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Abstract Nitrogen loss from croplands is a major environ-
mental problem with human health and ecosystem conse-
quences. Cover crops are planted during the fallow period
between cash crops to provide a number of ecosystem services
and are a popular tool for nitrogen reduction. Unfortunately,
on-farm adoption of cover crops in the USA is limited to less
than 2 % of land area in most regions. Naturally occurring
weeds, if left unmanaged between cash crops (i.e., “weedy
fallow”), may provide similar ecosystem services (e.g., nitro-
gen reduction) as cover crops. To test this hypothesis, a meta-
analysis of 17 studies was conducted to compare potential
nitrogen loss (inorganic soil nitrogen or leachate nitrogen)
from fallow annual cropping systems managed with cover
crops, weeds, and bare soil. A potential nitrogen loss response
ratio (e.g., leachate nitrogen from bare soil relative to weedy
fallow) was determined for independent paired observations
in each study, and factors influencing nitrogen loss across all
studies were determined with 95 % bootstrap confidence in-
tervals and meta-regression analysis. Results suggest that po-
tential nitrogen loss from croplands is 60 % greater in bare soil
compared to weedy fallow fields. Cover crops further reduced
potential nitrogen loss by 26 % compared to weedy fallow,
and the nitrogen reduction potential of cover crops (relative to
weedy fallow) likely increases with greater biomass accumu-
lation of the cover crop. While cover crops were more effec-
tive in mitigating potential nitrogen loss, weedy fallow may
provide greater net benefits on a regional scale if there were
fewer barriers to farmer adoption. The weedy fallow strategy
for nitrogen reduction has several potential pitfalls (e.g.,
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propagation of noxious or herbicide-resistant weedy spe-
cies), but this meta-analysis demonstrates that fallow
weeds provide an important ecosystem service and
policy-makers should consider revising conservation in-
centive programs accordingly.
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1 Introduction

Nitrogen fertilization is an essential management practice in
plant-based agriculture, but the loss of nitrogen from croplands
via leaching and volatilization is a significant environmental
problem (Di and Cameron 2002; Xing and Zhu 2000).
Inorganic nitrogen fertilizer, in addition to nitrogen mineralized
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from soil organic matter, lost from agroecosystems in the
Mississippi River basin (MRB) of the USA contributes to hyp-
oxia in the Gulf of Mexico and the contamination of domestic
water supplies (Burkart and James 1999; Power and Schepers
1989). Nitrogen losses have been accelerated in recent years due
to a concurrent increase in artificial drainage of agricultural fields
(e.g., tile drainage) and the number of corn (Zea mays L.) acres in
the MRB (David et al. 2013).

Several management and regulatory strategies are currently
being used to reduce nitrogen loss from croplands, particularly
in the MRB. Some of the common strategies include changes
to fertilizer management (e.g., rate, timing, and placement);
the use of nitrification inhibitors and tile bioreactors; conver-
sion of sensitive cropland to constructed wetlands, buffer
strips, perennial crops, or into the US Department of
Agriculture (USDA) Natural Resources Conservation
Service (NRCS) Conservation Reserve Program; and the use
of cover crops (David et al. 2013). Each strategy has benefits
and drawbacks, but cover crops have received increased atten-
tion from farmers as a nitrogen reduction tool (Myers and
Watts 2015), in part because this strategy is relatively inex-
pensive, does not typically require valuable cropland be re-
moved from production, and may provide a number of other
agronomic benefits (Snapp et al. 2005). Winter cover crops
can reduce nitrogen leaching by as much as 80 % compared to
bare soil (Staver and Brinsfield 1998; Wyland et al. 1996), but
effectiveness depends on many site-specific soil, climatic, and
management factors. Cover crop adoption is increasing every
year in the MRB, but barriers to adoption include cover crop
establishment, seed cost, and the additional time and labor
required to manage the cover crop (Myers and Watts 2015).
Despite the potential for reducing nitrogen loss, cover crops
are used on less than 2 % of total cropland area in the MRB
and nutrient pollution of groundwater and the Gulf of Mexico
is not decreasing (Bryant et al. 2013; David et al. 2013).

While cover crops are helpful, the severity of this environ-
mental problem demands further exploration of strategies for
reducing nitrogen loss from croplands. One potential strategy,
not dissimilar from cover cropping, is the natural regeneration
and growth of ambient weeds between cropping cycles (here-
after called “weedy fallow”; Fig. 1). While this strategy has
received comparatively little attention from researchers and
regulators, its use (intentional or not) can be observed each
spring in fields of the MRB filled with white (7Th/aspi arvense
L.), purple (Lamium amplexicaule L.), and yellow (Sinapis
arvensis L. subsp. Arvensis) flowers (Fig. 2). Although weedy
fallow is likely more common than cover crop use in the MRB
(e.g., greater than 2 % of cropland area), it is not typically
recognized as a formal nitrogen reduction strategy. This lack
of recognition may be due at least in part to a complexity of
social factors (e.g., stigmas and negative attitudes toward the
utility of traditionally weedy species), but there has also been
limited science-based information and discussion about the
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effectiveness of weedy fallow as a nitrogen reduction strategy.
The reluctance to consider weedy fallow as an approach to
nitrogen reduction may be related to the potential pitfalls of
this strategy, which could include the possibility for future
crop-weed interference (direct and indirect) in diversified ro-
tations and the proliferation of noxious weed species or
herbicide-resistant populations. However, if fallow weeds do
provide significant ecosystem services, it may be possible to
explore management options for mitigating any potentially
negative side effects or pitfalls of the weedy fallow strategy.
Quantifying the potential for weedy fallow to reduce nitro-
gen losses has important policy, economic, and environmental
implications for stakeholders in the MRB and elsewhere.
Therefore, the objective of this meta-analysis was to compare
potential nitrogen loss from annual cropping systems between
crop cycles (e.g., winter) when soil was managed bare, as
weedy fallow, or with cover crops. Weedy fallow, as it is
currently practiced, requires little to no farmer time, labor, or
money, which are all significant barriers to cover crop adop-
tion; in the absence of these barriers, weedy fallow may have
greater potential for widespread adoption and net nitrogen
reduction, even if the strategy is not as effective as cover crops
(or other nitrogen reduction strategies) on a per area basis.

2 Meta-analysis methods
2.1 Article search and selection criteria

The influence of fallow period soil management on actual or
potential nitrogen losses from cropland was estimated via sys-
tematic literature review and meta-analysis of data from this
literature. Two literature searches were conducted by using the
Scopus search engines (Elsevier). The first search, targeted
toward nitrogen leaching losses from croplands, returned 37
total results and included the terms “cover crop,” “green ma-
nure,” or “catch crop,” and “leaching,” “nitrogen,” and
“weed” in the title, abstract, or keywords. To increase the pool
of possible studies, the search was broadened to target inor-
ganic soil nitrogen present after the fallow period (as a mea-
sure of potential nitrogen loss) in a second search that included
the terms “cover crop,” “green manure,” “catch crop,” and
“nitrogen,” “nitrate,” or “NO3,” and “weed” in the title, ab-
stract, or keywords. This search returned 262 possible papers.
Search results were then reviewed to identify the presence or
absence of meta-analysis criteria. For inclusion in the meta-
analysis, studies included (1) a measure of potential nitrogen
loss during (i.e., leachate nitrogen) or at the conclusion (i.e.,
inorganic soil nitrogen) of a fallow period in annual croplands
(this included most grain and vegetable crops but excluded
most forages, cellulosic bioenergy crops, and tree fruits) and
(2) a comparison of at least one planted annual cover crop
treatment and a weedy fallow treatment that did not receive
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Fig. 1 Comparison of three possible winter fallow management options
in croplands of the Mississippi River basin including fall tillage and bare
soil fallow (a), weedy fallow (b), and a cereal rye (Secale cereale L.)

any tillage or chemical application to suppress weed growth.
Studies were included regardless of tillage (conservation vs.
conventional tillage) or management (organic vs. convention-
al) system, although conservation tillage and organic systems
were under-represented in the final data set (two studies for
each system). A total of 17 studies fulfilled the search criteria,
most were excluded because the search term weed retrieved
studies examining the role of cover crops in suppressing

(b) cover crops, and ambient pennycress (7hlaspi arvense L.) (¢) and
henbit (Lamium amplexicaule L.) (d) weeds in Illinois. Cover crops

cover crop (c). Photo taken in mid-April 2015 at the University of
Illinois South Farms in Savoy, IL. Cereal rye cover crop broadcast-
seeded September 23, 2014 into standing corn (Zea mays L.)

weeds, not the use of weeds as a treatment comparison to
cover crops. Other studies were culled because the measure
of inorganic soil nitrogen occurred after cover crops and
weeds had been terminated and incorporated into the soil
(the decomposition of residues confounded estimates of po-
tential nitrogen losses).

Leachate nitrogen and inorganic soil nitrogen are un-
doubtedly different measures of potential nitrogen loss.

were planted in late-September 2014, and the photos were taken in late-
April 2015 at PrairiErth Farm and Kinnikinnick Farm near Atlanta and
Roscoe, IL, respectively (photo credits: Ashley Holmes)

SCIENCE & IMPACT
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The former estimates nitrogen concentrations in soil water
beneath or near the bottom of the crop rooting zone via
lysimeter, while the latter typically estimates inorganic
nitrogen in bulk soil within the crop rooting zone via soil
sampling and chemical extraction. Because elevated con-
centrations of inorganic soil nitrogen in the rooting zone
precludes nitrogen leaching deeper in the profile, we
elected to use the former as a proxy for future leaching
potential given the lack of leachate data available within
this literature search (7 of 17 studies eligible for data
extraction). Macdonald et al. (2005) measured both inor-
ganic soil nitrogen and cumulative leachate nitrogen, and
regression analysis of their data suggests a positive corre-
lation between measures (p = 0.003 and r = 0.66).
Moreover, preliminary analysis of data in this meta-
analysis separated by measures of potential nitrogen loss
(leachate nitrogen vs. inorganic soil nitrogen) resulted in
similar trends among soil management treatments (albeit
with larger confidence intervals due to the reduced num-
ber of observations). However, it is important to note that
many soil and environmental factors will influence actual
nitrogen loss via leaching and the relationship between
leachate and inorganic soil nitrogen (e.g., precipitation,
soil texture, soil organic matter content, plant species
and growth stage, and residue cover).

2.2 Data extraction and analysis

Data for leachate or inorganic soil nitrogen, vegetative species
and biomass, and soil texture were extracted from 17 studies
(Table 1). Cumulative fallow period nitrogen leachate was the
preferred response variable and was extracted when available;
otherwise, a single time point estimate of nitrogen leachate or
inorganic soil nitrogen was used. In cases where nitrogen data
were presented graphically, data were extracted by using the Web
Plot Digitizer v. 3.8 (http://arohatgi.info/WebPlotDigitizer). The
species of cover crop and dominant weed species in the weedy
fallow treatment were extracted from each study when available;
cover crop species were later grouped by legumes and
nonlegumes for analysis. In cases where mixtures of cover
crops were planted, the treatment was grouped according to the
dominant species in the mixture (e.g., a mixture of 70 %
nonlegume cover crops and 30 % legume cover crops was
grouped with nonlegumes for analysis). When available, weed
and cover crop biomass data and soil texture data were extracted
from the study, but this was not a requirement for inclusion in the
meta-analysis.

A potential nitrogen loss response ratio was deter-
mined for each treatment in a study as cover crop or
bare soil nitrogen/weedy fallow nitrogen. The natural
log of this response ratio was calculated to linearize
the ratio and improve normality given the small size
of the data set (Hedges et al. 1999). Due to infrequent
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reporting of within-study error, response ratios were
weighted according to the number (1) of reps X sites
x years contributing to a paired mean observation as
Weight = (ncover crop or bare soil X
or bare soil t nweedy) (Adams et al. 1997)

Bootstrap confidence intervals (95 %) were calculated
for mean response ratios of interest (i.e., bare soil, le-
gume cover crops, nonlegume cover crops, and all cover
crops relative to weedy fallow) based on 4999 iterations
by using the “boot” package in R (v. 3.1.3) (Adams
et al. 1997). Response ratios for each group were con-
sidered significant if the bootstrap confidence interval
did not overlap with zero and different from other
groups if their bootstrap confidence intervals did not
overlap. When possible, response ratios and confidence
intervals were backtransformed and reported as a per-
cent change in potential nitrogen loss (leachate or inor-
ganic soil nitrogen) relative to weedy fallow for ease of
interpretation. Lastly, a mixed-effect meta-regression
model was used to explore possible relationships be-
tween the response ratio and cover crop biomass (a
moderator of interest) (metafor package in R v. 3.1.3;
Viechtbauer 2010). Heterogeneity of residuals was de-
termined with a Qp statistic, and influence of the mod-
erator was determined with an omnibus test and O,
statistic, both at a significance level of a = 0.05
(Viechtbauer 2010).

nweedy) / (ncover crop

3 Results and discussion

3.1 Weedy fallow and cover crops reduce potential
nitrogen loss

Potential nitrogen loss was 60 % greater in bare soil
compared to weedy fallow. Cover crops reduced poten-
tial nitrogen loss by 26 % compared to weedy fallow
(Fig. 3). Nonlegume cover crops were more effective
than legumes in reducing potential nitrogen loss, and
the effect was not significantly different between le-
gumes and weedy fallow. Results of this meta-analysis
suggest that weeds are effective nitrogen scavengers
during fallow periods, but not as effective as nonlegume
cover crops. In a similar meta-analysis of cover crops,
Tonitto et al. (2006) found that compared to bare soil,
nonlegume and legume cover crops reduced nitrogen
leaching by 70 and 40 %, respectively. Interestingly,
reduction in potential nitrogen loss by weedy fallow
relative to bare soil (60 %) in this meta-analysis was
greater than the benefits of legume cover crops (40 %)
reported by Tonitto et al. (2006). Thus, evidence sug-
gests that fallow weeds are just as effective as legume
cover crops for reducing nitrogen loss from croplands.
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Fig. 3 Backtransformed mean effect of bare soil, legumes, nonlegumes,
and all cover crop species on nitrogen leachate and inorganic soil nitrogen
(potential nitrogen loss) relative to weedy fallow. Numbers in parentheses
indicate number of observations/number of studies. Error bars represent
backtransformed 95 % bootstrap confidence intervals

3.2 Increasing vegetative biomass may reduce potential
nitrogen loss

Meta-regression of the nitrogen response ratio versus cover
crop biomass did not reveal a significant relationship, likely
due in part to the small number of studies analyzed
(Borenstein et al. 2009). However, visual inspection of the
data suggests a possible negative relationship between cover
crop biomass and nitrogen response ratio. In three of the five
studies where weedy fallow was more effective than cover
crops in reducing potential nitrogen loss (indicated by a natu-
ral log response ratio greater than zero), cover crop biomass
was less than 1.9 Mg ha ' (Fig. 4). In contrast, in all six of the
studies where cover crops were as or more effective than
weedy fallow in preventing potential nitrogen loss (as indicat-
ed by a natural log response ratio less than or equal to zero),
cover crop biomass was greater than 1.9 Mg ha . While not
conclusive, the data seem to suggest a logical relationship
between primary productivity and nitrogen retention with a
critical threshold near 2 Mg ha'. Clark et al. (1997) found
that biomass nitrogen of hairy vetch (Vicia villosa L.) and rye
(Secale cereale L.) winter cover crops increased proportional-
ly with time and that delaying cover crop termination until late
spring (April) was necessary to achieve greater than 2 Mg ha '
biomass.

3.3 Options for increasing the benefits of weedy fallow

Fallow weed biomass is often less than 2 Mg ha ' because the
distribution and abundance of weed seeds in croplands are
heterogeneous and some weed species accumulate compara-
tively small amounts of biomass and corresponding tissue
nitrogen. However, there may be opportunities to manage
the weed seedbank for greater uniformity in the establishment
of beneficial species. For example, eliminating fall weed
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log(potential nitrogen loss
relative to weedy fallow)

04— —

Cover crop biomass (Mg ha'1)

Fig.4 Relationship between log(potential nitrogen loss relative to weedy
fallow) and cover crop biomass. Bubble diameter is proportionate to the
weight of each study in the meta-regression. The largest bubble represents
15 observations from Stivers-Young (1998), and the smallest bubble
represents one observation from Bithell et al. (2012). Qg (test for
residual heterogeneity) = 57.1, p < 0.0001; and Q,, [test of the
moderator (i.e., cover crop biomass)] = 0.002, p = 0.96

management and delaying spring weed management would
allow time for weed seed production and accumulation of
potentially desirable species within a field [e.g., T arvense
L. (pennycress)]. If necessary, a selective herbicide or physical
disturbance (e.g., tillage or mowing) could be used to prevent
seedbank accumulation of noxious or otherwise problematic
weed species. Given the fecundity of most weed species and
the potential for long-term seed viability in the soil (Roberts
and Feast 1973), 1 or 2 years of this passive weed manage-
ment approach would likely be enough to achieve long-term
shifts in weed seedbank abundance and community composi-
tion (Menalled et al. 2001; Davis et al. 2005). Because man-
agement can have long-term impacts on weed seedbanks and
future weed competition (Wortman et al. 2010), management
of fallow weeds would need to be intentional with care taken
to avoid unintended consequences.

A more direct approach to achieving a desirable, abundant,
and uniform weedy fallow community would be to intention-
ally plant weed seed, like pennycress, to supplement the am-
bient weed seedbank. Pennycress is a common winter annual
weed species in the MRB with potential to reduce nitrogen
losses without deleterious effects on future crops. In fact, there
have been recent efforts to commercialize pennycress as a
cover crop and an oilseed bioenergy crop (Sedbrook et al.
2014), so intentionally seeding this weed may be viewed with
less skepticism. Pennycress in the MRB typically germinates
in autumn during crop maturity and senescence; leaves devel-
op from a basal rosette, and cold vernalization is required to
initiate vertical bolting, flower development, and seed produc-
tion the following spring. In most cases, pennycress does not
directly compete with corn, soybean (Glycine max [L.] Merr.),
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or other summer annual cash crops in the MRB. If pennycress
seedbank abundance was supplemented one time and allowed
to annually (or at least occasionally) regenerate, farmers might
be able to achieve the equivalent of a self-reseeding cover crop
(albeit with a traditional weed species) that is easy to manage
and will not directly compete with cash crops. An additional
benefit of increasing the abundance and uniformity of a single
species like pennycress is to increase interspecific weed com-
petition and suppression of undesirable weedy fallow species
(e.g., Cirsium arvense L.).

One could argue that intentionally seeding a weed species
like pennycress is not different from the typical use of cover
crops. In many ways, it is not and the distinction of plants as
weeds is arbitrary, but one advantage of using weedy plant
biotypes versus improved cover crop cultivars is the presence
of dormancy traits in weed seed that could contribute to a self-
reseeding conservation strategy. Indeed, domesticated penny-
cress will germinate in warm soil conditions, but the weedy
biotype will not (Hazebroek and Metzger 1990; Sedbrook
etal. 2014). Most cover crop species that shed seed will likely
compete with subsequent cash crops, but the life history traits
of pennycress make it the ideal self-reseeding cover crop in
summer annual cropping systems. The predictable presence of
nitrogen scavenging plants with minimal effort is the distinct
advantage of the weedy fallow strategy compared to planting
cover crops. However, for the weedy fallow strategy to be
successful, it would be imperative that species allowed to
persist and produce seed did not germinate, grow, and directly
compete with cash crops.

3.4 Limitations of weedy fallow

Evidence from this meta-analysis suggests that, in certain sit-
uations, naturally occurring weeds may provide an important
ecosystem service in croplands. However, this is not to sug-
gest that all fallow weeds should be allowed to persist in a//
cropping systems. The potential benefits of allowing fallow
weeds to persist in the landscape are accompanied by potential
pitfalls that should be carefully considered prior to
implementing this practice.

First, the weedy fallow approach assumes that all crops in
rotation have the same growth cycle (e.g., summer annual).
This is true throughout most of the MRB where the corn-
soybean rotation dominates croplands, but addition of a winter
annual crop like wheat (7riticum aestivum L.) or a perennial
forage crop like alfalfa (Medicago sativa L.) to the rotation
would complicate the weedy fallow strategy. In a diverse ro-
tation with multiple growth cycles represented (which is a best
management practice; Davis et al. 2012), allowing fallow
weeds to persist and possibly reproduce could contribute to
future crop-weed interference. In these cases, cover crops
would be a better nitrogen reduction tool because physiolog-
ical development is more predictable and it is easier to prevent

the unwanted contribution of cover crop “volunteers” to the
seedbank. However, depending on the dominant weed species
in the community, it may be possible to mitigate weed seed
production by mowing, tillage, or herbicide application near
the end of the fallow period. The most competitive and prob-
lematic weeds in corn-soybean systems of the MRB (e.g.,
Amaranthus spp., Setaria spp., and Ambrosia trifida L.) ger-
minate in the late spring and early summer and shed seed prior
to or at the time of harvest; thus, any herbicide applications or
tillage after harvest are directed toward the management of
perennial or winter annual weeds, most of which could be
easily controlled at the end of the fallow period (the following
spring) to prevent direct crop-weed interference.

Future crop-weed interference in diversified rotations could
be especially problematic if the fallow weed community in-
cluded herbicide-resistant populations. Several winter annual
weed species (e.g., T. arvense L., L. amplexicaule L., and
S. arvensis L. subsp. Arvensis) have developed resistance to
one or more groups of herbicides, but none of these popula-
tions have been identified in the MRB where winter annual
crop production is rare (Heap 2016). The lack of winter annual
crop production or associated intensive chemical weed man-
agement during the winter fallow period likely contributes to
reduced selection pressure toward herbicide-resistant winter
annual weed populations in the MRB. The weedy fallow ap-
proach could similarly reduce selection pressure toward resis-
tance and also serve as a refuge for susceptible populations (a
potential genetic tool for mitigating herbicide-resistant weed
populations on a landscape scale).

Weedy fallow could also have indirect negative effects on
subsequent crops. Delayed management of winter annual
weeds may reduce available water and nutrients in resource-
limited environments leading to reduced yield of the subse-
quent crop (Mueller et al. 2013). Similarly, some weed species
(e.g., L. amplexicaule L.) can serve as hosts for pests like
soybean cyst nematode, and weed management at the begin-
ning of the fallow period is recommended to minimize the risk
of infestation and yield loss in subsequent soybean crops
(Werle et al. 2015). The indirect deleterious effects of weeds
on cash crops are a legitimate limitation of weedy fallow, but
many of these limitations also apply to cover crops. For ex-
ample, winter annual cover crop residues (e.g., cereal rye) can
sometimes reduce subsequent cash crop yields due in part to
reduced soil water availability, nitrogen immobilization, cool-
er soil temperatures, allelopathy, or increased pest abundance
(e.g., Sainju and Singh 2001).

One challenge of formalizing weedy fallow as a conservation
strategy is the variability in weed seedbank, establishment,
biomass, and nitrogen recovery among farms. Indeed, the nitro-
gen reduction potential of weeds is likely tied to primary
productivity (e.g., Fig. 4), but the implementation of any conser-
vation practice will result in a range of possible benefits
that are influenced by farmer management and local soil and
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climatic conditions. For example, farmers are incentivized to
grow cover crops through various conservation programs, but
there is no oversight (only recommendations) to ensure that
cover crops are planted early enough or terminated late
enough to achieve desired conservation benefits. Thus, a farmer
could receive incentive payments for seeding a cover crop
at the last opportunity in autumn and terminate at the first
opportunity in spring before the accumulation of any measurable
benefits. Unfortunately, these low biomass cover crop
management scenarios are relatively common despite evidence
that most agronomic and ecological benefits of cover
crops are positively correlated with biomass (Snapp et al.
2005). Evidence from this meta-analysis suggests that ambient
weeds may be a better (or at least comparable) alternative to
low biomass cover crop management (Fig. 4). Results also
highlight the importance of managing cover crops for
increased primary productivity and associated benefits.

Lastly, it is important to note that cover crops, depending
on the species or mixture of species, can provide a number of
benefits beyond nitrogen reduction, including nitrogen fixa-
tion, increased soil organic matter, weed suppression in sub-
sequent crops, and suppression of soil borne diseases (Snapp
et al. 2005). With the exception of nitrogen fixation, many
common weed species of the MRB may have the capacity to
provide some of the same ecosystem services, but there is
currently a lack of research to demonstrate this potential.

3.5 Policy implications and potential impact of weedy
fallow

The results of this meta-analysis and associated management
and policy recommendations run contrary to the conventional
paradigm, where weeds are often viewed and managed as a
pest without utility. As a result, these conclusions will under-
standably be met with skepticism among farmers, researchers,
conservationists, and policy-makers. However, farmers are
often pragmatic, and the opportunity to passively implement
a conservation practice without any additional input of time,
labor, or money may have appeal, especially if it was finan-
cially incentivized through conservation programs.
Nonetheless, stakeholder attitudes toward this concept will
ultimately determine any changes in future behavior; thus,
the concept of weedy fallow as a conservation practice should
be presented to stakeholders with strong supporting evidence,
acknowledgement of the limitations, and awareness of current
attitudes toward weeds and nitrogen pollution issues in
agriculture.

The USDA NRCS Conservation Stewardship Program
(CSP) provides annual incentive-based payments to farmers
for implementing new conservation enhancements or main-
taining existing conservation practices. As the current CSP
manual reads, weedy fallow is not a recognized conservation
practice, but results from this study suggest that it should be
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given consideration (CSP 2015). Two existing conservation
enhancements in the CSP that could potentially be modified to
include weedy fallow are (1) “increase residue levels by 10 %”
and (2) “plant a grass-type cover crop that will scavenge ni-
trogen left in the soil after harvest of a previous crop.”
Unfortunately, living weeds do not count toward a 10 % res-
idue increase in this program. This distinction seems to en-
courage chemical weed management during the fallow period,
despite the conservation benefits of fallow weeds revealed by
this meta-analysis. Results also suggest that weedy fallow
should be given consideration in CSP as a “[plant] that will
scavenge nitrogen left in the soil after harvest of a previous
crop.” While the magnitude of nitrogen reduction in weedy
fallow was less than with cover crops, the data still demon-
strate significant potential for nitrogen loss when weeds are
removed via tillage or herbicides during the fallow period (i.e.,
bare soil).

Given the relative ease of implementing weedy fallow, it
may have greater potential than cover crops for net nitrogen
reduction on a regional scale. Using the response ratios from
this meta-analysis, consider the following scenario of weedy
fallow adoption. If we estimate that the average bare soil fal-
low field in the MRB loses 100 kg N ha ! year ' (60 % greater
than weedy fallow; Fig. 3), we would expect to lose 63 kg
N ha ! year ! from the average weedy fallow field and 47 kg
Nha ' year ' from the average cover-cropped field (26 % less
than weedy fallow; Fig. 3). Therefore, if weedy fallow were
practiced on 4 million ha of cropland in the MRB (assuming a
5 % adoption rate), the net nitrogen reduction relative to bare
soil fallow would be 148 million kg N year ' in the MRB.
Compare this to cover crops, which are currently used on
approximately 1.6 million ha in the MRB (<2 % adoption rate;
Bryant et al. 2013); the net nitrogen reduction of cover crops
relative to bare soil fallow would be 84.8 million kg N year
in the MRB.

4 Conclusion

Cover crops are an effective nitrogen reduction tool that can
provide many additional agronomic and ecological benefits.
Policy-makers and conservationists should continue to pro-
mote and incentivize cover crop use, especially in sandy soils
most susceptible to nitrogen leaching (Gaines and Gaines
1994). However, given the barriers to adoption and relatively
low current rates of cover crop use (Myers and Watts 2015),
weedy fallow may be an alternative nitrogen reduction strate-
gy with a greater potential for rapid on-farm adoption and net
nitrogen reduction from annual cropping systems of the MRB
and elsewhere. Conservation incentive programs should con-
sider revising current policies to encourage farmers to grow all
potentially beneficial fallow plants, including cover crops,
crop volunteers, and weeds.
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