cash crop yields36.

Plant N concentration
Cover crop variety and the interaction between year and
cover crop variety signiﬁcantly inﬂuenced biomass N
concentration, shoot N content (plant N concentration ×
biomass), and C:N ratio (Table 4). Vetches had the
highest N concentration (29 g N kg− 1), followed by the
mix (20 g N kg− 1) and the grains (8 g N kg− 1) (Table 5).
Mean C:N ratio for the vetches was 16, compared with 22
for the mix and 61 for the grains. The interaction between
year and cover crop variety occurred because the grains
had slightly higher N concentration in 2013 than in 2012
(0.3 g N kg− 1 difference, data not shown).
Plant N concentration, shoot N content, and C:N ratio
were similar between the Early and the Late termination
timings when averaged over all cover crops, but there was
a signiﬁcant cover crop by termination time interaction
for shoot N content and C:N ratio (Table 4). Late
terminated grains had lower N concentration than the
Early terminated grains (P < 0.0001, data not shown),
likely due to loss of N as leaves began to senesce. Because
N concentration was low at both termination timings this
between Early and Late was not biologically signiﬁcant.
Among vetch varieties, waiting to terminate legume
cover crops from 60% ﬂowering to 100% ﬂowering did not
increase N concentration, except for hairy vetch. Hairy
vetch matured slowly and had between 13 and 17 days to
gain N between Early and Late termination. In the
interval of 13–17 days, hairy vetch accumulated an
average of 91 kg ha− 1 more N at its Late termination
compared with Early (data not shown).

Termination effectiveness
Termination timing, year and cover crop variety inﬂuenced percent of grain cover crop mulch upright at 4
weeks after rolling (Table 6). Percent of cover crop mulch
upright ranged between 0 and 86% (Table 6). Aroostook
rye was similar to or better than common rye at remaining
prostrate after roller–crimping. In contrast, up to 86% of
Strider barley plants returned upright (Table 6). The
difference in rolling effectiveness between rye and barley
may result from differences in plant architecture. As rye is
substantially taller with thinner stems than barley it is
more likely to remain ﬂattened after roller–crimping.
An interaction between year and cover crop
(P = 0.0007) occurred, likely because Strider barley and
common rye had less effective kill in 2013 than in 2012,
while Aroostook rye was similar between years (Table 6).
The year by termination timing interaction (P = 0.0012)
suggests that the effectiveness of a particular variety rolled
Early or Late depended on year. In 2013 there was no
difference between Early and Late termination timings
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Table 4. Signiﬁcance levels for year, cover crop and termination time on seven response variables for eight cover crops in 2012 and
2013.

Factors
Year
Cover crop
Termination time
Cover crop × year
Cover crop × termination
time
Termination time × year
Cover crop × termination
time × year

Cover crop
biomass

N
concentration

Shoot N
content
(kg ha− 1)

C:N
ratio

Winter
weeds

% Weed
cover 4
WAT

Termination
effectiveness1

0.9590
< 0.0001
0.3175
0.0012
0.1480

0.5205
< 0.0001
0.2830
0.0134
0.0860

0.7832
< 0.0001
0.1182
0.0174
0.0150

< 0.0001
< 0.0001
0.3001
< 0.0001
0.0077

0.4709
< 0.0001
0.2521
< 0.0001
0.1347

< 0.0001
< 0.0001
0.4466
0.6287
0.0032

0.0035
< 0.0001
< 0.0001
0.0007
0.2475

0.7990
0.6299

0.3287
0.3180

0.9178
0.8766

0.9887
0.2138

0.5286
0.0760

0.5131
0.4678

0.0012
0.4778

1

Termination effectiveness applied only to three grain varieties.
Bold indicates P values that are statistically signiﬁcant above the P = 0.05 level.
Table 5. Above-ground biomass N concentration, shoot N
content and C:N ratio for eight cover crops at termination across
termination times and years.

Cover crop
Aroostook rye
Common rye
Strider barley
Strider + purple
bounty
Common vetch
Hairy vetch
Lana vetch
Purple bounty vetch
Pvalues for cover
crop

Table 6. Percentage of cover crop mulch upright at 4 WAT by
Early and Late termination timings for three grain varieties in
2 years for roller–crimped plots.
Percent of cover crop mulch upright1

N
concentration
(g kg− 1)

Shoot N
content
(kg ha− 1)

C:N
ratio

7 c1
7c
11 c
20 b

52 c
50 c
86 bc
107 b

73 a
68 a
43 b
22 c

29 a
28 a
31 a
26 a

157 a
179 a
117 a
147 a

15 d
16 d
14 d
17 d

< 0.0001

< 0.0001

< 0.0001

1
Values in columns followed by same letter are not signiﬁcantly different at P = 0.05 by Tukey’s HSD test.

in percent cover crop upright. However, in 2012 cover
crops terminated Early were less effectively rolled than
those terminated Late (Table 6).
Maturation is important for termination effectiveness;
timely termination of a cover crop is essential to successful
killing and subsequent mulch15. Termination timing
should be determined by the stage of maturation, and if
cover crops develop at a rapid rate during the termination
stage it may be difﬁcult to terminate at the correct time.
Ideally, cover crop development would slow as it
approaches the target termination stage, thus leaving a
larger window to manage termination. Rye allows for
more ﬂexibility in coordinating ﬁeld operations because
post-anthesis rye matures more slowly than does barley49
(Fig. 1). If cover crops mature to the point of producing
viable seed, the reseeded cover crop can be a weed in the
cash crop.

Year

Cover crop

Early

Late

Early/Late mean2

2012

Aroostook rye
Common rye
Strider barley
Aroostook rye
Common rye
Strider barley

8 b3
10 b
68 a
–
–
–

0a
10 a
20 a
–
–
–

–
–
–
3c
19 b
86 a

2013

1
Year and cover crop signiﬁcantly inﬂuenced percent of cover
crop mulch upright (P < 0.0001), termination timing was signiﬁcant in 2012 (P < 0.0001) and the interaction between year
and cover crop was signiﬁcant (P = 0.0012).
2
In 2013, no difference between Early and Late occurred,
thus values are pooled for this year.
3
Values in columns followed by same letter are not signiﬁcantly different at P = 0.05 Tukey’s HSD test.

Termination by ﬂailing was effective for all cover crops
except hairy vetch at the Late termination stage in 2013.
The large biomass and long stems of the hairy vetch
clogged the ﬂail-mower, resulting in ineffective ﬂailing.

Soil nitrate–N
Soil nitrate–N was similar across years, but did vary
over the ﬁeld season at 2, 4 and 6 WAT (P < 0.0001).
Soil nitrate–N ranged from 3 to 20 mg N kg− 1 soil
(9–66 kg ha− 1) in the 0–30 cm depth at 6 WAT (Fig. 2).
Cover crop variety also inﬂuenced soil nitrate–N
(P < 0.0001): vetches resulted in more soil nitrate–N
than the barley–vetch mix, which had more than the
grains (Fig. 2). An interaction occurred between cover
crop variety and year (P = 0.0102), because grains had
slightly higher mean soil nitrate–N in 2013 than in 2012
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Figure 1. Vetch and grain development May–June in 2012 and 2013 using the Zadoks development scale for three grains51 and
Mischler et al.10 scale for four vetches. Zadoks stages are: 50–60 inﬂorescence emergence, 60–70 anthesis and 70–80 milk
development. Vetch stages are: 4 = 60% ﬂowering, 6 = 100% ﬂowering and 7 = Early pod set.

Figure 2. Soil nitrate–N, years 2012 and 2013 combined, over three sampling dates for eight cover crop varieties.

(3.5 versus 2.3 mg nitrate–N kg− 1 soil), whereas the
vetches had slightly lower mean soil nitrate–N in 2013
than in 2012 (10.6 versus 12.1 mg nitrate–N kg− 1 soil).
Soil nitrate–N was similar across grain varieties (Fig. 2).
Soil nitrate–N was also similar across vetch varieties
except that common vetch had signiﬁcantly higher soil
nitrate–N concentrations than did Lana at 6 WAT.
Mid-season soil nitrate levels indicated insufﬁcient N
for cash crops in both 2012 and 2013, based on a
sufﬁciency level of 25 mg kg− 1 soil nitrate–N developed

for manured systems in the maritime Paciﬁc Northwest57.
The low soil nitrate–N levels do not appear to be the result
of leaching or denitriﬁcation loss, as rainfall from May
to July was less than 150 mm both years. Parr et al.40
reported that corn following rolled legume cover crops
generally had lower yield than control corn fertilized at
optimum levels (112 kg N ha− 1), although some cover
crop-termination date combinations did have equivalent
yields to the fertilized corn, indicating the potential for N
sufﬁciency in some circumstances.
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Table 7. Percent weed cover at 4 WAT by cover crop for two
termination times in ﬂail-mowed plots.
Percent weed cover
Cover crop

Early

Late

Aroostook rye
Common rye
Strider barley
Strider + purple bounty
Common vetch
Lana vetch
Purple bounty vetch

19 b1
19 b
26 b
28 b
15 b
81 a
39 b

14 b
62 a
22 b
34 ab
13 b
59 a
38 ab

1
Values in columns followed by same letter are not signiﬁcantly different at P = 0.05 by Tukey’s HSD test.

Overwintering weed populations
Winter weed biomass indicates the vigor of cover crop
biomass and stand establishment because higher cover
crop biomass production results in fewer winter weeds due
to competition with the growing cover crop58. Although
we did not enumerate winter weeds, chickweed (Stellaria
media), shepherd’s purse (Capsella bursa-pastoris) and
annual bluegrass (Poa annua) were the most apparent in
the plots. Low-growing non-mustard species such as
chickweed and annual bluegrass can be problematic in
following crops if they survive mechanical termination58.
Winter weed biomass ranged between 0.3 and
1.7 Mg ha− 1 in 2012 and 0.2 and 1.2 Mg ha− 1 in 2013
(Table 3). In 2012 weed biomass production was similar
among cover crop varieties, except for Lana vetch. In
2013, Strider barley and common vetch had signiﬁcantly
more weed biomass than common rye and hairy vetch
(Table 3). Other research has shown that rye cover crops
have less winter weed biomass than do vetch cover
crops58.
Winter weed biomass was similar at the Early and Late
termination timings, akin to what was observed for cover
crop biomass. This suggests that both cover crops and
winter weeds had reached full biomass potential by the
Early termination date, with little change occurring
thereafter.
An interaction between year and cover crop occurred
(Table 4) because Lana vetch had markedly fewer weeds
in 2013 than in 2012 (0.6 and 1.7 Mg ha− 1, respectively);
Lana vetch had a poor stand in 2012 and a healthy stand
in 2013. This is consistent with Brennan et al.59 who found
that cover crops with poor canopy closure and limited
ground cover early in the season had more weeds.

Summer weeds
Cover crop variety signiﬁcantly inﬂuenced summer weed
cover, and there was a termination timing by cover crop
interaction (Table 4). Percentage of summer weed cover
was signiﬁcantly higher in 2013 (44%) than in 2012 (23%).

Of the cover crops terminated at the Early stage, Lana
vetch had the most weeds (Table 7). At the Late
termination stage Lana vetch and common rye had
signiﬁcantly more weed cover than Aroostook rye,
Strider barley and common vetch (Table 7). Others have
reported Aroostook rye mulch to perform well blocking
weeds19,47.
Our weed cover results may represent a worst case
scenario because no cash crops were grown in the mulch;
the presence of a cash crop would provide canopy to help
block weeds, so this situation would be improved in
systems with a summer crop19. In a study on soybeans
planted in rye mulch, soybean density accounted for
70–85% of the inﬂuence on weed biomass19.
Grasses, sowthistles (Sonchus spp.), and common
chickweed (S. media L) were the most prevalent weeds
at 4 WAT. Grass weeds can be difﬁcult to control in
reduced-tillage systems, but adequate cover crop biomass
reduces grass competition6.
The worst performing cover crop mulches were Late
common rye, and Early and Late Lana vetch, all of which
had greater than 50% weed cover at 4 WAT. The poor
performance of the Lana vetch was likely due to its
low biomass production (Table 3), thus we would not
recommend growing Lana vetch as a cover crop in this
region. The poor performance of the Late ﬂailed common
rye occurred both years and was unexpected.
Termination type was applied only to grains to
determine the effect of rolling versus ﬂailing on weed
cover. Termination type inﬂuenced weed cover
(P = 0.007); ﬂailed grains had signiﬁcantly more weed
cover than did rolled grains. Rolled grain treatments had
on average 19% weed cover at 4 WAT, whereas ﬂailed
grain treatments had 27% (data not shown). Rolled mulch
has been shown to be more persistent than ﬂailed
mulch14,42 and we would expect longer mulch persistence
would decrease weed cover. Also, ﬂail-mowed mulch can
be less uniform than rolled mulch; weeds take advantage
and emerge through thin places23.

Weeds and nitrate–N and plant N correlations
Soil nitrate–N did not signiﬁcantly correlate with weed
cover at 4 WAT (n = 28, Spearman’s rs = 0.17, P = 0.2524),
although there was a weak but signiﬁcant correlation
between weed cover and plant N concentration
(Spearman’s rs = 0.18, n = 28, P = 0.0104). Increased
plant N concentration and soil nitrate–N did not explain
much of the variability in weed pressure from the legume
N additions. Other factors associated with cover crops,
such as mulch thickness24, allelopathy60, fungal pathogens61 and soil moisture61, may also have inﬂuenced the
relationship between N concentration and weed cover.
Other researchers controlled levels of N fertilizer and
did ﬁnd relationships between N and weeds12,62,63 and
Teasdale and Pillai64 found that ammonium from
mineralized vetch stimulated small-seeded weeds such as

Cover crop management impacts in reduced-tillage organic systems
pigweed. Our study measured rather than controlled N
inputs and our soil nitrate–N levels were low across all
treatments. Also, our study did not account for germinated weeds that had not yet emerged, thus treatment
differences were harder to detect. Brainard et al.43
reported that response of Powell amaranth (Amaranthus
powellii S. Wats.) to N varied widely by farm location and
year. This suggests that 2 years of data at one location
may not be sufﬁcient to draw robust conclusions on the
relationship between weeds and nitrate-N.

Conclusions and management
recommendations
The results of this study indicate that cover crop variety
inﬂuences cover crop biomass, soil nitrate–N and
subsequent weed cover at 4 WAT, while termination
timing only inﬂuences the effectiveness of termination by
rolling. Variation in cover crop N or soil nitrate–N did not
have a major inﬂuence on weed cover.
The lack of inﬂuence of termination timing on biomass
production is an important ﬁnding for growers because it
shows that delaying termination beyond anthesis for
grains or mid-ﬂowering for vetches is not beneﬁcial in
ﬂailed systems. Delaying termination does offer beneﬁts
in increased roller–crimping effectiveness but does not
increase cover crop biomass. In rolled plots, termination
timing did signiﬁcantly inﬂuence termination effectiveness, with roller–crimping at early milk providing
more effective kill than termination during anthesis.
Termination time did not inﬂuence plant N concentration,
kg ha− 1 of plant N, or C:N ratio in vetches (except hairy
vetch), thus there is no gain in vetch N contribution from
waiting to terminate until 100% ﬂowering. Finally,
planting early-season vegetables would be too late for
even the Early termination dates in this study; however,
terminating at these dates would be adequate for mainseason vegetable crops in Western Washington.
Most promising of the grain varieties was Aroostook
rye. Advantages of Aroostook rye are high biomass
production, good weed suppression and roller–crimping
kill success. But Aroostook rye, as any other grain crop,
does not provide N to the following cash crop.
Additionally, Aroostook rye seed is expensive and may
not be readily available in the Paciﬁc Northwest.
Like Aroostook rye, Strider barley produced plentiful
biomass in both years, and only had between 22 and 26%
weed cover at 4 WAT, but up to 86% of its mulch returned
upright again 4 weeks after rolling. Because Strider is
difﬁcult to roll effectively, rolling Strider cannot be
recommended until better rolling strategies are developed.
Aroostook rye performed better than Strider barley
because of termination effectiveness and biomass
production.
Common vetch had the best overall performance
among vetches. It had weed cover between 13 and 15%
at 4 WAT, and by 6 WAT had equivalent or greater soil
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nitrate–N than the other vetch varieties. Common vetch
grows vigorously, matures early, is easy to terminate by
ﬂail-mowing, and its seed was the least expensive among
the vetches. However, weed suppression from common
vetch is less than that from Aroostook rye.
Ultimately, choosing and managing cover crop varieties for weed suppression is about trade-offs for weed
management, mulch effectiveness, soil nitrate–N inputs,
maturation rate and biomass production.
Managing cropping systems to optimize cover crop
biomass is an important future research need for
reduced-tillage organic farming systems in the maritime
Northwest. Research in the Eastern USA showed that
optimal management of rye could double biomass19, thus
increasing effectiveness as a mulch. The challenge is
improving conditions for cover crop growth within the
context of the cash crop system.
Other future research to beneﬁt growers includes:
(1) investigating cover crop mulch effects on soil moisture
and resulting cash crop and weed response; and (2) evaluating cover crop blends composed of the most promising
varieties (such as Aroostook rye and common vetch).
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