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SUMMARY. Vegetable and fruit consumption patterns in the United States indicate
that most people need to eat far more fruits and vegetables to meet the current
nutritional guidelines for a healthy diet. Following these guidelines would require
more than doubling the harvested acreage for fruits and vegetables and could have
serious environmental implications if unsustainable production practices were used.
This situation will likely intensify with population growth and climate change. To
answer the title question (can we grow organic or conventional vegetables
sustainably without cover crops?), this paper focuses on the high-input, tillage-
intensive vegetable production practices in the Salinas Valley of California, a region
often called ‘‘the Salad Bowl of America.’’ This region has a serious problem of
nitrate contamination of the groundwater that occurred as the agricultural systems
here shifted from agronomic to high-value horticultural crops [primarily vegetables
and strawberries (Fragaria ·ananassa)] over the past several decades. This raises
questions about the sustainability of past and current vegetable production
practices and indicates the need for a radical paradigm shift in nutrient manage-
ment. Cover cropping is well recognized as a ‘‘best management practice’’ in
vegetable production systems, but is still relatively uncommon in many of the most
important vegetable production regions in the United States, including the Salinas
Valley. It is argued that cover crops are an essential part of sustainable vegetable
production because they provide a complex suite of unique ecosystem services
during fallow periods that complement best management practices during cash crop
periods. The reasons that cover crops are uncommon here are discussed and three
alternative cover cropping strategies are described to potentially increase adoption
of cover cropping in vegetable rotations. These strategies are focused on reducing
residuemanagement challenges and include a novel strategy to extract the juice from
nitrogen-rich, immature cover crops for use as a liquid organic fertilizer in
subsequent cash crops.

E
very 5 years, the U.S. Depart-
ment of Agriculture (USDA)
releases dietary guidelines to

help Americans choose nutritious
foods to prevent chronic, diet-related
diseases and promote better health.
Nutrient-rich vegetables are a critical
part of this, yet current eating patterns
show that less than 20% of Ameri-
cans eat the recommended amounts

of vegetables (USDA, 2015). This
discrepancy is particularly apparent
for well-known dark-green vegetables
[e.g., kale (Brassica oleraceae var.
acephala), broccoli (B. oleraceae var.
italic), and romaine lettuce (Lactuca
sativa)] and other lesser-known ones
[e.g., purslane (Portulaca oleracea)
and amaranth (Amaranthus sp.)]. If
Americans followed these guidelines,
this would have major implications
for vegetable farmers, and for the
environment where these high-input
and tillage-intensive crops are grown.
For example, Buzby et al. (2006)
estimated that the land devoted to

dark-green vegetables alone would
need to increase from 291,000 to
799,000 harvested acres in the
United States. For perspective, con-
sider the so-called ‘‘Salad Bowl of
America’’ in the Salinas Valley of
Monterey County, CA, which is
one of the most intensive agricul-
tural areas in the world for high-
value vegetable production. About
300,000 acres of vegetables valued
at over $3 billion are produced here
annually (Monterey County Agricul-
tural Commissioner, 2014). There-
fore, the additional area needed to
provide Americans with the recom-
mended guidelines for dark-green
vegetable alone would be more than
twice the annual harvested area for all
vegetables in the Salinas Valley! That is
a lot of land, labor, fertilizer, tillage,
and potential nitrate leaching and
carbon emissions depending on how
these vegetables are grown and
marketed.

Although it is unlikely that di-
etary patterns will shift rapidly toward
increased vegetable consumption, it is
important to consider the broad links
between human and environmental
health (Patz et al., 2000; Wall et al.,
2015), and rigorously address one
of the grand challenges of the 21st
century—the need to produce more
food with low pollution, what some
scientists call ‘‘MoFoLoPo’’ (Davidson
et al., 2015). This is a particularly
daunting task for vegetable farmers
because there is ample evidence that
many of the common, current, and
past vegetable production practices
in regions like the Salinas Valley and
elsewhere are unsustainable. Perhaps
the best evidence of this in California
is in the Salinas Valley’s groundwater
that over decades has become con-
taminated with the nitrates derived
primarily from fertilizers (Harter
et al., 2012). This nitrate problem
and other groundwater problems
(i.e., salt water intrusion from
the nearby Pacific Ocean due to
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overpumping of groundwater) oc-
curred gradually during the shift from
relatively low-input, rain-fed agro-
nomic crops to high-input, irrigated
high-value crops like vegetables and
strawberries (Rosenstock et al.,
2014).

A variety of potential solutions to
address the nitrate leaching problem
and improve groundwater quality
have been proposed, including regu-
lations to reduce nitrogen (N) fertil-
izer use (i.e., fertilizer tax, cap, and
trade programs) (Medellin-Azuara
et al., 2013) and best management
practices (i.e., using appropriate crop
fertilizer templates, efficient irrigation
management, cover cropping) (Di
and Cameron, 2002; Hartz, 2006;
Shepherd and Chambers, 2007).
But solving this complex nitrate prob-
lem is expected to take decades and
require significant changes in agricul-
tural practices. In this opinion paper,
I focus on the potential role of cover
crops in vegetable systems based on
1) my understanding of the scientific
basis for cover cropping, 2)my hands-
on experience in commercial-scale,
for-profit production of vegetables
in the long-term systems experiment
at the organic research farm that I
manage, and 3) my efforts to transfer
our research results to organic and
conventional farmers in the Salinas
Valley for more than a decade. I use
the term ‘‘cover crop’’ broadly to
encompass noncash crops that are
used for a variety of purposes, and
which are sometimes given more spe-
cific terms (i.e., catch crops and green
manures). It is important to highlight
that although the ideas presented are
most likely applicable to intensive,
vegetable production in regions like
the Salinas Valley with a Mediterra-
nean climate (i.e., rainy, mild winters
and warm, dry summers between
about lat. 30� and 45�), they may also
be relevant to intensive vegetable pro-
duction elsewhere.

Clarifying the title question:
Can we produce organic or
conventional vegetables
sustainably without cover
crops?

Before answering the complex
title question, let me clarify it. First,
I am referring to winter cover crops
like cereal rye (Secale cereale) and
brassicas [e.g., mustard (Sinapis

alba)] that are excellent scavengers
of leftover nitrate from previous veg-
etable crops; Meisinger et al.(1991)
highlighted that ‘‘non-legumes are
about three times more efficient than
legumes at reducing N leaching.’’ In
the Salinas Valley, these cover crops
can be grown during the rainy period
(i.e., October to February) when
fields are typically fallow (Brennan
and Boyd, 2012a). Although cover
crop mixtures of N-fixing legumes
and nonlegumes may also be useful,
our research has shown that inte-
grating these mixes with vegetable
rotations is more complex and ques-
tionable due to challenges with weed
suppression and productivity of
the legume component in soils
where there are excessive amounts
of N heading into the rainy winter
(Brennan, 2014; Brennan and Boyd,
2012a; Brennan et al., 2011a,
2011b).

Second, I am referring to
commercial-scale vegetable produc-
tion where there are relatively strict
quality standards (size, color, shape,
etc.). These standards can vary some-
what depending on market fluctua-
tions but apply to the vast majority of
vegetables in the Salinas Valley that are
sold wholesale for national and inter-
nationalmarkets. These cosmetic stan-
dards are typically not as important for
produce that is direct marketed to
local consumers through farmers mar-
kets or community-supported agricul-
tural models (Adam, 2006).

Third, my question refers to
high-value and high-input vegetables
[e.g., lettuce, broccoli, celery (Apium
graveolens var. dulce)] that are tar-
geted for fresh consumption, and
with a few exceptions (i.e., baby leaf
spring mixes) are harvested by hand.
Typical production costs for these
types of vegetables in California often
range from $5000 to $10,000 per
acre (Dara et al., 2012; Tourte et al.,
2015). Given the high value of land
in the Salinas Valley (i.e., $1500 to
$3000 per acre per year rent), rota-
tions are typically focused only on
high-value horticultural crops (i.e.,
vegetables and strawberries), as op-
posed to areas with lower land value
where growers may have more flexi-
bility to rotate high- and lower-value
crops (i.e., agronomic or forage
crops). These high-value systems are
often heavily fertilized and irrigated
to achieve high yields from multiple

vegetable plantings on each field
annually. Furthermore, soil nitrate
levels can be quite high [i.e., >80 mg
nitrate N per gram dry soil (0 to
15 cm depth)] in the fall before the
typical, rainy, winter fallow period
(Jackson et al., 1993). These crops
usually require numerous tillage
passes to ensure a uniform seed bed,
control weeds, break up compaction
from harvest operations, and hasten
decomposition of previous crop resi-
due. It is important to highlight
that although USDA National Or-
ganic Program standards prohibit
specific inputs (e.g., synthetic ni-
trogen fertilizers, conventional pes-
ticides), in many regards, organic
and conventional vegetable farms in
the Salinas Valley are often relatively
similar with regard to nutrient man-
agement practices (i.e., conven-
tional fertilizers are substituted
with pelleted and liquid organic fer-
tilizers in certified organic systems);
this ‘‘conventionalization’’ of organic
agriculture has generated ongoing
academic debate (Buck et al., 1997;
Guthman, 2004; Sutherland, 2013).
The yields of organic and conventional
vegetable systems are oftenquite similar
in the Salinas Valley, and hence the risk
of nutrient leaching losses can be high
in both types of systems (Kirchmann
and Bergstrom, 2001).

Fourth, by ‘‘sustainable’’ I mean
a production system that is profitable,
provides a good quality of life for all
members of the agricultural commu-
nity, and ensures stewardship of our
natural resources (Sustainable Agri-
culture Research and Education,
2010). Another definition of sustain-
ability that I find helpful is ‘‘meeting
current needs in ways that leaves
options for future generations’’
(Denison, 2012). My discussion here
is most relevant to the environmental
stewardship and profitability compo-
nents of sustainability. The title ques-
tion refers to both organic and
conventional vegetables because in
my opinion, agricultural sustainability
is far more complex than whether
a system is conventional or certified
organic.

My answer
Given these clarifications, unfor-

tunately, I do not think that we can
produce high-value and high-input
organic or conventional vegetables
sustainably on a commercial scale, in
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regions like the Salinas Valley, with-
out winter cover crops. The primary
reason that I think cover crops are
essential in vegetable production is
due to their ability to provide a com-
plex and unique suite of critical eco-
system services [e.g., soil carbon
sequestration, beneficial insect con-
servation, weed suppression, ero-
sion control, nitrate retention
(Schipanski et al., 2014)] during fal-
low periods and beyond, that comple-
ment best management practices
during cash crop periods (Hartz,
2006). Integrating cover crops regu-
larly into vegetable rotations can po-
tentially help to facilitate a radical, and
what many would consider a much
needed, paradigm shift in the focus of
many of our agricultural systems. This
shift would entail 1) moving away from
short-sighted thinking that is focused
primarily on cash crops, and toward
long-term, systems thinking that re-
quires a more holistic, intensive man-
agement approach; 2) placing more
emphasis on addressing the causes of
problems than the symptoms; and 3)
greater investment in the soil, water,
and people that are necessary to pro-
duce the crops. I like to think of this
new management paradigm for high-
value crops as ‘‘out of the produce box
thinking.’’ This shift is consistent with
whatDrinkwater and Snapp (2007) call
‘‘an ecosystem-based approach to im-
proving nutrient use efficiency,’’ and
where they highlighted that ‘‘replacing
bare fallows with appropriate cover
crops should be a top priority of nutri-
ent management programs.’’ I often
consider winter cover cropping as a way
to give the soil a ‘‘meaningful rest’’ so
that it can continue to function effi-
ciently during the subsequent cash
cropping periods.

I prefaced my answer to my title
question with ‘‘unfortunately,’’ be-
cause I am well aware of the systemic
and monumental challenges involved
with trying to integrate cover crops
into vegetable systems in regions like
the Salinas Valley. However, the in-
dustry here is extremely innovative and
has made large improvements in re-
source use efficiency in the past.Here is
one example that was highlighted in
the 1990 Crop Report for Monterey
County:

In 1930, 100 gallons of water were
required to produce one head of
lettuce. Now in 1990 it takes about

10 gallons. This large improvement
in water use efficiency did not just
happen. It was the result of long
term water use studies to improve
efficiency, and constantly improv-
ing technology and methods. These
improvements enabled growers to
produce more, while using less
water.

Similar improvements are needed
with nutrient use efficiency in vege-
table systems using a suite of best
management practices including
cover crops. And the 2013 Crop
Report for Monterey County (Mon-
terey County Agricultural Commis-
sioner, 2013) provides evidence of
increasing interest in cover cropping
and other best management practices
here. For example, the report’s cover
includes a photograph of a child
looking through a picture frame sub-
titled ‘‘Stewardship for our Future,’’
andmentions cover crops three times
and highlights them in two photo-
graphs. To my knowledge, this was
the first time ‘‘cover crop’’ or ‘‘soil
health’’ has beenmentioned in a crop
report for this region and illustrates
‘‘out of the produce box thinking.’’
California Food and Agriculture
Code 2279 requires that county ag-
riculture commissioners produce
these annual report to document the
acreage and value of agricultural
products in the county. I believe that
expanding these reports to include
winter cover cropped acres may be
a cost-effective ‘‘social nudge’’ (Thaler
and Sustein, 2008) to encourage the
adoption of this best management
practice. It is encouraging to see that
the 2012 USDA Consensus on Agri-
culture took the unprecedented step
to begin collecting data on cover
cropped acreage which included
10.3 million acres of the 315 million
acres of harvested land (i.e., 3.3%)
(USDA, 2014). This information
combined with studies on cover crop
adoption (Dunn et al., 2016; Singer
and Nusser, 2007) can play an impor-
tant role in understanding how to
increase adoption.

The next important and hard
question is: How do we (i.e., scien-
tists, farm advisors, and consumers)
help farmers in regions like the Salinas
Valley transition to more sustainable
vegetable production systems with
cover crops? Before I propose a po-
tential path forward, in the following
section, I will first explain some

challenges with cover cropping in
the Salinas Valley.

Why is winter cover cropping
uncommon in high-value,
high-input vegetable production
systems?

To my knowledge, there is no
published quantitative data on the
prevalence of cover cropping in the
Salinas Valley; however, satellite im-
ages during the winter provide ample
visual evidence of the lack of vegeta-
tive cover in production fields from
cover crops or cash crops (Fig. 1). It is
estimated that less than 5% of the
vegetable land here is cover cropped
annually (R. Smith, personal commu-
nication). It is important to highlight
that there are several studies that have
documented the lack of cover crop-
ping onmany organic vegetable farms
in California (Bowles et al., 2014;
Bustamante andHartz,2015;Guthman,
2000) and discussed the reasons for
this (Hartz and Johnstone, 2006).
Juggling balls can be a useful analogy
to understand the challenges of cover
cropping (Brennan et al., 2014). To
put this in the context of the Salinas
Valley, imagine that a grower here
needs to produce two vegetable crops
in each field annually between Febru-
ary and October. A red ball can
represent the first crop (broccoli)
and a blue ball can represent the
second crop (romaine lettuce). A
rotation (i.e., juggling pattern) with
these two crops (i.e., balls) requires
skill but is not overly challenging to
achieve. Adding a third ball to this
rotation, a green one that represents
a cover crop, makes the rotation
much more intense and challenging
to manage, and it increases the risk of
dropping a ball (i.e., cash crop fail-
ure). This is particularly true when we
consider the diversity of crops and
fields that the typical grower man-
ages, and the economic pressure they
face due to the high cost of agricul-
tural land rent and the high produc-
tion costs involved. It is important to
highlight that lettuce production
here is often not very profitable
(Hartz, 2002). In my experience,
much of the challenge and risk with
cover cropping in tillage-intensive
vegetable systems is related to cover
crop residue management when fields
are transitioned from a cover crop to
the next cash crop. This is especially
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true with small-seeded vegetables,
where typical planting and cultivation
equipment are not designed to oper-
ate efficiently with cover crop residue
also known as ‘‘trash.’’ Unpredictable
spring rainfall is another important
factor that can delay the incorpora-
tion of cover crop residue and early
spring vegetable plantings and poten-
tially increase the opportunity cost of
cover cropping.

Focusing on ‘‘trash’’ may help
farmers use cover crops to
clean up agricultural systems

A potentially useful approach to
increase cover crop adoption in in-
tensive vegetable systems may be to

develop strategies that minimize the
challenges with large amounts (i.e., 5
to 8Mg�ha–1) of relatively tough cover
crop residue that is typical following
a standard cover crop. This standard
cover cropping approach was used
during the first 8 years of intensive,
commercial-scale vegetable produc-
tion in the ongoing Salinas Organic
Cropping Systems experiment where
the cover crop or fallow systems (Oc-
tober to February/March) were usu-
ally followed by transplanted lettuce
and transplanted broccoli (Brennan
and Boyd, 2012a). As manager and
leader of this experiment, which re-
quired me to do lots of tractor work
during the first several years, I quickly
became frustratingly aware of the seri-
ous challenges of residue management
with the standard cover cropping ap-
proach. For example, while the more
sustainable systems in our experiment
(with frequent cover crops) had several
benefits (e.g., much higher vegetable
yields, improved soil quality), these
benefits were at the cost of 1 month
or more delay in spring vegetable
planting. This delay was necessary to
allow adequate decomposition of the
incorporated cover crop biomass, es-
pecially in the systemswhere a pure rye
cover crop was used; mature rye resi-
due tends to be lower quality than
residue of mustard or legume-rye
mixes (Brennan et al., 2013), which
slows decomposition of the rye relative
to the other cover crops. This oppor-
tunity cost explains the lower cash
cropping intensity of fields that are
cover cropped frequently (i.e., 1.5 to
2 crops per year) vs. those with a bare
winter fallow (2 to 2.5 crops per year)
(Klonsky and Tourte, 2011).

Three innovative cover
cropping strategies for
vegetable systems

The following are three innova-
tive strategies to potentially reduce
the challenges of residue manage-
ment and thus increase the likelihood
of cover crop adoption in vegetable
systems. I envision that growers could
potentially rotate between standard
cover cropping and alternative strate-
gies to optimize nutrient cycling, pest
control, groundwater recharge, and
overall soil health on their farm.

LOW-RESIDUE COVER CROPS IN

FURROW BOTTOMS. This strategy was
developed by University of California

farm advisors to minimize winter run-
off in plastic mulch–covered straw-
berry beds, or winter fallow vegetable
beds (Cahn et al., 2006; Cahn and
Miyao, 2011; Smith and Cahn,
2007). My discussion will focus on
the vegetable system (Fig. 2).

The way this works in fallow
vegetable beds is that in October to
November, a cereal cover crop [i.e.,
rye or winter dormant triticale (·
Triticosecale)] seed is broadcast in
the furrow bottoms at a relatively
high seeding rate followed by a tillage
tool to shallowly incorporate the
seed. Ideally, this occurs just before
rain to promote germination of the
cover crop. About 50 to 60 d after
planting, the cover crop is sprayed
with a broad spectrum herbicide
(i.e., glyphosate) to kill it. By this time,
there is relatively little shoot biomass
(i.e., �1 to 2 Mg�ha–1, oven-dry
weight), which decomposes suffi-
ciently over the next several weeks or
more to allow for standard shallow
tillage (i.e., chiseling of furrow bot-
toms, followed by rolling cultivation
to incorporate residue, and bed shap-
ing) to prepare the bed for spring
planting on the same schedule as if
the field had been bare fallowed.

Compared with bare fallow veg-
etable beds, this low-residue strategy
with a rye cover crop reduced runoff
by 95%, sediment loss by more than
99%, and soluble nutrient N and
phosphorus losses in runoff by 96%
and 95%, respectively (Smith et al.,
2011). These benefits can drastically
reduce the amount of nutrient and
pesticide runoff into the watershed,
and increase groundwater recharge.
However, the low biomass residue is
generally not effective at reducing
nitrate leaching, and thus seems most
appropriate for fields with low to
moderate levels of residual soil nitrate
in the fall, and where there is a high
runoff potential. Due to the challenge
with mechanically killing immature
cereal cover crops, this strategy is also
best suited for conventional systems
where systemic herbicides can be
used. However, it may be possible to
modify this for organic farms by using
mustard cover crops that are relatively
easy to kill mechanically with mow-
ing, tillage, or crimping.Warm season
cover crops [e.g., sudangrass (Sor-
ghum bicolor ssp. drummondii)] are
also showing promise in furrow bot-
toms when they are planted in early

Fig. 1. Satellite images of the Salinas
Valley in Jan. 2015 (top) vs. June
2015 (bottom). The area outlined in
red in the center of the image is the
valley floor where the majority of the
intensive vegetable production
occurs. The green color is indicative of
vegetation cover. Note that during
winter (top), the uncultivated areas
surrounding the valley are greenwhile
the majority of intensively cropped
area lack vegetation and are bare
fallowed. In contrast, green cover
from intensive cropping increases in
summer (bottom), while the area
surrounding the valley dries and has
less green cover. Images are from the
Terrestrial Observation and
Prediction System, Satellite Irrigation
Management Support, and the
National Aeronautics and Space
Administration.
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September, established with drip irri-
gation, and productive until the
weather cools and they are killed by
frost (E.B. Brennan and J.E. Leap,
unpublished data).

Getting access to fields with
a tractor to cultivate weeds on bed
tops or to kill the cover crop is a
major challenge with this strategy, par-
ticularly if there are few dry periods
during the winter. While this strategy
has been promoted for several years,
unfortunately, it has a low adoption
rate presumably because of the cost
(about $100/acre vs. $20/acre for
bare fallowed beds) and lack of per-
ceived short-termbenefits. In contrast,
interest and adoption of low-residue
cover crops in strawberry fields in-
creased markedly in recent winters in
large part due to the development
of a tractor drawn planter at the
USDA-Agricultural Research Service
(ARS) that was loaned out to farmers
along with freemustard seed (Johnson,
2015). It will be interesting to see if
adoption of these relatively low-residue
strategies increases with increasing reg-
ulations of water quality in the Salinas
Valley.

COVER CROPS ON BEDS WITH

REPEATED MOWING. The pioneering
work with nitrate leaching in vegeta-
ble systems in the Salinas Valley
used nonlegume, winter cover crops
planted in two lines on 40-inch beds
(furrow center to center) that are
typically used for vegetables here
(Jackson et al., 1993; Wyland et al.,
1996). Even with moderate amounts
of aboveground, cover crop biomass
production (i.e., 3.7 Mg�ha–1 oven-
dry weight), nitrate leaching was re-
duced by up to 70% compared with
a bare winter fallow (Wyland et al.,
1996). However, incorporatingmod-
erate amounts of cover crop residue
into beds can be challenging, and to
address this, my colleague Jim Leap
and I have been experimenting with
repeated mowing of cover crops on
beds. The rational of this strategy is
that we would be able to produce
moderate amounts of biomass and
therefore reduce nitrate leaching,
but that the biomass would be added
back to the soil surface in smaller
increments than with a standard cover
crop which will make it easier to
incorporate the residue into the soil

when the beds are prepared for the
subsequent vegetable. Presumably,
the live root system could capture
nitrates from decomposing residue
from earlier mowing. Our preliminary
results suggest that cereal rye may be
well suited for this strategy because of
its ability to regrow multiple times
after mowing. The timing of the first
mowing of a mid-October-planted
cereal cover crop would ideally occur
in about mid-December when the
shoot biomass is relatively low (i.e.,
about 2.5 Mg�ha–1, or 30% of poten-
tial season-end biomass of a standard
cover crop) and typically contains
�80% of the total potential N accu-
mulation of a standard cereal cover
crop (Brennan and Boyd, 2012a,
2012b). Mowing would ideally be
done with a flail mower and involve
cutting the cover crop as close to the
bed top as possible (Fig. 3).

Cover cropping on beds with
repeatedmowingmay be a convenient
way for growers to manage evapo-
transpiration by cover crops through
the season as needed so that the cover
crop can result in a net positive water
balance while achieving other impor-
tant cover cropping goals such as
scavenging N, reducing runoff, and
adding organic matter to the soil; the
strategy might also be used with the
larger 80-inch-wide beds with more
rows of cover crop (Brennan and
Leap, 2014). The potential effects of
cover crops on groundwater recharge
in relatively arid regions such as Cal-
ifornia are complex because while
cover crops can protect the soil sur-
face from crusting (Folorunso et al.,
1992), which increases infiltration
and reduces runoff, they also can re-
duce soil moisture via evapotranspi-
ration particularly as they mature.
These tradeoffs have been highlighted
by studies in California and other re-
gions with the standard cover crop-
ping strategy (Gabriel et al., 2012;
Islam et al., 2006; Joyce et al., 2002;
McGuire et al., 1998; Mitchell et al.,
1999, 2015; Unger and Vigil, 1998).

Planting cover crops on beds
allows for mechanical weed control
with blind tillage implements (i.e.,
rotary hoes and tine weeders) in
combination with standard vegetable
cultivation tools. Therefore, lower
seeding rates for cover crops can be
used than those that are often recom-
mended for standard cover cropping
strategies where dense stands and

Fig. 2. Cereal cover crops are broadcast planted in an�8- to 12-inch-wide band in
the furrow bottoms of listed winter fallow vegetable beds and killed with
a conventional herbicide after �50 d of growth. Beds are 40 inches wide from
furrow bottom to furrow bottom and �8 to 13 inches tall. This size bed is the
industry standard for the Salinas, CA, region and are typically reformed before
each vegetable crop. The root systems extending below the furrow are added for
illustration purposes only; 1 inch = 2.54 cm (photo by R.F. Smith, illustration by
E.B. Brennan).
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close row spacing are needed to sup-
press weed growth and seed produc-
tion (Brennan et al., 2011c); lower
seeding rates could potentially in-
crease cover cropping because seed
supplies for popular cereal rye varie-
ties are often limited in California.
Minimizing weed growth during win-
ter cover crops is essential in the
Salinas Valley, because many species
occur year-round and seeds produced
during the winter can increase the
seed bank and eventually increase
weeding costs in subsequent cash
crops (E.B. Brennan, unpublished
data). Ideally, winter cover crops on
beds are established early enough in
the fall to allow for several shallow
cultivations to remove early weed
flushes and minimize the chance of
weed germination latter in the winter
when the soil may be too wet to
cultivate with a tractor.

There are numerous creative
ways that this strategy could be mod-
ified to increase cover cropping in
organic and conventional vegetable
systems. For example, cover crops
could be planted onto beds where
the previous cash crop residue was
mowed but not incorporated into the

soil; however, this would not work for
lettuce and celery, which must be
incorporated before the mandatory
host-free periods to break disease
cycles in some parts of California
(Wisler and Duffus, 2000). Further-
more, harvest operations would need
to be managed carefully to avoid
creating ruts in the field by keeping
heavy equipment off of moist bed
tops, and taking care not to over
irrigate before harvest. In this sce-
nario, the cover crop would germi-
nate and grow alongside the cash crop
regrowth, both which could be re-
peatedly mowed several times as de-
scribed above. This modified strategy
could have many potential benefits:
1) delayed decomposition of the pre-
vious crop residue because it would
be left on the surface rather than
incorporated; 2) protection from soil
erosion and runoff due to the lack of
fall tillage; 3) earlier scavenging of soil
nitrate in the fall due to the presence
of the live root system of the previous
crop and the developing roots of the
cover crop; 4) increased survival of
larval stages of beneficial insects on
previous crop residue left on the soil
surface; 5) reduced seeding rates for

cover crops if the lack of tillage and
presence of the previous crop residue
minimized the germination of a new
flush of weeds. This would likely only
occur in fields where there was metic-
ulous weed control during the pre-
vious crop and therefore few weeds
that survived past harvest; 6) moisture
conservation due to the presence of
surface residue and lack of postharvest
tillage; 7) cost savings due to the lack
of fall tillage.

‘‘SHARPR’’ COVER CROPPING:
SCAVENGE, HARVEST, PROCESS,
REAPPLY. Farmers have used cover
crops to improve the soil and sub-
sequent crop yields for thousands of
years (Pieters, 1927) and in many
regards the typical management of
cover crops inmodern, tillage-intensive
vegetable systems is relatively similar
to how our ancestors used them (i.e.,
fresh biomass is incorporated back
into the soil to enrich the soil and the
subsequent cash crop) (Pieters and
McKee, 1938). I believe that to get
the most benefits from cover crop-
ping and drastically increase their
value in sustainable vegetable sys-
tems, it may be useful to radically
change how we use cover crops in
our modern production systems.
This innovative strategy is an exam-
ple of a new approach to cover crop-
ping, which I believe has potential
particularly in high-value, high-input
vegetable and strawberry systems
(Fig. 4).

The essential idea is to use a non-
legume cover crop like mustard to
scavenge large amounts of residual N
between about October to Decem-
ber, and harvest the shoot biomass
when N uptake has peaked. In the
Salinas Valley, this peak usually occurs
in mid-December for cover crops that
were planted in mid-October to early
November (Brennan and Boyd,
2012b). These cover crops would
ideally be grown on bed tops as in
strategy 2, but with closer between
row spacing (to hasten biomass and
N accumulation), and the biomass
(about 23 Mg�ha–1 fresh weight)
would be harvested with a green chop
or forage harvester to leave relatively
little shoot residue on the bed surface.
At this point, the biomass is typically
extremely succulent with a low car-
bon to nitrogen ratio (9 to 12) and
would contain at least 100 kg�ha–1 N
(Brennan and Boyd, 2012b; Brennan
et al., 2013). The biomass would be

Fig. 3. Cereal cover crops are grown on the tops of winter fallow vegetable beds
and repeatedly mowed to minimize the accumulation of shoot residue. The beds
here are 40 inches wide from furrow bottom to furrow bottom and the cereal rye is
planted in two lines spaced 12 inches apart on the bed top. The root systems
extending below the beds are added for illustration purposes only. Furrow
bottoms and interrow areas are cultivated to control weeds; 1 inch = 2.54 cm
(photo and illustration by E.B. Brennan).
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fed though an industrial-scale screw
press to separate the cover crop juice
from the pulp; this process is already
used to dewater dairy manure. The
pulp would be stored like silage or
composted for application back to the
field latter in the season when it was
convenient (i.e., at the end of the
spring vegetable crop). I estimate that
23 Mg�ha–1 of mustard shoots would
produce �14,000 L�ha–1 of cover
crop juice and that the total N con-
centration of this liquid would be
relatively low (i.e., less than 1%) com-
pared with typical organic liquid fer-
tilizers (i.e., 2% to 5% N) (E.B.
Brennan, unpublished data). The
cover crop juice would be stored,
and processed as needed, for applica-
tion as a liquid fertilizer during the
subsequent vegetable crop through
fertigation. The timing of fertigation
events would be synchronized with
the N demand of the vegetable crop.
This strategy would be a radical
change from the typical approach
where cover crop residue is incorpo-
rated before cash crop planting. As

my colleague Jim Leap says, this may
fix the ‘‘too much at the wrong time’’
issue with cover crops. The lack of
synchronization of cover crop nutri-
ent release from soil-incorporated
residue with vegetable crops nutrient
demand is a common problem with
soil fertility management with cover
crops (Gaskell andSmith, 2007;Gaskell
et al., 2011).

If this strategy is economically
feasible, it could allow us to make far
more efficient use of scavenged nutri-
ents from cover crops in a way that
enhances rather than complicates
production of subsequent vegetable
crops in organic or conventional sys-
tems. Because the residue would be
harvested from the field in December,
the beds could be reworked with
minimum tillage for early vegetable
planting immediately after the cover
crops shoots were harvested. To
achieve an economy of scale, I can
envision that an agriculture service
company would move from farm to
farm with a mobile unit (i.e., forage
harvester, screw press, and silage

bagger) and leave the resulting cover
crop juice and pulp at the farm where
it was produced. I acknowledge that
this strategy may seem impractical to
some readers; however, my prelimi-
nary results and ongoing research is
promising, particularly for organic
systems where liquid organic fertil-
izers (that are often derived from fish
emulsion) are extremely expensive.
The acronym, SHarPR, implies that
this may be a ‘‘smarter’’ and more
precise way to use cover crops.

Should vegetable farms in
regions like the Salinas Valley
be required to cover crop?

During my 15 years of research
on cover crops in the region, I have
often wondered if farmers here
should be required to cover crop
a certain percentage of their acreage,
primarily to reduce nitrate leaching
into a common resource, the ground-
water. While I wholeheartedly sup-
port the increased use of cover crops,
it is important to not blindly consider
them a ‘‘silver bullet’’ on the endless
road to sustainability. Rather, I see
them as one of many important pieces
of this complex sustainable agricul-
ture puzzle that we will always be
trying to solve on a variety of scales.
Cover crop performance is complex,
because it depends on management
aspects that we can control (i.e., cover
crop type, seeding rate, planting date,
planting arrangement, and kill date)
and factors out of our control
(weather). I do not believe that
a ‘‘one size fits all’’ cover cropping
requirement would solve the nitrate
issue in the groundwater. I wish it was
that easy. It is important to highlight
that cover cropping often reduces,
but does not eliminate nitrate leach-
ing in annual cropping systems (Feaga
et al., 2010; Gabriel et al., 2012;
Jackson et al., 1993; Syswerda and
Robertson, 2014). There is still much
research and innovation needed to
figure out how to grow organic and
conventional vegetables sustainably
with cover crops and other best man-
agement practices.

Conclusion
Over the past several decades,

many papers have highlighted the
benefits of cover crops in vegetable
production systems (AbdulBaki et al.,
1996; Brennan and Acosta-Martinez,

Fig. 4. A mustard cover crop is grown on the tops of winter fallow vegetable
beds to scavenge leftover nitrogen (N) from the previous cash crop until N
accumulation peaks in about mid-December. The beds shown here are 40 inches
wide (furrow bottom to furrow bottom) with a dense stand of mustard planted
across the bed top that is �22 inches wide. The high-N, tender shoots are
mechanically harvested and processed through a large screw press to separate the
juice and solids. The solids are processed like silage to make compost and the juice
is stored for use as a liquid fertilizer during the next cash crop; 1 inch = 2.54 cm
(photos and illustration by E.B. Brennan).
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2017; Campiglia et al., 2014; Creamer
et al., 1997; Feaga et al., 2010; Ferris
et al., 2012; Griffin et al., 2000;
Hamido and Kpomblekou-A, 2009;
Hartz, 2006; Heinrich et al., 2014;
Hutchinson and McGiffen, 2000;
Jackson and Harrison, 2008; Jackson
et al., 1993; Mennan et al., 2009;
Morse, 1999; Muramoto et al., 2011;
Putnam and Defrank, 1983; Shennan,
1992; Snapp et al., 2005; Sorensen
and Thorup-Kristensen, 2003; Stivers-
Young, 1998; Sumner et al., 1995;
Thorup-Kristensen, 2006;Wang et al.,
2008; Wang et al., 2005; Weinert
et al., 2002; Wyland et al., 1996) and
yet the practice is still relatively un-
common in many of the more impor-
tant vegetable production regions. I
am optimistic that this situation is
changing and I hope that some of the
novel strategies outlined here can be
part of that change. I acknowledge
that some of the ideas I propose are in
the early stages of evaluation and may
not work. InDarwinian Agriculture,
Denison (2012) argued compellingly
that to find the best ideas to improve
agriculture ‘‘we need to generate as
diverse a bunch of ideas as possible so
that our selection process will have
material to work with.’’ I consider my
SHarPR cover cropping strategy as
one contribution to the diversity of
cover cropping ideas that I hope stim-
ulates discussion and innovation in
this challenging area of agriculture.
Who knows, someday we might be
eating vegetables grown with cover
crop juice!

There are two things that I think
are critical to increase adoption and
innovation of novel cover cropping
strategies in vegetable production.
The first is public farmland where
farmers, farm advisors, and scientists
can work collaboratively to evaluate,
innovate, and fine-tune cover crop-
ping (i.e., juggling) strategies suitable
to the region. This has been possible
at the 25 acres of USDA-ARS organic
research land that I have had the
pleasure to manage over the past 15
years, and which also has the unique
feature of being farmed (for profit) on
a commercial scale, in collaboration
with local farmers. This arrangement
1) helps to offset the high cost of
vegetable and strawberry produc-
tion research, 2) provides an ideal
site for formal field days to demon-
strate novel strategies and equipment,
3) gives scientists like me a realistic

understanding of day-to-day chal-
lenges that farmers face in a variety
of areas (i.e., regulations, market
fluctuations, labor shortages), and
4) complements innovative, and in-
formal observational trials on private
farms in the region. Second, I believe
that effective and efficient communi-
cation of the ‘‘science and art’’ of
cover cropping is critical to help busy
farmers learn about novel strategies
that may work in their systems.
Online videos are an excellent way
to achieve this and there are some
excellent examples on YouTube such
as ‘‘Under Cover Farmers’’ (USDA,
2013) that has received more than
240,000 views in 4 years. Further-
more, a recent search for the keywords
‘‘cover crops’’ and ‘‘vegetable’’ in You-
Tube gave �10,500 videos, with the
top 10 most relevant ones including
four for the home garden scale, and six
for the farm scale spanning from the
Salinas Valley to the east coast of the
United States including four videos by
public universities and two by the
USDA agencies.

The late American writer E.B.
White said ‘‘A good farmer is nothing
more nor less than a handy man with
a sense of humus’’(White, 1944).
Cover crops can help us (farmers,
educators, scientists, and consumers)
to regain and nurture this important
‘‘sense’’ that can help to guide us
forward to develop sustainable vege-
table production systems capable of
producing the nutritious dark-green
vegetables that are necessary for hu-
man health with minimal negative
effects on the environment.
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