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SUMMARY. Soil-borne diseases and weeds can be inhibited by mustard family
(Brassicaceae) cover crops that are mowed and incorporated into the soil with
tillage—a process referred to as biofumigation. To determine whether a fall-
seeded mustard cover crop produces enough biomass to be a biofumigant in
spring, this study measured the amount of biomass produced by a mixture of
‘Caliente Rojo’ brown mustard (Brassica juncea) and ‘Nemat’ arugula (Eruca
sativa) grown in three commercial fields and a university research farm in
southern New Mexico, USA. This study also determined whether the mustard
biomass incorporated in the soil inhibits a weed [Palmer amaranth (Amaranthus
palmeri)], but does not affect a cash crop adversely [chile pepper (Capsicum
annuum)]. Results indicated that, if the mustard cover crop was seeded before
the first frost in fall, mustard cover crops produced biomass in quantities
sufficient for biofumigation in spring. Mustard biomass incorporated in the soil
reduced the survival and germination of Palmer amaranth seeds. Under
greenhouse conditions, chile pepper plants grown in soil with mustard cover crop
biomass were larger than chile plants grown in soil without mustard biomass.
Chile pepper plants in soil with mustard biomass did not show symptoms of
Verticillium wilt (Verticillium dahliae), whereas such symptoms were found on
about 33% of chile pepper plants in soil without mustard biomass. These results
suggest that a fall-seeded mustard cover crop that is tilled into the soil in early
spring is a potential pest management technique for chile pepper in New Mexico.

Cover crops are noncash crops
grown primarily to protect
and enrich soil. In addition to

improving soil fertility (Brennan et al.
2013), aggregate stability (Antosh
et al. 2020), and organic matter
(Agarwal et al. 2022a), some cover
crops suppress weeds and soil-borne
diseases in subsequent cash crops after
the cover crops are ended and incor-
porated into the soil with tillage
(Clark 2007). These “allelopathic
green manures” undergo microbial
decomposition and release com-
pounds that are toxic to plants and
microorganisms (Liebman and Davis
2000).

Cover crops used as allelopathic
green manures include several species
in the mustard family (Brassicaceae)
(Haramoto and Gallandt 2004). The
process of using mustard cover crops
to suppress soil-borne pests is known
as biofumigation (Matthiessen and
Kirkegaard 2006). Biofumigation may
inhibit emergence and growth of cash
crops (Ackroyd and Ngouajio 2011;

Haramoto and Gallandt 2005). However,
because many allelopathic chemicals from
mustard cover crops are volatile and short-
lived in soil (Matthiessen and Kirkegaard
2006), potential negative effects of biofu-
migation can be prevented by not planting
cash crops soon after termination and in-
corporation of mustard cover crops
(Ackroyd and Ngouajio 2011; Clark
2007). Relatively low concentrations
of mustard-derived allelochemicals
in soil at crop seeding can inhibit
small-seeded weed species, but not
affect emergence of large-seeded

crop species because susceptibility to
the allelochemicals is inversely re-
lated to seed size (Liebman and Davis
2000).

Mustard cover crops suppress
pests in crops including potato (So-
lanum tuberosum) in the northwest-
ern (Boydston and Hang 1995) and
northeastern United States (Larkin
and Griffin 2007), pea (Pisum sati-
vum) in the northwestern United
States (Al-Khatib et al. 1997), soy-
bean (Glycine max) in the central
United States (Krishnan et al. 1998;
Wen et al. 2017), onion (Allium
cepa) in the central United States
(Wang et al. 2010), and bell pepper
(Capsicum annuum) in the southeast-
ern United States (Norsworthy et al.
2007). Pest suppression from biofu-
migation is caused by the enzymatic
degradation of chemicals called gluco-
sinolates, which are found in the cover
crop biomass (Rask et al. 2000). Deg-
radation of glucosinolates releases com-
pounds toxic to growing plants, but
less lethal to dormant seeds or propa-
gules (Angelini et al. 1998; Leblova
and Kostir 1962; Neubauer et al. 2014;
Petersen et al. 2001). Because some
pesticidal compounds derived from glu-
cosinolates are short-lived and volatile
(Bangarwa et al. 2011; Haramoto and
Gallandt 2004), the pest-suppressing
properties of mustard cover crop are
maximized by taking measures to re-
tain gaseous compounds in the soil
and to end cover crops when weed
seeds are germinative (Hansen and
Keinath 2013).

The degree of pest suppression
from biofumigation depends on the
cover crop species, the environment,
and the pest species that are targeted.
Weed species that are especially inhib-
ited by biofumigation include annual
weeds with seeds �1 mm in diameter
(Boydston and Hang 1995; Norswor-
thy et al. 2007). Such species include

Units
To convert U.S. to SI,
multiply by U.S. unit SI unit

To convert SI to U.S.,
multiply by

0.3048 ft m 3.2808
0.0929 ft2 m2 10.7639
2.54 inch(es) cm 0.3937
25.4 inch(es) mm 0.0394
1.1209 lb/acre kg�ha–1 0.8922
1.6093 mile(s) km 0.6214
28.3495 oz g 0.0353
33.9057 oz/yard2 g�m–2 0.0295
0.8361 yard2 m2 1.1960
(�F – 32) � 1.8 �F �C (�C × 1.8) 1 32
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Palmer amaranth (Amaranthus pal-
meri), redroot pigweed (Amaranthus
retroflexus), and common lambsquar-
ters (Chenopodium album). For these
weeds, suppression from biofumiga-
tion typically occurs early in the grow-
ing season (Al-Khatib et al. 1997;
Norsworthy et al. 2007; Osipitan
et al. 2018; Teasdale 1996). This is
because the glucosinolates that release
toxic volatiles degrade within days of
incorporation of biomass into the soil
(Gimsing and Kirkegaard 2006), and
the toxic volatiles that suppress weeds
dissipate within hours of glucosinolate
degradation (Liu et al. 2020).

A substantial amount of cover crop
biomass is crucial for pest suppression
from biofumigation (McGuire 2016).
Previous research suggests that mustard
cover crops require 3747 to 7316 lb/
acre of dry aboveground biomass at ter-
mination to suppress weeds (Al-Khatib
et al. 1997). In NewMexico, USA, Ru-
dolph et al. (2015) determined that
brown mustard (Brassica juncea) cover
crops produced up to 12,847 lb/acre of
total dry biomass when these biofumi-
gant crops were broadcast-seeded and
raked into raised beds in September, fer-
tilized, watered weekly, and ended in

November or December. Also in New
Mexico, Agarwal et al. (2022b) deter-
mined that brown mustard cover crops
that were broadcast-seeded on flat
ground in October, grown without
fertilizer, and irrigated two to four
times over 6 months produced up to
9448 lb/acre of aboveground dry
biomass by termination in May. Fur-
thermore, Agarwal et al. (2022b)
determined that mustard cover crops
that were ended and incorporated
into the soil reduced the number of
weeds that emerged before the seed-
ing of sweet corn (Zea mays) in 2 of
3 site-years in New Mexico.

Biofumigation with an overwin-
ter cover crop grown without fertilizer
and minimal irrigation is a potential
tactic to suppress early-season weeds
and soil-borne diseases in chile pepper
(Capsicum annuum) in New Mexico.
However, the timing of chile pepper
planting in New Mexico (March and
April), combined with the need not to
plant a cash crop immediately after
termination and incorporation of a
mustard cover crop, may force farmers
to end mustard cover crops before the
cover crops have enough biomass for
biofumigation. Thus, an important
step toward understanding the possi-
bilities for biofumigation for chile
pepper in New Mexico is to quantify
biomass produced by a mustard cover
crop that is seeded in fall and ended in
early spring. Accordingly, the objec-
tives of this study were 1) to deter-
mine whether a mustard cover crop
that is seeded in fall produces enough
biomass for biofumigation in early
spring and 2) to determine whether
biomass from an overwinter mustard
cover crop inhibits Palmer amaranth,
but does not affect chile pepper
adversely.

Materials and methods
MUSTARD COVER CROP. The

mustard cover crop in this study was a
proprietary mixture of ‘Caliente Rojo’
brown mustard and ‘Nemat’ arugula
(Eruca sativa) (High Performance
Seeds, Inc., Moses Lake, WA, USA).
‘Caliente Rojo’ brown mustard is
marketed to contain high concentra-
tions of glucosinolates. ‘Nemat’ aru-
gula is a trap crop for certain
nematodes (Meloidogyne sp.). It sup-
presses population growth of certain
nematodes by not allowing nematodes
to reproduce (Melakeberhan et al.

2006). Although ‘Nemat’ arugula was
included in the proprietary mixture,
nematode responses to mustard cover
crops were not within the scope of this
study.

SITES AND TREATMENTS. The
study was conducted at four sites. Three
sites were commercial fields managed by
farmer cooperators. The fourth site was
a New Mexico State University research
farm. The commercial fields were near
Columbus, NM, USA (lat. 31.797�N,
long. 107.857�W); Deming, NM, USA
(lat. 32.225�N, long. 107.775�W); and
Las Uvas, NM, USA (lat. 32.605�N,
long. 107.350�W). The university re-
search farm was the Leyendecker Plant
Science Research Center [hereafter,
Leyendecker (lat. 32.202�N, long.
106.743�W)] near Las Cruces, NM,
USA. The nearest two study sites
were separated by 51 km. At Colum-
bus, the study site featured sandy loam
soil (Jal series, fine-loamy, carbonatic,
thermic Typic Haplocalcids). At Las
Uvas, the study site featured silty clay
loam soil (Verhalen series, fine, smec-
titic, thermic Typic Haplotorrerts), and
at Deming, the study site featured loam
soil (Gila series, loamy, mixed, superac-
tive, calcareous, thermic Typic Torriflu-
vents). At Leyendecker, the study field
featured clay loam soil (Glendale series,
fine-silty, mixed, superactive, calcare-
ous, thermic Typic Torrifluvents).

The mustard cover crop was seeded
at 7 lb/acre, as recommended by the
seed company (High Performance
Seeds, Inc. 2022). At Columbus, the
mustard cover crop was seeded into
raised beds using a mechanical planter,
whereas at Deming, Las Uvas, and
Leyendecker, the mustard cover crop
was seeded on flat ground using a me-
chanical grain drill. Raised beds at
Columbus were listed rows spaced
38 inches apart and with top ridges
smoothed. For each raised bed, there
was one row of mustard cover crop.
After seeding and throughout the cover
crop growing season, fields were irri-
gated three to four times as needed. At
Columbus, Deming, and Las Uvas,
fields were irrigated with a subsurface
drip. At Leyendecker, the field was
flood-irrigated.

At each site, the mustard cover crop
was compared against bare ground. These
treatments (mustard cover crop, bare
ground) were arranged in parallel plots
and replicated three times at Columbus,
Deming, and Leyendecker. At Las Uvas,
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parallel plots of mustard cover crop and
bare ground were replicated twice. Treat-
ment plot dimensions differed among
study sites. At Deming, treatment plots
were 394 ft long and 40 ft wide. At
Leyendecker, plots were 131 ft long and
13 ft wide, and at Columbus plots were
1148 ft long and 59 ft wide. At Las
Uvas, treatment plots were 951 ft long
and 66 ft wide. Within each mustard
cover crop plot, six equally spaced sam-
pling locations were established along the
longitudinal axis. Each sampling location
was paired with a sampling location in
the adjacent bare-ground plot.

To end mustard cover crops,
aboveground biomass was mowed
and incorporated into the soil by till-
age. Tillage programs for termination
included furrow plowing (Columbus
only), disking, and rotary tilling. Ter-
mination concluded with the creation
of raised beds for direct-seeded chile
pepper. Within 48 h of cover crop ter-
mination, study sites were irrigated
using a subsurface drip at Columbus,
Deming, and Las Uvas, and flood-
furrow irrigation at Leyendecker.
Table 1 provides information on
cover crop seeding and termination
dates.

DATA COLLECTION FOR OBJECTIVE

1. Two months after cover crop plant-
ing, mustard stand densities and percen-
tages of ground occupied by mustard
cover crops were determined with
0.25-m2 rectangular quadrats at
each sampling location (18 sampling
locations at Columbus, Deming,
and Leyendecker; 12 sampling loca-
tions at Las Uvas). Also at each sam-
pling location and just before cover
crop termination, aboveground bio-
mass of weeds and cover crop were
harvested from 0.25-m2 quadrats.
Weed biomass and cover crop bio-
mass were bagged separately and
oven-dried at 65 �C for 72 h.

DATA COLLECTION FOR OBJECTIVE

2. Seeds of Palmer amaranth were
collected from Leyendecker in Aug
2018. Seeds were obtained by hand-
clipping seed-bearing inflorescences.
These inflorescences were dried un-
der room conditions for 14 to 20 d.
Dried inflorescences were hand-threshed,
and sequential combinations of sieving
and forced-air separation were used to
separate seeds from chaff. Seeds were
then stored in an airtight container at
4 �C. Before use in our study, seeds were
assayed for viability using a 1.0% aqueous

solution of tetrazolium [2,3,5-triphenyl
chloride (Association of Official Seed An-
alysts 2000)]. Tetrazolium assay results
indicated that 96% of the Palmer ama-
ranth seeds were viable at the onset of
our study.

Packets (2 × 3 cm) containing
50 Palmer amaranth seeds were made
using nylon netting (No-See-Um
Netting; Equinox Ltd., Williamsport,
PA, USA). The netting was sealed us-
ing a heat sealer. Packets were buried
at each sampling location after the
cover crop was ended, but before the
irrigation that occurred after cover
crop termination. Packets were buried
at a depth of 2 inches. One day before
chile pepper seeding, which was 20 to
24 d after packet burial, packets were
recovered from the field and brought
to the laboratory. At the laboratory,
packets were opened and seeds were
placed on moistened filter papers in
petri plates. Petri plates were placed
under a stereoscope and individual
seeds were pressed gently using for-
ceps. Seeds that did not collapse un-
der gentle pressure were considered
viable and are hereafter referred to as
persistent. Responses to gentle pres-
sure have been used for assessments of
weed seed viability (Borza et al. 2007;
Khan et al. 2022), including assess-
ments of seed viability for Palmer am-
aranth (Korres et al. 2018). To our
knowledge, previous reports for pres-
sure assessments of seed viability did
not include information on the
amounts of force applied to individual
seeds. For information on the amount
of force required to rupture weed
seedcoats, see Davis et al. (2016).

Persistent seeds were subjected to
germination assays conducted in petri
plates that were placed in a chamber
set to 35/25 �C (day/night) with a
14-h photoperiod. At 2-d intervals for
14 d, germinated seeds were counted
and removed. At the conclusion of
the 14-d germination assay, seeds that

did not germinate were assayed for vi-
ability using a 1.0% aqueous solution
of tetrazolium. Results from viability
assays were used to adjust quantities
of persistent seeds determined with
forceps and gentle pressure. Specifi-
cally, the number of nonviable seeds
within each packet was subtracted
from the number of persistent seeds
determined with forceps and gentle
pressure.

After termination of cover crops,
but before irrigation, soil from each
sampling location in cover crop and
bare-ground plots was collected from
the top 7 cm using a hand shovel.
These soil samples were used in a
study conducted in a greenhouse at
Leyendecker. Throughout the study,
the greenhouse was set to maintain an
air temperature of 24 ± 4 �C. Soil
from each sampling location in cover
crop and bare-ground plots was dis-
pensed into cylindrical plastic pots (di-
ameter, 9 inches; depth, 8.5 inches),
which produced pots with and pots
without mustard biomass in the soil.
After filling, pots were irrigated to
field capacity. With no further irriga-
tion, soils were incubated for 4 weeks
under greenhouse conditions. After
the 4-week incubation period, ‘NM
6–4’ chile pepper plants at the two-
leaf stage were transplanted into pots
(one plant per pot). Chile pepper
plants were watered with a sprinkler
canister daily and fertilized once at the
10-leaf stage with 5N–4.4P–8.3K fer-
tilizer. Plants were monitored for
symptoms of Verticillium wilt every
7 d. Verticillium wilt is caused by a
soil-borne fungus, Verticillium dah-
liae. It is prevalent in chile pepper fields
across southern New Mexico (Sanogo
and Carpenter 2006) and was observed
at study sites before our study. Symp-
toms of Verticillium wilt include
wilting, even when plants receive ad-
equate watering (Fig. 1), followed

Table 1. Mustard cover crop seeding and termination dates for the four sites in
this study.

Sitei Cover crop seeding date Cover crop termination date

Columbus 10 Nov 2018 14 Feb 2019
Deming 29 Sep 2018 22 Feb 2019
Las Uvas 29 Oct 2018 5 Mar 2019
Leyendecker 11 Oct 2018 15 Mar 2019
i A cover crop mixture of ‘Caliente Rojo’ brown mustard and ‘Nemat’ arugula was evaluated at commercial
fields in New Mexico, USA, near Columbus, Deming, and Las Uvas, and a university research farm (New
Mexico State University, Leyendecker Plant Science Research Center) near Las Cruces, NM, USA.
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by foliar chlorosis and premature se-
nescence (Goldberg 2010).

The greenhouse study was ended
60 d after transplanting, which is when
chile pepper plants started bearing fruit.
Data collected at termination included
plant height, fresh and dry biomass of
shoots, and dry biomass of roots. Be-
fore collecting data on roots, plants
were placed on a 10-mm mesh screen
and roots were washed carefully with
water. Root and shoot dry weights
were determined after biomass was
dried in an oven for 72 h at 65 �C.

DATA ANALYSIS. All statistical anal-
yses were performed using R (version
4.1.0; R Foundation for Statistical
Computing, Vienna, Austria). For ob-
jective 1, site effects on mustard stand
densities and ground coverage at 2
months after seeding were determined
with analysis of variance (ANOVA) fol-
lowed by tests for least significant differ-
ence. ANOVA was also used to assess
site effects on mustard cover crop bio-
mass at termination. For presentation
purposes, data on mustard cover crop
biomass were converted to pounds per
acre because this unit of yield is com-
monly used in management guides for
cover crops (Clark 2007). To deter-
mine site effects on weed biomass at
cover crop termination, data were ana-
lyzed with a Kruskal-Wallis test fol-
lowed by post hoc Conover tests for
nonparametric data using the R library

PMCMRplus. For objective 2, quan-
tities of persistent Palmer amaranth
seeds were converted to percentages
of seeds buried. Quantities of germi-
nated seeds were converted to percen-
tages of persistent seeds. Percentage
data for seed persistence and germina-
tion were analyzed with generalized
linear mixed models fitted with a bi-
nomial distribution using the R library
lme4. Models were developed sepa-
rately for each site. In these models,
treatment (mustard cover crop, bare
ground) was the fixed effect; the sam-
pling location within a replication was
the random effect. For the green-
house study, data on chile pepper
plant size were sorted by study site
and analyzed separately with paired

t tests. These tests compared plants
grown in soil with mustard biomass
against plants grown in soil without
mustard biomass.

Results and discussion
OBJECTIVE 1: DETERMINE WHETHER

A MUSTARD COVER CROP SEEDED IN

FALL PRODUCES ENOUGH BIOMASS FOR

BIOFUMIGATION IN EARLY SPRING. At
2months after cover crop planting, mus-
tard stand densities and ground coverage
differed among study sites (Table 2).
Mustard stand densities were greatest at
Leyendecker (241 plants/m2) and low-
est at Las Uvas (32 plants/m2).
Mustard stand densities at Columbus
(85 plants/m2) and Deming (106
plants/m2) were less than the mus-
tard stand density at Leyendecker but
greater than the mustard stand density
at Las Uvas. The percentage of ground
covered by the mustard cover crop at
2 months after cover crop seeding
was greatest at Deming (85%) and
Leyendecker (89%), and lowest at
Las Uvas (5%). The percentage of
ground covered by the mustard cover
crop at Columbus (50%) was less than
the percentage of ground covered at
Deming and Leyendecker, but greater
than the percentage of ground covered
at Las Uvas. Low stand density and low
ground coverage for the mustard cover
crop at Las Uvas was associated with
frost shortly after seeding. Moderate
stand density and moderate ground
coverage for the mustard cover crop
at Columbus corresponded with late
planting; however, the Columbus site
did not receive frost shortly after cover
crop seeding.

At termination, mustard biomass
differed among sites (Table 3). The
mustard cover crop at Leyendecker

Fig. 1. Symptoms of Verticillium wilt on a chile pepper plant grown in a
greenhouse. Soil supporting this plant was watered to saturation daily.

Table 2. Stand densities and groundcover for a cover crop mixture of ‘Caliente
Rojo’ brown mustard and ‘Nemat’ arugula at 2 moths after cover crop seeding.

Sitei
Stand density,ii plants/m2

(mean ± SE)
Ground cover,iii
% (mean ± SE)

Columbus 85 ± 12 biv 50 ± 6 b
Deming 106 ± 5 b 85 ± 2 a
Las Uvas 32 ± 5 c 5 ± 3 c
Leyendecker 241 ± 14 a 89 ± 2 a
i Sites included commercial fields in New Mexico, USA, near Columbus, Deming, and Las Uvas, and a univer-
sity research farm (New Mexico State University, Leyendecker Plant Science Research Center) near Las Cruces,
NM, USA. For Columbus, Deming, and Leyendecker, n 5 18; for Las Uvas, n 5 12.
ii 1 seedling/m2 5 0.8361 seedling/yard2.
iii Percentage of ground occupied by mustard cover crops determined with 0.25-m2 (0.299-yard2) rectangular
quadrats.
iv Means within a column followed by the same letter are not different according to Fisher’s protected least sig-
nificant difference tests (P # 0.05).
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produced the maximum amount of
biomass in this study (598 g�m–2); the
mustard cover crop at Las Uvas pro-
duced the least amount of biomass
(125 g�m–2). For three sites (Colum-
bus, Deming, and Leyendecker), the
range of mustard cover crop above-
ground biomass at termination was
comparable to previous reports of mus-
tard cover crop biomass production in
regions outside of New Mexico. For
example, brown mustard and white
mustard (Sinapis alba) seeded at
8.9 lb/acre in fall and spring in the
U.S. Great Lakes region had �1605
to 4730 lb/acre of dry aboveground
biomass at termination (Bj€orkman
et al. 2015). Brown mustard seeded
at 7.1 lb/acre in summer in France
had �1965 to 3390 lb/acre of dry
aboveground biomass at termination
(Motisi et al. 2009). However, a
mixture of brown mustard and white
mustard seeded at 19.6 lb/acre in
fall in California had �9800 lb/acre
of dry aboveground biomass at ter-
mination in early spring (Brennan
and Smith 2005), suggesting that
the cover crop seeding and production
procedures in our study did not sustain
maximum levels of mustard cover crop
biomass.

Weed biomass at cover crop
termination was lower at Deming
(0.1 g�m–2) and Leyendecker (0
g�m–2) than Columbus (4.2 g�m–2)
and Las Uvas (5.0 g�m–2; Table 3).
Deming and Leyendecker also fea-
tured relatively high levels of cover
crop ground coverage at 2 months af-
ter cover crop seeding (Table 2),
which suggests early-season measure-
ments of cover crop ground coverage

foreshadow cover crop suppression of
co-occurring weeds at termination. At
sites where the mustard cover crop was
well established (Columbus, Deming,
Leyendecker), weed biomass at cover
crop termination was less than 1% of
mustard biomass. These results were
generally consistent with previous stud-
ies that reported mustard cover crops
were more competitive than weeds
(Bj€orkman et al. 2015; Brennan and
Smith 2005).

In a previous study in Washington
state, white mustard produced 3747 to
4014 lb/acre of aboveground dry bio-
mass by the time of termination (Al-
Khatib et al. 1997). After incorporation
into the soil, the white mustard bio-
mass reduced weed density by 17% at
30 d after planting pea. In the same
study, rapeseed (Brassica napus)
produced 5620 to 7315 lb/acre of
dry biomass, and after incorpora-
tion into the soil, the rapeseed bio-
mass reduced weed density by 34%
in pea (Al-Khatib et al. 1997). In
potato, biofumigation with 3658 to
5175 lb/acre of dry rapeseed bio-
mass reduced weed densities by 73%
to 85% (Al-Khatib et al. 1997).
These results from a previous study
(Al-Khatib et al. 1997) suggest that
mustard cover crops require 3658 to
7315 lb/acre of dry aboveground
biomass at termination to suppress
pests in subsequent cash crops. Accord-
ing to this literature-based estimate for
biomass requirements, and considering
the results of our study, a fall-seeded
mustard cover crop in southern
New Mexico produces enough bio-
mass for biofumigation in early
spring, provided the mustard cover

crop does not experience frost shortly
after seeding.

OBJECTIVE 2: DETERMINE WHETHER

BIOMASS FROM AN OVERWINTER MUSTARD

COVER CROP INHIBITS A WEED, BUT DOES

NOT AFFECT CHILE PEPPER PLANTS

ADVERSELY. At sites where the mustard
cover crop was well established (Co-
lumbus, Deming, and Leyendecker),
incorporated mustard biomass re-
duced the number of viable Palmer
amaranth seeds in the soil (Fig. 2A).
Palmer amaranth seeds that persisted
in soil with mustard biomass had
lower rates of germination than seeds
retrieved from the soil without mus-
tard biomass (Fig. 2B), which sug-
gests that mustard cover crop biomass
induced secondary dormancy of Palmer
amaranth seeds. These results are consis-
tent with previous studies that indicated
1) compounds derived from glucosino-
lates strongly suppressed Palmer ama-
ranth seedling emergence (Norsworthy
and Meehan 2005) and 2) germination
of redroot pigweed was completely in-
hibited by pesticidal compounds analo-
gous to compounds derived from
decaying mustard biomass (Teasdale and
Taylorson 1986).

Under greenhouse conditions,
chile pepper plants grown in soil with
mustard biomass were larger than chile
pepper plants grown in soil without
mustard biomass (Table 4). Mustard-
induced increases in chile pepper plant
size were especially prominent in roots,
as root dry weights were up to 160%
greater in soil with mustard biomass
compared with soil without mustard
biomass. Mechanisms by which mus-
tard cover crop biomass could have
enhanced chile pepper plant growth in-
clude increased soil nitrogen (Brennan
et al. 2013; Weinert et al. 2002), in-
creased soil organic matter (Agarwal
et al. 2022a), reduced soil pH
(Rudolph et al. 2015), and suppression
of soil-borne pathogens (Larkin and
Griffin 2007), including V. dahliae
(Subbarao and Hubbard 1996). Sup-
pression of soil-borne pathogens may
have been an important causal factor
for enhanced plant growth in our study
because chile pepper plants in soil with
mustard biomass did not exhibit symp-
toms of Verticillium wilt, whereas Verti-
cillium wilt symptoms were prevalent in
chile pepper plants grown in soil with-
out mustard biomass (Table 4).

The general absence of phytotoxicity
from mustard biomass in our study was

Table 3. Dry aboveground biomass for a cover crop and weeds co-occurring in
quadrats at cover crop termination.

Sitei

Cover crop ii biomass at termination

Weed biomass at termination,
g�m–2 (mean ± SE)

g�m–2

(mean ± SE)iii
Converted mean

(lb/acre)iii

Columbus 525 ± 33.4 abiv 4,684 4.2 ± 1.87 b
Deming 463 ± 17.7 b 4,131 0.1 ± 0.07 a
Las Uvas 125 ± 13.1 c 1,115 5.0 ± 3.14 b
Leyendecker 598 ± 30.2 a 5,335 0 ± 0 a
i The study was conducted in commercial fields in New Mexico, USA near Columbus, Deming, and Las Uvas,
and at a university research farm (New Mexico State University, Leyendecker Plant Science Research Center)
near Las Cruces, NM, USA. For Columbus, Deming, and Leyendecker, n 5 18; for Las Uvas, n 5 12.
ii The cover crop was a mixture of ‘Caliente Rojo’ brown mustard and ‘Nemat’ arugula.
iii For presentation purposes, data on mustard cover crop biomass were converted to pounds per acre;
1 g�m–2 5 0.0295 oz/yard2, 1 lb/acre 5 1.1209 kg�ha–1.
iv Means within a column followed by the same letter are not different according to Fisher’s protected least
significant difference test [P # 0.05 (mustard biomass)] or Conover’s test that followed a Kruskal-Wallis test
[P # 0.05 (weed biomass)].
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consistent with previous studies that indi-
cated radish (Raphanus sativus) biomass
did not inhibit the emergence of lettuce
[Lactuca sativa (Lawley et al. 2012)],
and white mustard biomass promoted
the growth of onion and celery [Apium
graveoens (Wang et al. 2010)]. However,
greenhouse results in our study were
somewhat inconsistent with results from
a field study by Rudolph et al. (2015).
Rudolph et al. (2015) determined that
brown mustard cover crops seeded in
September and ended in November or
December did not influence vegetative
biomass of chile pepper that was seeded
the following April or May, although

two brown mustard cultivars (Caliente
199 and Pacific Gold) increased fruit
yield for the second of two harvests in
one of two experimental runs. Inconsis-
tent results for mustard effects on chile
pepper between the results of the study
of Rudolph et al. (2015) and our study
may reflect inherent environmental differ-
ences that complicate comparisons be-
tween field and greenhouse studies. Also,
inconsistent results between Rudolph
et al. (2015) and our study may have
been caused by differences in termination
times for the fall-seeded mustard cover
crops. In our study, fall-seeded mustard
cover crops were ended in February or

March, whereas in Rudolph et al.
(2015), fall-seeded mustard cover crops
were ended in November or December.
Thus, the inconsistent results between
Rudolph et al. (2015) and our study sug-
gest that promotion of chile pepper
growth with a biofumigant cover crop is
more likely to occur when the cover crop
is ended 20 to 24 d before chile pepper
seeding, rather than 115 to 134 d before
chile pepper seeding.

The promotional effects of mustard
cover crop biomass on chile pepper plant
size, combined with the inhibitory ef-
fects of mustard cover crop biomass on
Palmer amaranth seed persistence and

Table 4. Shoot fresh weight, shoot dry weight, root dry weight, and Verticillium wilt incidence for chile pepper plants
grown in different soils under greenhouse conditions.

Soil source sitei Soil type

Chile plants 60 d after transplanting,ii giii (mean ± SE)

Fresh shoot Dry shoot Dry root
Verticillium wilt incidenceiv

(% of plants)

Columbus Without mustard biomass 32.9 ± 2.3 av 5.0 ± 0.3 a 1.9 ± 0.2 a 22
With mustard biomassv 41.1 ± 2.5 b 5.7 ± 0.4 a 2.8 ± 0.2 b 0

Deming Without mustard biomass 35.8 ± 5.4 a 6.5 ± 0.9 a 2.8 ± 0.5 a 33.3
With mustard biomass 61.9 ± 6.4 b 10.9 ± 1.1 b 5.5 ± 0.7 b 0

Leyendecker Without mustard biomass 11.8 ± 2.0 a 1.8 ± 0.2 a 0.5 ± 0.1 a 12.5
With mustard biomass 17.7 ± 2.4 b 3.2 ± 0.4 b 1.3 ± 0.1 b 0

i Soil was collected from commercial fields in New Mexico, USA near Columbus and Deming, and a university research farm (New Mexico State University, Leyendecker
Plant Science Research Center) near Las Cruces, NM, USA. At each site, a cover crop mixture of ‘Caliente Rojo’ brown mustard and ‘Nemat’ arugula was grown and
ended with a sequence of mowing and disking. Soil was collected after disking.
ii Two-leaf–stage chile pepper plants were transplanted into pots containing field soil with or without mustard biomass.
iii 1 g 5 0.0353 oz.
iv Symptoms of Verticillium wilt included wilting, foliar chlorosis, and senescence. Verticillium wilt data are percentages of all plants in the indicated combination of soil
type and site. Soil without mustard biomass was obtained from bare-ground plots that were adjacent to plots with the mustard cover crop.
v Means (n 5 18) within a column and site followed by the same letter are not different according to paired t tests (P # 0.05).

Fig. 2. Mustard biomass effects on (A) persistence and (B) germination of Palmer amaranth seeds at three sites in southern New
Mexico, USA (Columbus, Deming, and Leyendecker). At each site, a cover crop mixture of ‘Caliente Rojo’ brown mustard and
‘Nemat’ arugula was grown and ended with a sequence of mowing and disking. After disking, Palmer amaranth seeds in mesh
packets were buried in the soil with and without biomass from the mustard cover crop. After 20 to 24 d, mesh packets were
recovered and seeds tested for viability and germination. Bars are means (n 5 18). Symbols above data points indicate results
from F tests that determined the effects of soil treatment within a site; *P < 0.05, **P < 0.01, and ***P < 0.001.
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seed germination, suggest that biofumi-
gation possibly provides at least two
benefits to chile pepper production: 1)
enhanced crop growth and 2) suppres-
sion of specific crop pests. This two-part
hypothesis needs to be confirmed with
further field studies. In addition to the
cover crop mixture of ‘Caliente Rojo’
brown mustard and ‘Nemat’ arugula,
cultivars and species in the mustard fam-
ily that might be used for biofumigation
in southern New Mexico include
‘Caliente 199’ brown mustard. A previ-
ous study in New Mexico indicated that
an overwinter cover crop of ‘Caliente
199’ brownmustard improved soil qual-
ity by increasing the diameter of stable
soil aggregates (Antosh et al. 2020).
Another previous study in New Mexico
determined that ‘Caliente 199’ brown
mustard generally had greater concen-
trations of glucosinolates than ‘Caliente
61’ brown mustard and ‘Arcadia’
broccoli (Brassica oleracea var. italica),
with glucosinolate concentrations in
‘Caliente 199’ brown mustard signifi-
cantly greater in 1 of 2 years (Rudolph
et al. 2015). Future studies should
compare mustard cultivars, including
Caliente Rojo and Caliente 199 brown
mustards, for their potential as biofu-
migant cover crops supporting chile
pepper production in NewMexico.

Possible benefits from biofumiga-
tion must be balanced against potential
hazards from the mustard cover crop.
Notably, brown mustard cover crops
could increase population densities of
southern root-knot nematode [Meloido-
gyne incognita (Rudolph et al. 2015)]—
a chile pepper pest that reduces fruit
yield. Also, mustard family plants in the
southwestern United States are hosts to
Beet curly top virus and its vector, the
beet leafhopper (Circulifer tenellus)
(Creamer et al. 2003, 2005). If beet
leafhoppers on a mustard cover crop
persist in the local environment after
the cover crop is ended, these leafhop-
pers may transmit the virus to cause
curly top disease in chile pepper. Direct
evidence of Beet curly top virus transfer
from mustard cover crops to chile pep-
per via beet leafhopper is lacking, but
further research is needed.

Conclusion
If seeded several weeks before the

first frost in fall, a cover crop mixture
of ‘Caliente Rojo’ brown mustard and
‘Nemat’ arugula produces enough bio-
mass for biofumigation in early spring

in southern New Mexico, USA. Thus,
biofumigation with a cover crop mix-
ture of ‘Caliente Rojo’ brown mustard
and ‘Nemat’ arugula could be a pest
management technique for chile pep-
per in NewMexico.
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