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HIGHLIGHTS

o Adjusting nitrogen (N) fertilization rates for corn following legumes can reduce N losses.

¢ Including perennial legumes in corn rotations can reduce nitrate-N losses and improve water quality.

e Crop rotations that include three or more years of legumes can be cost-effective.

e Corn-soybean was the most cost-effective, with a net benefit in nitrate-N loss reduction compared to continuous corn.

ABSTRACT. Legumes included in corn-based crop rotation systems provide a variety of benefits to the subsequent crops and
potentially to the environment. This review aims to synthesize available data from the literature on legume N credits and
the effects of crop rotations on water quality, as well as to analyze the cost benefits associated with different legume-corn
rotation systems. We found that there was much variation in reported values for legume N credits to subsequent corn crops,
from both empirical results and recommendations made by U.S. land grant universities. But despite inherent complexity,
accounting for this contribution is critical when estimating optimal N fertilizer application rates as part of nutrient man-
agement. Results from research on the influence of crop rotations on water quality show that including legumes in corn-
based rotation systems generally decreases nitrate-N concentrations in subsurface drainage discharge. Our cost analysis
showed that incorporating legumes in cropping systems reduced N fertilizer and pesticide costs compared to conventional
cropping systems, i.e., continuous corn and corn-soybean rotations, but extended rotations, such as corn-soybean-alfalfa-
alfalfa-alfalfa, are not as profitable as conventional systems in the U.S. Midwest. In comparing continuous corn and corn-
soybean rotations, although their impacts on water quality are not significantly different when using overall means from
the literature data, corn-soybean rotations are more profitable than continuous corn. When using data from papers that
directly compared the two, we found that switching from continuous corn to corn-soybean can provide a benefit of $5 per
kg N loss reduction. The cost analysis methods used could be tailored to any location or management scenario with appro-
priate inputs and serve as a useful tool for assessing cost benefits for other agricultural conservation practices. Legume-
corn crop rotations have the potential to be an effective conservation practice with the ultimate goal of improving water
quality, and, with further research, these rotations could be made even more effective by integrating them into a multi-
practice system.
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his article is part of a collection that provides a sys-

tematic review and evaluation of the performance

and cost-effectiveness of select agricultural con-

servation practices (ACPs) on nutrient and sedi-
ment loss reduction.

Conservation crop rotation (NRCS Code 328) is a practice
that consists of growing a series of crops in the same field over
a given rotation cycle or period of time (USDA-NRCS, 2015).
Conservation crop rotation (crop rotation, for simplicity) can
be one part of nutrient management (NRCS Code 590) sys-
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tems when nitrogen (N)-fixing legumes are included (USDA-
NRCS, 2013). In N fertilizer recommendations, the recom-
mended application rate of N fertilizer may be adjusted for the
given agricultural conditions, e.g., when legumes are grown
prior to other crops such as corn. These fertilizer recommen-
dations attempt to address the discrepancy between the
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amount of N provided by the soil and the amount needed by
crops as closely as possible to reduce excess fertilizer applica-
tions and minimize nutrient losses from agricultural fields.

For corn (Zea mays [L.]), N fertilizer application rate rec-
ommendations can be estimated based on corn grain yields
or on economic returns and can include credits to account for
other sources of N, which ultimately reduce the overall
amount of fertilizer that must be applied (Morris et al., 2018;
Stanford, 1973). Some of these N credits are based on plant-
ing corn in rotation with legumes, e.g., soybeans (Glycine
max [L.] Merr.) or alfalfa (Medicago sativa [L.]), because
legumes can aid in the process of atmospheric N, fixation
and mineralization of N in soils (fig. 1) (Heichel, 1987a;
Vanotti and Bundy, 1995; Gentry et al., 2001). This practice
of growing legume crops in rotation with corn can reduce the
amount of N that must be applied to the subsequent corn
crop, as well as reduce the amount of N available for envi-
ronmental loss, which can potentially improve water quality.

Numerous peer-reviewed research articles and land grant
university (LGU) cooperative extension service publications
have documented the amount of N contributed by different
legumes in rotation with corn. Studies have also assessed the
various other benefits provided by legume-corn crop rota-
tions. Besides their contribution of N to subsequent crops, in-
cluding legumes in rotation systems can increase corn yields
(Attia et al., 2015; Liebman et al., 2008; Ma et al., 2003;
Omay et al., 1998; Peterson and Varvel, 1989; Schepers et
al., 1995; Singer and Cox, 1998), mitigate the yield penalty
of continuous corn cropping (Crookston et al., 1991; Gentry
et al., 2013a; Seifert et al., 2017), improve soil tilth (Karlen
et al., 2006; Lal et al., 1994; N’Dayegamiye et al., 2015),
break cycles of disease (Baumhardt and Anderson, 2006;
Bullock, 1992; Reid et al., 2001; Maloney et al., 1999), con-
trol the growth of weeds (Goplen et al., 2018; Liecbman et al.,
2008), increase soil organic matter content (Havlin et al.,
1990; Karlen et al., 2006; Yusuf et al., 2009), and improve
water quality by reducing nitrate losses (Fox et al., 2001;
Kanwar et al., 2005; King et al., 2016; Owens, 1990; Owens
et al., 2000; Randall et al., 1997; Shipitalo et al., 2013).

In the U.S., extended rotations are generally less widely
practiced than shorter rotations. A two-year annual corn-soy-
bean rotation is the most commonly implemented rotation
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Figure 1. Conceptual diagram of the nitrogen (N) cycle in agricultural
soils as it pertains to crop rotations and the N benefits of legumes
planted in rotation with corn (adapted from NC State University).
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system in the U.S. Corn Belt, a region in the Midwest con-
sisting of mainly the states of Illinois, Indiana, lowa, Minne-
sota, Nebraska, Ohio, South Dakota, and Wisconsin that pro-
duces much of the nation’s corn (Green et al., 2018); 83% of
agricultural land in these states was planted to corn and soy-
bean in 2010 (USDA-NASS, 2010). In Iowa alone, a 2014
survey found that 80% of farmers polled practice this annual
corn-soybean rotation, while only about 19% include a third
crop in their rotation systems (Mine et al., 2014). Addition-
ally, the Iowa Farm and Rural Life Poll reported that just
22% of farmers surveyed used an extended crop rotation sys-
tem in 2018 (ISU, 2019a).

The U.S. Corn Belt, especially intensive corn-soybean
production, is also a large contributor to nutrient loading in
the Mississippi River basin and subsequent eutrophication of
the Gulf of Mexico (David et al., 2010; Piske and Peterson,
2020; Saad and Robertson, 2020), with Iowa contributing on
average 45% of the nitrate load in the upper Mississippi River
basin (Jones et al., 2018). Due to the prevalence of corn-based
cropping systems in the Corn Belt, a key region of the U.S.
in terms of agriculture and water quality, this review is fo-
cused on corn-based crop rotations. Additionally, this review
centers on the inclusion of legumes in corn-based rotations
due to their benefits in terms of yield increases, savings on N
fertilizer, and potential to improve water quality.

The overall objective of this article is to develop a system-
atic understanding of the effectiveness of crop rotation as a
practice of nutrient management for water quality improve-
ment. More detailed objectives are: (1) to compare, integrate,
and synthesize results from peer-reviewed studies conducted
under different experimental settings and site conditions on
legume N credits to corn; (2) to synthesize available infor-
mation on legume-corn crop rotations and water quality to bet-
ter understand how these types of rotations can improve water
quality; (3) to perform a cost analysis for various corn-based
crop rotations, including extended rotation systems, to obtain
general insights on performance-based costs associated with
implementing this conservation practice. Information gained
from this review can be used for the following purposes: (1)
to help inform the selection of legumes and rotation patterns
for N management in corn cropping systems for water quality
improvement; (2) to develop recommendations for cost-effec-
tive conservation practices to be considered for prioritization
when funding agencies are developing their programs;
(3) to support and update the technical content in the USDA
Natural Resources Conservation Service (USDA-NRCS) con-
servation practice standards, as well as help agencies and
organizations document the magnitude of the nutrient pollu-
tion reduction efforts in an area of interest. A summary of
the findings of this review is presented in the Appendix
(https://doi.org/10.13031/13924703.v1).

NITROGEN CREDITS FOR VARIOUS
CROP ROTATION SYSTEMS

Accounting for the N contributed by legumes in crop ro-
tations with corn is one way to practice nutrient manage-
ment. Subtracting legume N credits from the overall recom-
mended fertilizer N application rate reduces the amount of
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excess fertilizer N in the system, which can prevent surplus
N balances and subsequent nutrient pollution from surface
runoff and subsurface drainage from agricultural fields
(Blesh and Drinkwater, 2013; Daryanto et al., 2017; ISU,
2017). The magnitude of N credits may vary based on factors
such as crop type, climate, soil characteristics, and the other
management practices in place, but it is important to account
for legume N contributions in crop rotations so that the opti-
mal fertilizer rate may be applied.

A search of the available literature was performed to
gather information from relevant peer-reviewed research ar-
ticles that studied the N contribution of legumes to corn in
different crop rotation systems. Our literature search was
conducted from late 2019 through early 2020, and the fol-
lowing keywords were used as search inputs for Google
Scholar, JISTOR, PubMed, Web of Science, and Science Di-
rect: legume, N credit, corn/maize, and crop rotation. The
scope was limited to empirical field studies conducted in
North America. Modeling studies, laboratory experiments,
and review papers were not included in our literature pool.
Furthermore, the selected articles must have been peer-re-
viewed, published in English between 1980 and 2019, and
must explicitly estimate and report a N credit value for the
crops under study. While we did not include international
studies in our synthesis of N credit experiments, some perti-
nent results are used as examples in the text.

A search of relevant available university extension ser-
vice publications was also performed to compare experi-
mental N credit data to official LGU recommendations. This
was done by searching the individual online publication da-
tabases of U.S. LGU cooperative extension services for fer-
tilizer N recommendations for corn and specific legume N
credits via each university extension’s website homepage. A
total of 34 LGU publications were found, representing 34
states. Some of these publications were in the form of brief
fact sheets that reported legume N credits as part of fertilizer
recommendations for corn. The reports we found were pub-

lished or revised between 1995 and 2019, and the legume N
credits from these reports were based on each university’s
specific estimation method and data from on-farm studies.
These data gathered from research articles and LGU ex-
tension publications on legume N credits to corn were com-
piled for each species of legume crop for which data were
available, and ranges, medians, and quartiles were deter-
mined. For research articles and LGU publications that pre-
sented a range of values for one legume crop depending on
stand quality or yield, the listed increments within that range
were included as individual data points or, if none were
listed, the minimum and maximum of the range were used.
Some LGUs did not have a recommended N credit to corn
for certain legume crops and were not included in the da-
taset, but those that reported a 0 value N credit were in-
cluded. Legume N credit values of 0 indicate that the amount
of fertilizer applied to succeeding corn crops should not be
reduced to account for the preceding legumes, whereas neg-
ative N credit values (e.g., from Bundy et al., 1993) theoret-
ically represent legumes altering the growing conditions in
such a way that more fertilizer must be applied to the subse-
quent corn crop rather than less. A summary of the reviewed
literature can be found in tables A1 and A2 in the Appendix.
The soybean N credits recommended by the sampled
LGUs ranged from 0 to 50 kg N ha'!, while those determined
empirically ranged from -22 to 210 kg N ha™! (fig. 2). The
LGU-recommended alfalfa N credits ranged from 0 to 213
kg N ha!, while those from experimental data ranged from
8 to 305 kg N ha!. There were much fewer data regarding N
credits of other legumes. The N credit values for field pea
(Pisum sativum) ranged from 22 to 56 kg N ha'! for the LGU
recommendations and from 8 to 26 kg N ha'! for empirical
studies. The LGU recommendations for peanut (Arachis hy-
pogaea) N credits ranged from 22 to 50 kg N ha!, but we did
not find any North American studies that reported a peanut
N credit. However, Ennin et al. (2004) determined the peanut
N credit to corn to be 0 for their site conditions in Ghana,
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Figure 2. Box plots showing the reported legume N credits recommended by U.S. land grant university cooperative extension services (green,
right) and determined empirically by peer-reviewed studies (yellow, left). The 10th percentile is represented by the lower whisker, the 25th per-
centile is represented by the bottom of the box, the median is represented by the line in the middle of the box, the 75th percentile is represented
by the top of the box, and the 90th percentile is represented by the top whisker. There were 23 universities with soybean N credits, 26 with alfalfa
credits, 6 with field pea credits, and 3 with peanut credits (34 universities were included, representing 34 states). There were 18 studies that
reported soybean N credits, 12 that reported alfalfa credits, 2 that reported field pea credits, and 0 that reported a peanut N credit (results from
27 studies were included in the dataset, across 11 U.S. states and 3 Canadian provinces).
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and Bloem and Barnard (2001) found the “nitrogen ad-
vantage” of peanut to corn to be about 7 kg N ha™! at their
research sites in South Africa. Overall median values were
similar between the articles and LGU publications within
soybean and alfalfa N credit datasets. Median soybean N
credits were 43 and 34 kg N ha™! for the experimental data (n
= 120) and the LGU recommendations (n = 30), respectively,
and median alfalfa N credits were 85 (n = 32) and 90 (n =
77) kg N ha’!, respectively. However, it is likely that some
of the LGU values could have been partly based on the re-
sults of one or more of the empirical studies included in the
analysis.

Variation in the values from the empirical data likely re-
sulted from characteristics of the study site, the other agri-
cultural practices in place, and the estimation method used.
Among the studies reviewed here, various methods were
used to calculate resulting legume N credits, but the two
most common were the so-called traditional method and the
difference method (table Al). The traditional method of es-
timating a N fertilizer replacement value (NFRV or FRV) of
legumes to subsequent corn crops involves determining the
amount of N fertilizer needed by corn in a monocropped sys-
tem to achieve the same yield as corn planted following a
legume crop when no N fertilizer is applied (Hesterman et
al., 1987; Reeves, 1994; Shrader et al., 1966). The difference
method involves measuring the fertilizer N response in suc-
ceeding corn crops independently for each crop sequence un-
der many different fertilizer application rates (Lory et al.,
1995; Reeves, 1994; Smith et al., 1987). The difference
method can be seen as producing a more accurate estimate
of legume N contributions because it does not rely on the
assumption that subsequent corn crops will have the same
response to N fertilizer regardless of the preceding crop
(Lory et al., 1995; Reeves, 1994; Smith et al., 1987). The
difference approach is also not compounded by non-N rota-
tion effects, which cannot be directly replaced by any
amount of N fertilizer.

Each U.S. LGU extension service may have a unique
method for estimating legume N credits for use in N fertilizer
rate recommendations, which may explain much of the var-
iation in N credit values reported by the LGUs cited here.
For example, Pennsylvania and Virginia use the yield of the
previous legume crop to calculate its corresponding N credit
for corn (Alley et al., 2009; Beegle, 2015). New York and
South Dakota vary the legume crop’s N credit based on the
number of years following its cultivation in a rotation se-
quence with corn (Ketterings et al., 2003; Reitsma et al.,
2016).

The effects of legume-corn crop rotations on soil and
growing conditions are diverse, so they are generally sepa-
rated into N and non-N “rotation effects” (Bullock, 1992;
Crookston and Kurle, 1989; Hesterman et al., 1987). The
legume N credit in fertilizer N rate recommendations is
mainly based on the amount of N that legumes grown prior
to corn may contribute to following crops (Gentry et al.,
2001; Morris et al., 2018; Nafziger et al., 2004; Smith et al.,
1987). This N contribution primarily comes from the symbi-
otic relationship between the legume plants and rhizobia in
root nodules, which fixes N> from the atmosphere and con-
verts it into a form usable by plants (Heichel, 1987a; Vanotti
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and Bundy, 1995; Gentry et al., 2001). Nitrogen that is taken
up and immobilized in legume plant tissues can then be
transferred to following crops when residues (stems, foliage,
and roots) left in the soil decompose and mineralize
(Heichel, 1987a). Rotating other crops with legumes can also
increase the N fertilizer yield response in the following crops
as well as those plants’ N use efficiency (NUE) (Hesterman
et al., 1987; Peterson and Varvel, 1989; Attia et al., 2015).
Generally, corn planted after legumes produces higher grain
yields and exhibits increased aboveground N uptake com-
pared to continuous corn, mainly due to this N contribution
(Crookston et al., 1991; Gentry et al., 2001; Hesterman et al.,
1987; Hesterman et al., 1986; Schepers et al., 1995).

Climatic and soil conditions of the study area or LGU lo-
cation may also contribute in large part to the variation seen
in the legume N credit values (fig. 2). Studies have found
that climate (De Haan et al., 2017; Francis and Schepers,
1989; Lawlor et al., 2008; Randall and Sawyer, 2008; Ran-
dall and Mulla, 2001), soil physical and chemical character-
istics (Wolkowski et al., 1998), crop type or cultivar (Ash-
worth et al., 2016; Crookston et al., 1991; Harris and Hester-
man, 1990; Kelner et al., 1997; Meese et al., 1991; Yost et
al., 2012), and different farm management practices (Coulter
and Nafziger, 2008; Klocke et al., 1999; Lund et al., 1993;
Meese et al., 1991; Schepers et al., 1995; Yost et al., 2012;
Rembon and MacKenzie, 1997) may affect the amount of N
that legume crops can contribute to subsequent corn crops.

In humid regions, where precipitation rates are high or
soils are not well-drained, some of the N contributed by a
legume crop may be lost by denitrification, leaching into un-
derlying groundwater, or surface runoff (De Haan et al.,
2017; Francis and Schepers, 1989; Hesterman et al., 1986;
Lawlor et al., 2008; Randall and Sawyer, 2008; Randall and
Mulla, 2001). Soils that are well-drained, such as sandy or
coarse-textured soils, are more likely to lose N to leaching
(Wolkowski et al., 1998), so more N fertilizer must be ap-
plied to compensate for this effect and maintain yields, and
legume N credits may be reduced in this case. The rate and
timing of irrigation can also affect the amount of N lost to
leaching (Klocke et al., 1999; Schepers et al., 1995). These
factors need to be considered when adjusting the application
rate of N fertilizer to account for potential losses.

How producers harvest or plow the preceding legume
crop in a legume-corn rotation also matters (Heichel, 1987b;
Kanwar et al., 1997; Lund et al., 1993; Meese et al., 1991;
Weed and Kanwar, 1996; Yost et al., 2012). For example,
harvesting only some parts of the preceding legume crop,
plowing and leaving the plant material to decompose, or em-
ploying a no-till system can preserve the N contributed by
the legumes in the field and provide other benefits, such as
preventing soil erosion (Ashworth et al., 2016; Coulter and
Nafziger, 2008; Heichel, 1987b; Lund et al., 1993; Meese et
al., 1991; Yost et al., 2012).

The type of legume chosen for a rotation sequence with
corn, as well as the length of time of the rotation period, can
have a significant impact on the amount of N contributed by
legumes to the following corn crop (Ashworth et al., 2016;
Crookston et al., 1991; Frankenberger and Abdelmagid,
1985; Kelner et al., 1997; Meese et al., 1991; Yost et al.,
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2012). Each type of legume, whether soybean, alfalfa, pea-
nut, or pea (and their different cultivars) can be more or less
effective at fixing and providing N to the succeeding crop.
For example, Frankenberger and Abdelmagid (1985) found
that more N was mineralized from soybean (Glycine max
[L.] Merr.) and clover (Trifolium alexandrinum Fahl.) resi-
dues than from alfalfa (Medicago sativa [L.]) and cowpea
(Vigna unguiculata [L.] Walp.) residues over the same pe-
riod. The main reason for this is due to differences in the
chemical makeup of crop biomass, namely the ratio of car-
bon (C) to nitrogen in different crop species and plant mate-
rials (Frankenberger and Abdelmagid, 1985; Harris and Hes-
terman, 1990; Heichel, 1987b; Kelner et al., 1997; Meese et
al., 1991), which indicates how quickly the biomass will
likely degrade and release N. The type and cultivar of leg-
ume crop, inoculation with rhizobia, and presence and num-
ber of root nodules may also play a role in the amount of N
contributed by a legume to the following crop (Alvey et al.,
2003; Bagayoko et al., 2000; Frankenberger and Abdelma-
gid, 1985; Meese et al., 1991; Mulvaney et al., 2017; Rus-
selle et al., 1994).

Additionally, corn plants are limited in how efficiently
they can take up and use N in the soil (Harris and Hesterman,
1990; Power et al., 1986; Yost et al., 2012). Some fertilizer
recommendation systems are based on an average N uptake
by corn of about 35% to 75% of plant-available soil N (Cass-
man et al., 2002; Ketterings et al., 2003; Meisinger, 1984;
Stanford, 1973). Other studies have found that the recovery
of N in corn grains can be anywhere from 13% to 45%, and
the amount left unrecovered in the soil may range from 23%
to 64% (Harris and Hesterman, 1990; Kitur et al., 1984; Ol-
son, 1980; Sanchez and Blackmer, 1988; Varvel and Peter-
son, 1990). While there is some evidence supporting the
ability of corn plants to use organic sources of N (Grantham,
2015), organic N may not be used as efficiently as inorganic
N in the forms commonly used for commercial fertilizers
(Hesterman et al., 1987) and would be a relatively small
component, as approximately 99% of N enters the plant in
the form of nitrate (NO;) through mass flow with water
(Havlin et al., 2014).

The compounding factors enumerated above will neces-
sarily impact the amount of N contributed by legume crops
in rotation with corn, and as a result, these factors will influ-
ence the magnitude of the legume N credit for a given crop,
location, or production system. Therefore, these factors
should be taken into account as much as possible when con-
sidering which crop rotation sequence to implement in order
to maximize the conservation and production benefits.

Given the complexity summed up in the simple term “ro-
tation effects,” legume N credits can be difficult to measure
and assign on a field-by-field basis and may not completely
capture the range of benefits provided by legumes in rotation
with other crops. As more research is done on the processes
that govern legume N contributions in crop rotations, more
uncertainty is introduced regarding the practicality of N
credits as a concept. While it may be impossible to devise a
perfect system for providing fertilizer N rate recommenda-
tions, it is still useful to account for site-specific conditions
and agricultural practices like crop rotation when determin-
ing the optimal rate of N fertilizer to apply. Furthermore,
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yield-based approaches and N crediting often seem more
common-sense to producers, and thus more accessible, than
simulation models or lab analyses of soil and plant samples
(Morris et al., 2018). Therefore, attempting to quantify leg-
ume N contributions is valuable in the effort to reduce nutri-
ent losses and subsequent water pollution.

WATER QUALITY BENEFITS FROM

VARIOUS CROP ROTATION SYSTEMS

In addition to the N benefit contributed by legumes to fol-
lowing corn crops, including legumes in extended crop rota-
tion systems can impact surface and subsurface water qual-
ity. Generally, crop rotation systems that include legumes
have been found to reduce nitrate losses compared to cereal
monocultures, such as continuous corn (Fox et al., 2001;
Kanwar et al., 2005; King et al., 2016; Owens, 1990; Owens
et al., 2000; Randall et al., 1997; Shipitalo et al., 2013). The
low C:N ratio of legume residues promotes net N minerali-
zation in the soil, allowing the N immobilized in legume res-
idues to be converted to plant-available forms more slowly
compared to the inorganic N found in synthetic commercial
fertilizers (Frankenberger and Abdelmagid, 1985; Harris and
Hesterman, 1990; Heichel, 1987b; Kelner et al., 1997). This
fact, combined with a reduction in the amount of N fertilizer
that needs to be applied over the whole legume-corn crop
rotation period, can reduce nitrate losses to surface and sub-
surface water resources (ISU, 2017).

A literature search was performed to gather relevant re-
search articles that studied the effects of different crop rota-
tions on water quality. Our literature search was conducted
from late 2019 through early 2020, and the following key-
words were used as search inputs for Google Scholar,
JSTOR, PubMed, Web of Science, and Science Direct: crop
rotation, legume, water quality, corn/maize, runoff, and sub-
surface drainage. The scope was limited to field studies con-
ducted in North America, so modeling studies, laboratory
experiments, and review papers were not included in our lit-
erature pool. This was done to limit the scope to studies that
empirically determined nutrient losses so that the results syn-
thesized here reflect real patterns observed in the field rather
than in the lab or through model simulations. Furthermore,
the selected articles must have been peer-reviewed, pub-
lished in English between 1980 and 2019, and must report
nutrient concentrations, losses, or both for each crop studied
or over whole rotations.

The studies found through our literature search encom-
passed sites across the U.S. and Canada and mainly involved
implementing different crop rotation systems, applying fer-
tilizer at varying rates, and measuring the chemical contents
and amount of subsurface drainage discharge and/or surface
runoff for each crop in the rotation or for whole rotations
(tables A3 through A7 in the Appendix). Some studies also
incorporated other management practices in their evalua-
tions by varying tillage practices and fertilizer type by treat-
ment (e.g., Shipitalo et al., 2013; Weed and Kanwar, 1996;
El-Hout and Blackmer, 1990; Woodley et al., 2018). Meas-
urements of drainage or runoff amount and contents were
then used by the researchers to evaluate the effectiveness of

695



certain cropping systems in reducing nitrate losses from ag-
ricultural fields. Some of the studies also measured other
losses, such as dissolved P or sediments, but this review
mainly focuses on the influence of crop rotation on nitrate
loss because that nutrient had the most data available. In the
process of data extraction from the literature, losses were de-
fined as the reported nutrient loss from each study year or
the annual average of the study period for each crop or crop-
ping system under study. A summary of this literature search
can be found in tables A3 through A7 in the Appendix.

In general, extended crop rotations, especially those that
included legumes, were more effective in preventing N
losses than conventional cropping systems, such as continu-
ous corn or annual corn-soybean rotations (fig. 3) (Blesh and
Drinkwater, 2013; Drinkwater et al., 1998; Kanwar et al.,
2005; Randall et al., 1997; Shipitalo et al., 2013). The mean
subsurface nitrate-N loss for continuous corn was 31.3 kg N
ha! (n =38, SD = 26.8), the mean for corn-soybean was 32.4
kg N ha'! (n = 85, SD = 23.2), the mean for corn-soybean-
wheat was 12.2 kg N ha'! (n = 12, SD = 9.2), the mean for
continuous alfalfa was 22.3 kg N ha'! (n =6, SD =20.2), and
the mean for corn-oat-alfalfa-alfalfa was 13.4 kg N ha'! (n =
64, SD=13.1) (a mean is not given for alfalfa-alfalfa-alfalfa-
corn-soybean-oat because there was only one data point for
this rotation).

In addition, the data from the literature indicated that the
loss of nitrate-N in subsurface drainage discharge was
greater for corn than during periods when fields were
planted to other crops (fig. 4). The mean nitrate loss in sub-
surface discharge for corn years was 30.1 kg N ha'! (n =97,
SD = 25.5), the mean for soybean was 28.9 kg N ha! (n =
37, SD = 22.4), the mean for alfalfa was 13.6 kg N ha'! (n=
38, SD = 15.0), the mean for wheat was 12.3 kg N ha'! (n =
4, SD = 6.8), and the mean for oat was 6.3 kg N ha'! (n =
16, SD =4.2).

160
140
120
100 °

°
80

°

60 —‘7
40

” T —é%é

0 e

Subsurface Nitrate Loss (kg N hat)

cC CS AAACSO Csw A COAA

Figure 3. Box plots showing the reported data from the literature on
the effects of crop rotation on water quality, specifically for subsurface
nitrate-N losses. The 10th percentile is represented by the lower
whisker, the 25th percentile is represented by the bottom of the box, the
median is represented by the line in the middle of the box, the 75th per-
centile is represented by the top of the box, and the 90th percentile is
represented by the top whisker. Cropping systems are labeled with
crops in the order in which they appear in the rotation (C = corn (Zea
mays [L.]), S =soybean (Glycine max [L.] Merr.), A = alfalfa (Medicago
sativa [L.]), W = winter wheat (7Triticum aestivum [L.]), and O = oat
(Avena sativa [L.]). There were 12 studies that reported nitrate losses
for CC, 16 for CS, 1 for AAACSO, 1 for CSW, 4 for A (continuous
alfalfa), and 2 for COAA.
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There was much variation in the findings among the stud-
ies we reviewed. Kanwar et al. (2005) measured a 50% reduc-
tion in flow-weighted nitrate concentrations in subsurface
drainage water for an extended rotation (three years of alfalfa
followed by corn, then soybean, then oats) compared to a con-
ventional corn-soybean rotation (6.4 vs. 12.0 mg L-1). The
Iowa Nutrient Reduction Strategy (ISU, 2017) reported a 42%
reduction in nitrate-N loss for a corn-soybean-alfalfa-alfalfa-
alfalfa rotation compared to conventional cropping systems
from their literature review. De Haan et al. (2017) found that
this effect is partly due to a reduction in residual soil nitrate
content, whereas Blesh and Drinkwater (2013) suggested that
a reduction in overall N balance surpluses could also contrib-
ute to the reduction in field-scale nitrate losses. The results of
a meta-analysis conducted by Daryanto et al. (2017) led those
researchers to suggest that reducing N fertilizer application
rates could also help curtail nitrate losses.

It should be noted that the nitrate losses measured in these
studies were found to occur mainly in the off-season rather
than during the growing season for annual crops (Bakhsh et
al., 2007; King et al., 2016; Olsen et al., 1970; Owens, 1990;
Owens et al., 2000; Syswerda et al., 2012). These off-season
losses due to a lack of actively growing soil cover could po-
tentially be mitigated by cultivating cover crops, especially
legume varieties, during the winter off-seasons between an-
nual summer cash crops (Strock et al., 2004; Askegaard et al.,
2011; De Notaris et al., 2018; Abdalla et al., 2019). Cover
crops could also be included as one of the crops in a rotation
system and may be advantageous when used as pasture for
production systems that include livestock. Implementing an
integrated nutrient management system that incorporates a
combination of legume rotations, appropriate fertilizer appli-
cation rates, cover crops, and other conservation practices may
be more effective in preventing nitrate losses and improving
water quality compared to any stand-alone practice.
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Figure 4. Box plots showing the reported data from the literature on
the effects of crops within a rotation on water quality, specifically for
subsurface nitrate-N losses. The 10th percentile is represented by the
lower whisker, the 25th percentile is represented by the bottom of the
box, the median is represented by the line in the middle of the box, the
75th percentile is represented by the top of the box, and the 90th per-
centile is represented by the top whisker (C = corn (Zea mays [L.]), S =
soybean (Glycine max [L.] Merr.), A = alfalfa (Medicago sativa [L.]),
W = winter wheat ( 7riticum aestivum [L.]), and O = oat (Avena sativa
[L.]). There were 21 studies that reported nitrate losses for C, 12 for S,
6 for A, 1 for W, and 2 for O, for each crop either independently or
within a larger rotation system.
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All of the factors that may influence the amount of N con-
tributed by different legumes to subsequent crops can also im-
pact the magnitude of nitrate losses in legume-corn crop rota-
tion systems. In particular, precipitation (Klocke et al., 1999;
Lawlor et al., 2008; Owens et al., 2000), soil characteristics
(Wolkowski et al., 1998), and the other agricultural manage-
ment practices in place, such as irrigation (Klocke et al.,
1999), tillage (Daryanto et al., 2017; Drinkwater et al., 2000;
Kanwar et al., 1997; Rekha et al., 2011; Shipitalo et al., 2013;
Weed and Kanwar, 1996), and different nutrient management
strategies (Drinkwater et al., 1998; El-Hout and Blackmer,
1990; Fox et al., 2001; King et al., 2016; Lawlor et al., 2008;
Owens et al., 2000; Rekha et al., 2011; Zhu and Fox, 2003;
Woodley et al., 2018), can have a significant impact on the
amount of N available for loss via leaching or runoff.

In addition to reducing the amount of nitrate lost from ag-
ricultural fields, including legume crops in rotation systems
can have other water quality benefits. Limited studies show
that losses of total N, total phosphorus (P), dissolved P, and
sediment in surface runoff and subsurface discharge may
also be reduced by rotating corn with legumes (tables A4
through A7 in the Appendix). For example, King et al.
(2016) found that, during the soybean years in a corn-soy-
bean rotation, total N and dissolved P losses in subsurface
drainage discharge were reduced by an average of 7% and
14%, respectively, compared to corn years, while total P lost
was about the same between corn and soybean years. Simi-
larly, Shipitalo et al. (2013) measured a reduction of dis-
solved P and total P losses in runoff in soybean years by 55%
and 43%, respectively, compared to corn years in a corn-
soybean rotation; average sediment losses were about the
same or more for soybean compared to corn. Pease et al.
(2018), in an extensive edge-of-field network study, found
that total P and dissolved P losses in runoff and subsurface
discharge were generally higher for continuous corn and
lower for corn-soybean and corn-soybean-wheat rotations,
except in the case of dissolved P in runoff, where the average
loss was highest for corn-soybean. We were unable to find
many studies on nutrient and sediment losses from extended
rotations. More research is needed in this area.

Including legume crops in rotation systems, particularly
perennial varieties, can reduce nutrient losses from agricul-
tural fields. Crop rotations have the potential to improve wa-
ter quality by taking up and immobilizing nitrate that would
otherwise be lost to leaching or runoff and by reducing the
overall amount of N fertilizer that must be applied over the
whole rotation period. In addition to the potential N contri-
bution from legumes to following crops, the effects of this
agricultural conservation practice on water quality should be
considered when planning and implementing legume-corn
crop rotation systems.

COST-EFFECTIVENESS AND WATER

QUALITY IMPROVEMENTS
CROP ROTATION COST ANALYSIS

The different factors that influence whether landowners
and operators may adopt alternative crop rotation systems,
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as well as which system they decide to implement, are nu-
merous and complex (Baumgart-Getz et al., 2012; Hoag et
al., 2012; Liu et al., 2018). Technical assistance and educa-
tion on nutrient management practices provided by state and
government programs can aid farmers in the process of im-
plementing these practices and encourage them to do so
(Baumgart-Getz et al., 2012; Hoag et al., 2012; UCS, 2017).
However, overall, system profitability is one of the major
factors influencing a producer’s decision to adopt a certain
management practice, especially in situations where subsi-
dies, tax breaks, and cost-sharing programs are limited
(Baumgart-Getz et al., 2012; Hoag et al., 2012; McComb et
al., 1988). Public and private programs such as these can in-
crease the profitability of nutrient management approaches,
encouraging landowners and operators to adopt such prac-
tices, especially if the crops chosen for a rotation may not
independently generate as much revenue as continuous corn
(Baumgart-Getz et al., 2012; Higgs et al., 1990; Hoag et al.,
2012; Liu et al., 2018; McComb et al., 1988; UCS, 2017).

A simple cost analysis was performed as part of this liter-
ature review to evaluate the relative costs associated with the
implementation of extended legume-corn crop rotations
compared to conventional cropping systems. For simplicity,
and to align with available information, a per hectare cost
was developed for a hypothetical field located within the
state of lowa, alfalfa production with a single cutting each
year was assumed, and conservation tillage practices (tan-
dem disk tilling once per season for annual crops). lowa was
chosen as the example location for this exercise because of
the prevalence of continuous corn and corn-soybean rota-
tions (Mine et al., 2014; ISU, 2019a), the state’s relative im-
pact on water quality in the upper Mississippi River basin
(Jones et al., 2018), and the availability of cost information
through Iowa State University’s “Ag Decision Maker” Farm
Custom Rate Survey (ISU, 2019b).

We included the following practical benefits of legume
rotation effects in our cost analysis: appropriate N fertilizer
application rates estimated for each crop based on economic
return and legume N contributions, a percentage increase in
corn yields following legumes, and a percentage reduction
in pesticide costs for extended rotations. These parameters
were included in our analysis because they account for some
of the important processes associated with crop rotation sys-
tems. Our methods did not take into account tax benefit pro-
grams, government subsidies, or projected inflation, and we
did not attempt to quantify other benefits associated with ex-
tended crop rotations, such as reductions in the farm’s car-
bon footprint or nitrous oxide emissions, or the value of im-
provements in water quality and environmental services.
While these are also important factors to consider when eval-
uating crop rotations, the latter were not as well studied and
incorporate more complex processes than could be repre-
sented in this simple cost analysis.

The conventional cropping systems that were considered
in this cost analysis included continuous monoculture corn
(CC) and a two-year annual corn-soybean rotation (CS), as
these are the most prevalent cropping systems in the U.S.
Corn Belt (USDA-NASS, 2010; Mine et al., 2014; ISU,
2019a). The extended crop rotation systems we evaluated
were a five-year corn (Zea mays [L.])-soybean (Glycine max
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[L.] Merr.)-alfalfa (Medicago sativa [L.])-alfalfa-alfalfa ro-
tation (CSAAA), a five-year corn-oat (4vena sativa [L.])-al-
falfa-alfalfa-alfalfa rotation (COAAA), a three-year corn-
soybean-wheat (Triticum aestivum [L.]) rotation (CSW), and
a six-year alfalfa-alfalfa-alfalfa-corn-soybean-oat rotation
(AAACSO). We also evaluated the relative costs of a con-
tinuous alfalfa cropping system for comparison purposes.

Relevant values for costs, prices, yields, and other in-
puts were gathered from the USDA-NASS and the lowa
State University Cooperative Extension Service. Addition-
ally, pesticide costs and the wheat seeding rate were
sourced from the University of Illinois, the cost of soybean
seeds was sourced from Michigan State University, and the
recommended N fertilizer rate for oats and wheat came
from the University of Minnesota. The use of input infor-
mation from other nearby states to supplement those spe-
cifically for the state of lowa was based on the availability
of data and the location of these states within the region of
interest. More details on the inputs and calculations can be
found in the Supplemental Material (available at
https://doi.org/10.13031/13924703.v1).

Estimated total present costs for individual crops in each
rotation over the course of a 10-year period were subtracted
from estimated gross revenues, resulting in an overall net
revenue value for each cropping system. While our calcula-
tions relied on current statistics for costs, prices, and yields
for the U.S., with some specifically for the state of lowa, the
methods used could be tailored to any location or manage-
ment scenario with appropriate inputs and serve as a useful
tool for assessing relative cost benefits for various crop ro-
tation systems or other agricultural conservation practices.

The results of our analysis showed that costs for N ferti-
lizer and pesticides were reduced in extended rotations, and
revenue from corn was slightly increased due to the positive
effects of legume rotations on corn grain yield (in the Sup-
plemental Material). Our estimated annualized net revenue
was greatest for the corn-soybean rotation, followed by the
continuous corn and corn-soybean-wheat cropping systems,
whereas the extended rotations and continuous alfalfa were
the least profitable (table 1). Our findings are similar to those
from some other studies on the cost benefits of legume-corn
and low-input extended crop rotation systems (De Haan et
al., 2017; Higgs et al., 1987; ISU, 2017; McComb et al.,
1988; Schlegel et al., 2016), which found that continuous
corn and corn-soybean were the most profitable cropping
systems compared to extended legume-corn rotations. How-
ever, this will necessarily depend on the location and the as-

sumptions made regarding input prices and revenues from
crop sales. Both Liebman et al. (2008) and De Haan et al.
(2017) found that the cost benefits of extended rotations and
low-external-input systems could be even more profitable
than traditional cropping systems in certain scenarios.

Numerous studies have been done to determine the prof-
itability of legume-corn crop rotation systems (e.g., De
Haan et al., 2017; Liebman et al., 2008; L&tjonen and Ol-
likainen, 2017; Mallarino et al., 2005). Producers generally
want to increase farm revenues, which means that rotating
corn with a crop that is not marketable, and/or a crop that
takes up time during which more profitable crops could be
grown, is less appealing from an agronomic standpoint. In
general, growing continuous corn and growing corn with
soybeans or other grain legumes that can be harvested and
sold tend to be the most profitable rotation systems based
solely on gross yield profits (De Haan et al., 2017; Higgs et
al., 1987; McComb et al., 1988; Schlegel et al., 2016). How-
ever, when savings on nitrate fertilizer and environmental
benefits are factored in, crop rotations including alfalfa and
other forage legumes often come out ahead (De Haan et al.,
2017; Goplen et al., 2018; McComb et al., 1988; Stanger
and Lauer, 2008).

The profitability of one legume-corn crop rotation system
over another will depend on current markets and the feasi-
bility of growing a certain crop in a given location. This var-
iability is influenced by factors such as local climate, soil
physical and chemical characteristics, the other agricultural
management practices in place, current fertilizer costs, and
current crop prices. One major barrier for farmers in the
adoption of extended crop rotation systems is the large up-
front costs associated with investing in more varied machin-
ery to cultivate a more diversified crop (Higgs et al., 1990;
Reeves, 1994; UCS, 2017). Overall, though, rotating crops
with legumes can reduce the variability in profits year to
year, as well as increase yields of subsequent crops, thereby
reducing potential risk (Bullock, 1992; Lotjonen and Ol-
likainen, 2017; Mallarino et al., 2005; UCS, 2017). Addi-
tionally, including winter legume cover crops in a rotation
system may further reduce N fertilizer costs due to their N
contribution to following crops (Gentry et al., 2013b; Yang
etal., 2019), although seeding would incur its own costs, and
the cover crops may not be marketable if the system does not
include pasture-raised livestock. Ultimately, economic con-
siderations must be made when choosing the type of legume
crop and rotation sequence to provide the best possible con-
servation benefits at a reasonable cost.

Table 1. Summary of equal annualized net revenues (in dollars per hectare per year), calculated over 10 years, and mean annual subsurface nitrate
loss calculated from the literature data for each cropping system (fig. 3). Cost analysis results are based on costs and statistics for Iowa or similar
states in the U.S. Corn Belt. C = corn (Zea mays [L.]), S = soybean (Glycine max [L.] Merr.), A = alfalfa (Medicago sativa [L.]), W = winter wheat
(Triticum aestivum [L.]), O = oat (Avena sativa [L.]). The number of studies for each mean nitrate loss value is shown in parentheses.

Net Revenue Mean Subsurface NO; Loss

Cropping System Definition (8 ha! year™) (kg N ha'' year!)
CS Corn-soybean 141.83 32.4(16)
CcC Continuous corn 81.74 31.3(12)
CSW Corn-soybean-wheat 36.00 12.2 (1)
AAACSO Alfalfa-alfalfa-alfalfa-corn-soybean-oat 8.24 11.8 (1)
CSAAA Corn-soybean-alfalfa-alfalfa-alfalfa -80.51 -
COAAA Corn-oat-alfalfa-alfalfa-alfalfa -99.97 13.441(2)
A Continuous alfalfa -202.66 22.3 (4)

[a] Mean annual nitrate loss for COAA rotation.
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WATER QUALITY AND COST-EFFECTIVENESS

To address the main objectives of this literature review,
we attempted to integrate our cost analysis results with water
quality data from the literature. It is crucial to consider all
costs, benefits, and environmental effects when planning and
implementing agricultural conservation practices to mini-
mize the environmental impacts while optimizing the agro-
nomic benefits for the producer, thereby encouraging more
widespread adoption. Here, we synthesize the results of our
literature search on the effects of crop rotations on water
quality, specifically for subsurface nitrate losses, with the re-
sults of our cost analysis accounting for the agronomic rota-
tion benefits of legumes.

Based on overall means from the literature data, it appears
that the combined agronomic and water quality benefits are
greatest for the conventional corn-soybean rotation (table 1).
Corn-soybean was more cost-effective than continuous corn
in terms of our estimated annual per hectare net revenue,
while the average annual per hectare nitrate loss was about
the same as continuous corn (32.4 vs. 31.3 kg N ha™! year™).
One-way ANOVA showed that the means were not signifi-
cantly different (F(1,121) =0.0474, p=0.828). Although the
subsurface nitrate loss from the AAACSO extended rotation
was the lowest among the cropping systems evaluated here,
it had a much lower net revenue compared to either continu-
ous corn or corn-soybean. Yet the AAACSO rotation was
still more profitable than continuous alfalfa or the CSW ro-
tation. It should be noted that the extended rotation CSAAA
from our cost analysis could not be found in the literature,
although it has been proposed as a viable alternative crop
rotation system (ISU, 2017). In addition, some of the mean
nitrate losses (i.e., for the AAACSO, COAAA, and CSW ro-
tations) were calculated from a smaller number of research
articles than the conventional CS rotation. Therefore, it is
difficult to compare the water quality implications across all
crop rotations mentioned here, and this comparison may not
be definitive. More research is needed on the water quality
implications of extended rotations to provide a larger data
pool from which more definitive conclusions can be drawn.

Using data from reviewed studies that directly compared
the nitrate-N load reductions of different crop rotations with
respect to a conventional baseline (continuous corn), we
found that the mean nitrate-N loss from corn-soybean was
much lower than that from continuous corn (table 2). Mean-
while, the net revenue calculated for corn-soybean from our
cost analysis was much higher than the net revenue for con-
tinuous corn (table 1). From these data, we calculated a cost-
effectiveness value, in $ per kg nitrate-N load reduction, us-
ing the difference between corn-soybean net revenue and
continuous corn net revenue from the cost analysis, and then
divided by the difference between the mean subsurface ni-
trate-N losses from only studies that directly compared the
cropping systems. This calculation produced a negative

“cost” value, which means that revenue is increased while
nitrate-N loss is reduced when switching from continuous
corn to corn-soybean. In other words, corn-soybean yielded
a net benefit (not cost) of nitrate-N load reduction, at $5 per
kg N (table 2). We did not find any studies that directly com-
pared extended crop rotations, so only the comparison be-
tween corn-soybean and continuous corn is included here.

There will necessarily be trade-offs between cost-effec-
tiveness and potential environmental impacts for a given
crop rotation system or any agricultural conservation prac-
tice. More research is needed, especially on extended crop
rotations, to form a more comprehensive understanding of
these trade-offs so that appropriate recommendations can be
made.

MONITORING RECOMMENDATIONS

Various methods were employed in the studies reviewed
to monitor the effectiveness of crop rotation systems. In
those studies that evaluated the effects of legumes on subse-
quent corn yields and N response, N fertilizer application
rate levels were carefully chosen. In addition, corn grain,
stover left in the field after grain harvesting, and/or dry mat-
ter yields were often measured, and plant samples were ana-
lyzed for each crop rotation treatment under study. For future
N response studies, it is recommended that multiple (more
than five) increments of N fertilizer application rate levels
be included to provide more data points for analysis and
more precisely capture the effects of preceding legumes on
subsequent crop yields. It would also be informative to in-
clude more than one type of legume in future studies to com-
pare rotation benefits among different crops under similar
conditions. Including easily measurable legume growth pa-
rameters, such as crop canopy height and residue cover (Kuo
and Jellum, 2002), would also provide more data on the ef-
fects of other management practices on legume N credits.

In studies that evaluated the effects of legumes on water
quality, nutrient concentrations and the amount of subsur-
face drainage discharge, leachate, or surface runoff were
measured for each treatment using different analytical ap-
proaches, and loss metrics were determined for the water
quality parameters under study. Some studies we found in
the literature search employed a modeling or paired water-
shed approach to estimate the effects of crop rotation sys-
tems on water quality (e.g., Puntel et al. 2016), which may
be more feasible than edge-of-field monitoring for multiple
farms and fields. However, the results from modeling and
paired watershed studies were not included in the data pool
for this article because our scope was limited to empirical
field data.

Regardless of the specific techniques used for a given ex-
periment, authors presenting results for crop rotation water
quality studies should consider including quantification (i.e.,

Table 2. Results of cost-effectiveness analysis for corn-soybean with respect to the conventional baseline (continuous corn). Numbers in
parentheses indicate the number of studies that directly compared the cropping systems listed.

Mean Subsurface Percent NO; Load Cost Benefit of NO;
Net Revenue NO; Load Reduction Load Reduction
Cropping System Definition (8 ha! year™) (kg N ha'! year) (%) (S kg N
CcC Continuous corn 81.74 22.0(7) - -
CS Corn-soybean 141.83 9.91 (7) 32.7 5
64(2): 691-704 699



water volume, N concentration, and N load) of loss path-
ways, including subsurface drainage, leaching, and/or sur-
face runoff. They should compare experimental treatments
to a control that is considered conventional, which would
likely be a corn-soybean rotation. It would also be informa-
tive to include more extended crop rotations, such as those
with multiple years of perennial legumes, in such water qual-
ity studies. Including detailed information about these loss
pathways would allow a more complete evaluation of the im-
pact of conservation crop rotations on water quality.

SUMMARY AND CONCLUSIONS

Adjusting the rate at which N fertilizer is applied to agri-
cultural fields is one way to practice nutrient management.
The rate of N fertilizer that must be applied to corn crops
depends on the agricultural conditions in which they are
grown. Fertilizer N that is applied to fields above what the
corn crops require can be lost by leaching, discharge via sub-
surface drainage systems, surface runoff, or other processes,
contaminating nearby water resources and leading to the eu-
trophication of water bodies and degradation of water qual-
ity. Fertilizer N application rate recommendations can be ad-
justed for these agricultural conditions to provide a more ap-
propriate application rate suited to the crop’s needs and
growing conditions. These adjustments may account for the
use of crop rotation as a conservation practice, with one ben-
eficial crop rotation strategy being legume-corn systems.
The N credit that is applied to recommendations for corn in
rotation with legume crops can depend on various growing
conditions, not least of all being which legumes are chosen
for the rotation sequence. These N credits, while sometimes
difficult to estimate for a particular agricultural system, are
important to include in some form to address crop nutrient
requirements while reducing the amount of nitrate pollution
in agricultural watersheds.

The results from the studies and LGU publications eval-
uated in this review showed that there is much variability in
the reported values for legume N credits. Even so, we found
that the empirical values were very similar to the LGU rec-
ommended values across similar study locations, and overall
median values were similar between the empirical studies
and extension publications within soybean and alfalfa N
credit datasets (fig. 2). Median soybean N credits were 43
and 34 kg N ha™! for the experimental data (n = 120) and the
LGU recommendations (n = 30), respectively, and median
alfalfa N credits were 85 (n =32) and 90 (n = 77) kg N ha’!,
respectively, although it is likely that some of the LGU val-
ues could have been partly based on the results of one or
more of the studies included in the analysis.

In addition to the N contribution to succeeding crops, leg-
umes can provide many other benefits when included in ex-
tended crop rotation systems. For example, by improving
soil texture and organic matter content (Havlin et al., 1990;
Karlen et al., 2006; Lal et al., 1994; N’Dayegamiye et al.,
2015), legumes can increase the efficiency with which N is
used by other crops in the rotation. Most importantly, a re-
duced need to apply fertilizer N over the course of the leg-
ume-corn crop rotation sequence, combined with the low
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C:N ratio of legume residues, means that legumes can sub-
stantially prevent off-site migration of nitrate into nearby
water resources (ISU, 2017). Because nitrate leaching losses
have been found to primarily occur during the off-season be-
tween fall and spring, even more nitrate loss reductions may
be realized by including cover crops, including legumes, in
extended rotations (Strock et al., 2004; Askegaard et al.,
2011; De Notaris et al., 2018; Abdalla et al., 2019).

Rotating corn with legumes in an extended rotation sys-
tem can increase yields, save on fertilizer and pesticide costs,
and reduce overall risk compared to conventional cropping
systems. The profitability of crop rotation systems depends
partly on how well-suited a crop is to a certain location,
which is influenced by factors such as local climate, soil
physical and chemical characteristics, the other agricultural
management practices that are in place, and current fertilizer
costs. Profitability will also depend on current agricultural
markets because it may be more difficult to find markets for
non-standard crops in a given area. Additionally, producers
may be less likely to include these non-standard crops in a
rotation if they take up time during which more marketable
crops could be grown. While relatively large initial costs are
associated with establishing a more diversified crop, rotating
corn with legumes in an extended rotation system can be
profitable, especially in production systems that are eligible
for subsidies or other government assistance programs. Even
though economic considerations are just one factor in the
process of agricultural decision making, the total cost in-
volved in agricultural conservation practices is one of the
most important factors to producers when they are evaluat-
ing which practices to implement. The cost analysis methods
used in this review could be tailored to any location or man-
agement scenario with appropriate inputs and serve as a use-
ful tool for assessing the relative cost benefits for other agri-
cultural conservation practices.

In sum, crop rotations must be chosen with care. The suc-
cess of legume-corn crop rotations as a method for reducing
the amount of nitrate lost to the environment will depend on
the given soil and climatic conditions, as well as the other
agricultural management practices in place. While crop ro-
tations potentially carry many environmental benefits, even
more could be realized through the implementation of inte-
grated management strategies that include multiple conser-
vation practices. Employing multiple conservation practices
that work in tandem has the potential to be even more effec-
tive at reducing nitrate losses than any stand-alone practice,
but more research is needed in this area. The information
contained in this review can aid in the selection of conserva-
tion practices in corn cropping systems and help reduce ag-
ricultural nitrate pollution of water resources.
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