
ART I C L E

A g r o e c o s y s t em s

A grass–legume cover crop maintains nitrogen inputs
and nitrous oxide fluxes from an organic agroecosystem

Alison Bressler | Jennifer Blesh

School for Environment and
Sustainability, University of Michigan,
Ann Arbor, Michigan, USA

Correspondence
Alison Bressler
Email: asbressl@umich.edu

Funding information
NIFA, Grant/Award Number:
2019-67019-29460; NSF Long-Term
Ecological Research Program,
Grant/Award Number: DEB 1832042;
University of Michigan; Michigan State
University AgBioResearch

Handling Editor: Jacob M. Jungers

Abstract

Legume cover crops are central to an ecological nutrient management

approach that can reduce nitrogen (N) losses from agriculture. Diversifying

cropping systems with a legume–grass cover crop mixture could further reduce

N losses by increasing soil N assimilation and synchronizing N mineralization

with N uptake by the following crop. We established four winter cover crop

treatments (crimson clover, cereal rye, clover–rye mixture, and weedy fallow

control) in an organic grain agroecosystem that had been managed for 30 years

with a legume cover crop as the only external N source. We hypothesized that

the legume–grass mixture would provide similar inputs of biologically fixed N2

compared with the sole legume, while reducing N2O emissions during decom-

position following tillage. We measured cover crop aboveground biomass C:N

and clover N2 fixation, soil inorganic N and N2O fluxes throughout the corn

growing season following cover crop tillage, and corn N assimilation at

harvest. Even with a reduced clover seeding rate in mixture, the clover and

mixture treatments had similar fixed N inputs, litter N and C:N, and no differ-

ences in cumulative N2O emissions. During the first peak flux, N2O emissions

were 2–5 times higher in clover and mixture relative to rye and fallow, with no

differences between clover and mixture. There were no treatment differences

at the second N2O peak, which followed the first major rain event. We contex-

tualized these findings by calculating a 6-year partial N mass balance for this

agroecosystem, which was slightly negative (−6.8 ± 0.8 kg N ha−1 year−1)

when accounting for historical mean annual N2O emissions and nitrate

leaching. Overall, N inputs and harvested N exports were approximately in

balance for this legume-based crop rotation, suggesting that the legacy of eco-

logical nutrient management has promoted efficient N cycling. However,

results from our field experiment indicate that short-term N2O flux rates fol-

lowing cover crop incorporation can be high even for a legume–grass mixture.

Additional strategies to reduce soil disturbance are therefore needed to further

tighten N cycling in organic grain agroecosystems.
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INTRODUCTION

The convergence of global climate change with wide-
spread food, energy, and water crises, along with urgent
calls from the international scientific community for
swift and significant reductions in global greenhouse
gas emissions (IPCC, 2019), is motivating a growing
interest in sustainable soil management practices. Excess
nitrogen (N) inputs (e.g., synthetic inorganic N fertilizer
and manure) to agricultural fields contribute to climate
change by increasing nitrous oxide (N2O) emissions
from soils (Eagle et al., 2020). Globally, N2O emissions
released directly from agricultural soils were estimated
to have increased from 1.6 Tg N year−1 in 1990 to
1.8 Tg N year−1 in 2006 (Syakila & Kroeze, 2011) and
are projected to increase by 35% from 2005 to 2030
(USEPA, 2012). In the United States, approximately 75%
of N2O emissions are derived from agricultural soils
(Robertson & Vitousek, 2009; USEPA, 2021). Given the
significant impact of soil management on N2O emissions,
it is critical that farmers employ ecological management
practices that tighten the N cycle, improve soil quality,
and reduce N losses (Drinkwater & Snapp, 2007).

Ecological nutrient management applies principles
from ecosystem ecology to manage ecological interactions
to achieve both crop production and sustainability
(Drinkwater & Snapp, 2007, 2022). Ecological practices pro-
vide an alternative to input intensive management, for
instance, by replacing synthetic fertilizer N with legume N2

fixation within crop rotations (Blesh & Drinkwater, 2013).
Legumes can be added to crop rotations as cover crops,
which are unharvested crops that are typically planted in
the fall and terminated in the spring in temperate
agroecosystems. Cover crops have potential to increase
functional diversity to provide a broad suite of ecosystem
services in grain agroecosystems with minimal disruption
of typical grain rotations or reductions in yield (King &
Blesh, 2018; Rodriguez et al., 2021; Snapp et al., 2005).

Cover crops can reduce N losses from agroecosystems
because they recouple carbon (C) and N cycles. For exam-
ple, cover crops increase the length of time during which
photosynthesis is occurring throughout the year, increas-
ing C and N entering soil organic matter (SOM), thereby
increasing SOM stocks (King & Blesh, 2018; McDaniel
et al., 2014; Poeplau & Don, 2015). Furthermore, legume
cover crops can reduce or replace synthetic N fertilizer
inputs through biological N2 fixation (BNF) carried out by

symbiotic bacteria. Compared with synthetic N fertilizer
inputs, legume N sources can better balance N inputs to
fields with N exported in harvested crops, reducing N sur-
pluses and potential for loss (Blesh & Drinkwater, 2013).
Legume biomass inputs provide an energetically favorable
substrate that can stimulate microbial activity, increasing
both internal N cycling and storage, which can result in
lower N losses (leaching and denitrification) compared
with synthetic N fertilizer inputs (Drinkwater et al., 1998;
Kallenbach et al., 2015; Syswerda et al., 2012).

Despite these benefits compared with synthetic
fertilizer N, when compared with other functional types of
cover crops that scavenge more soil N, sole stands of
legumes can result in greater N losses to the environment
(Alluvione et al., 2010; Huang et al., 2004; Millar et al.,
2004; White et al., 2017). As a result, there is growing inter-
est in planting mixtures of grasses, such as cereal rye, with
cover crops in the legume family to simultaneously
enhance multiple ecosystem functions (Blesh, 2017;
Hayden et al., 2014; Poffenbarger et al., 2015; Snapp et al.,
2005; Wood et al., 2015). In a legume–grass cover crop mix-
ture, the legume provides a N source through BNF, while
the grass enhances soil N retention and recycling, and
other functions such as weed suppression. Rather than
maximizing one function at the cost of others, legume–
grass mixtures can supply multiple functions at thresholds
that meet management goals for sustainability (Blesh,
2017; Kaye et al., 2019). Additionally, the functions pro-
vided by legumes can be enhanced in mixtures with grasses
compared with monoculture stands. Legumes generally
allocate less photosynthate to BNF if sufficient
plant-available N is already present in soil. Through
competition for soil N with grasses, legumes respond by
increasing the energy-intensive processes needed to fix N2,
increasing BNF rates per plant (Hogh-Jensen & Schjoerring,
1997; Jensen, 1996; Li et al., 2016). This could result in
similar BNF inputs from legumes planted at half rate in
a mixture compared with sole legume cover crops, while
also providing ecosystem functions from grasses.

Past experiments have found differences in N2O emis-
sions between different cover crop functional types,
suggesting that legumes produce higher emissions than
grasses. For example, in their meta-analysis, Basche et al.
(2014) found that out of 106 observations from 26 publica-
tions, 40% of fields with cover crops had lower N2O emis-
sions than fields with no cover crop, while 60% had
increased emissions. Generally, higher N inputs to soil
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lead to higher Nmineralization rates during decomposition,
and thus higher N2O losses (e.g., Han et al., 2017). In the
context of cover crop N inputs, Basche et al. (2014) found
that legumes, which supply new fixed N to agroecosystems,
can result in higher N2O emissions than nonlegume cover
crops that assimilate greater quantities of soil N. However,
this meta-analysis only included six observations for
agroecosystems with legume cover crops as the only
N source (Basche et al., 2014), limiting our ability to general-
ize these results. Given these limited data and the high vari-
ability of N2O emissions within treatments and over time,
there is a need for further study in organic agroecosystems
that depend on legume N sources. Even fewer studies
have quantified N2O emissions from legume–grass mixtures.
By increasing the C:N and molecular diversity of organic
compounds entering soil from litter (Finney et al., 2016;
Kallenbach et al., 2019), legume–grass mixtures have the
potential to slow down N mineralization early in the
growing season and improve synchrony between minerali-
zation and crop N assimilation, reducing N losses while still
providing substantial N to future crops.

To better understand N cycling dynamics with a
legume–grass cover crop mixture, we planted an experi-
ment testing a crimson clover–cereal rye mixture com-
pared with clover and rye grown alone within the
organic management system at the Kellogg Biological
Station (KBS) Long-Term Ecological Research (LTER)
site. The cover crop mixture treatment represents an
increase in both species diversity and spatial diversity of
cover crops in this cropping system, which had been
managed for 30 years with winter cover crops of red clo-
ver frost-seeded into winter wheat and annual rye follow-
ing corn harvest. In this agroecosystem, red clover BNF is
the only external N source. Our hypothesis was that the
crimson clover–cereal rye mixture would produce the
highest biomass due to complementary traits and interac-
tions between rye and clover. We also expected similar
legume N2 fixation inputs between the mixture and
clover treatment due to higher rates of BNF when clover
was competing with rye for soil N. We hypothesized that
the mixture would increase the C:N of litter inputs com-
pared with the clover treatment and slow litter decompo-
sition, improving synchrony between soil inorganic N
availability and corn N assimilation, and reducing overall
N2O emissions throughout the three-month growing
season. Although better synchrony may reduce N losses,
we expected that corn N assimilation would decline as
C:N ratios increased from clover to mixture to rye, reduc-
ing potential N mineralization. Finally, we expected the
six-year, partial N mass balance for the site to indicate
that N inputs from BNF approximately balance N
removal in harvested crops given its long history of eco-
logical nutrient management.

METHODS

Site description and experimental design

We conducted our experiment from 2019 to 2020 in
subplots of the biologically based (i.e., certified organic)
cropping system in the Main Cropping System
Experiment (MCSE) (replicates 1–4) of the KBS LTER
site (latitude/longitude: 42�1402400 N, 85�1402400 W; eleva-
tion: 288 m). The site has been managed with a corn,
soy, wheat rotation since 1989, with an average tempera-
ture of 9.2�C and an average rainfall of 933 mm year−1.
The site resides on a glacial outwash plain. The soils
are well-drained loam, sandy loam, and sandy clay loam
in the Kalamazoo and Oshtemo series (Crum & Collins,
1995). Aside from atmospheric deposition, the only N
inputs at this site since 1989 have been from legume N2

fixation by medium red clover (Trifolium pratense L.),
which is frost-seeded into winter wheat every three years,
and soybeans (Glycine max L.), which are planted every
three years. The rotation also includes a cereal rye (Secale
cereale M.Bieb) overwintering cover crop planted after
corn and incorporated before soybean.

The experiment had four treatments, which were
planted on 31 July 2019, in a randomized complete
block design with four blocks. Treatments were planted
using a grain drill in 3.1 × 12.2 m plots: (1) cereal
rye (S. cereale L., seeding rate: 100.9 kg ha−1), (2) crimson
clover (Trifolium incarnatum L., seeding rate: 16.8 kg ha−1),
(3) rye/clover mixture (seeding rate: 50.4 kg ha−1 rye,
9.0 kg ha−1 clover), and (4) a weedy fallow control. Seeding
rates were determined based on recommendations from
Michigan State University Extension. The cover crops
overwintered, and all four treatments were rototilled into the
soil on 26 May 2020. Viking Organic Seed Corn Brand
(O.84-95UP) Variety (A1025726) was planted on 1 June
2020 at a rate of 12,950 seeds ha−1.

N assimilation in cover crop biomass and
corn grain

We sampled aboveground biomass (cover crops and
weeds) from all treatments prior to tillage on 26 May
2020 in one 0.25-m2 quadrat placed randomly in each
replicate plot avoiding edges. We harvested corn on
28 October 2020. To reduce edge effects, we sampled
corn from the middle 8.5 m of the plots. Using a Kincaid
8XP Plot Combine (Kincaid Manufacturing, Haven, KS),
we measured grain yield and moisture using the
onboard Mirus Harvest Master computer software
(Juniper Systems, Logan, UT) from the middle two rows
(1.5 m) of each treatment. From the combined bin, we
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collected a grain subsample for chemical analysis. Cover
crop shoot biomass and corn grain were dried for at
least 48 h at 60�C and weighed. Shoot biomass was
coarsely ground (<2 mm) in a Wiley mill and corn grain
was ground to the consistency of flour before being ana-
lyzed for total C and N by dry combustion on a Leco
TruMac CN Analyzer (Leco Corporation, St. Joseph, MI).
We calculated corn grain and cover crop N assimilation
(in kilograms of nitrogen per hectare) by multiplying grain
yield or cover crop aboveground biomass (in kilograms per
hectare) by %N.

N2O flux from incorporation of cover crops
to corn maturity

We used the static chamber method (Kahmark et al.,
2018) to measure N2O for three months following till-
age of all treatments (cover crops and weedy fallow).
Stainless steel cylinders (28.5 cm in diameter) fitted
with lids sealed by O-rings served as airtight static
chambers. In each plot, we measured N2O every few
days after cover crop incorporation and then every
two weeks over 91 days for a total of 13 sampling
events. Specifically, we sampled N2O more frequently
over the first two weeks after tillage to capture the
initial flux following soil disturbances from tillage
(26 May) and mechanical weed control (8, 9, and
12 June). We also sampled after early season rain
events (29 May, 9–12 June, and 22–23 June) to cap-
ture emission peaks. Once corn began to grow in late
June, we sampled every two weeks for the remainder
of the summer, which matches the typical sampling
frequency at this experimental site, with the last sam-
pling event occurring on 27 August. This sampling
schedule aimed to capture the main episodes of N2O
flux from tillage and subsequent decomposition of
organic matter.

Static chambers were installed in the soil at least a
day before each sampling event to reduce the effect of
soil disturbance on emissions data. On each sampling
date, lids were secured over each chamber between
10 am and noon. Immediately after closing the cham-
ber lids, 10 mL of gas samples were extracted with a
syringe from a rubber septum port every 20 min for an
hour (0, 20, 40, and 60 min). Samples were later ana-
lyzed for N2O using a gas chromatograph equipped
with an electron capture detector (Agilent, Santa
Clara, CA). The internal volume was measured for
each chamber and used to calculate the change in
headspace N2O concentration over 60 min. Each set of
data points was screened for nonlinearity and then the

rate of change over time was analyzed using linear
regression.

Soil sampling

In June 2019, we collected composite baseline soil sam-
ples (10, 2 × 20 cm cores per plot) prior to planting corn
in July. Soil was air-dried and total soil C and N were
measured by dry combustion on a Leco TruMac CN
Analyzer (Leco Corporation, St. Joseph, MI, USA).
Beginning the day after tillage on 27 May 2020, we sam-
pled soil for analysis of inorganic N (NH4

+ + NO3
−) near

the static chambers every two weeks for the duration of
the 91-day N2O sampling period. Within 1 m of each
static chamber, we collected six, 2-cm diameter × 10-cm
deep soil cores. Samples were homogenized and sieved to
2 mm before extraction with 2 M KCl. Soil moisture was
analyzed gravimetrically. Extractions were stored at
−20�C and later thawed before analysis for NO3

− and
NH4

+ on a discrete analyzer (AQ2; Seal Analytical,
Mequon, WI).

Legume N2 fixation by natural abundance

We used the natural abundance method (Shearer & Kohl,
1986) to estimate N2 fixation by crimson clover. In the field,
we collected aboveground clover biomass from both the
monoculture and mixture treatments, and rye from the
monoculture treatment (the non-N2 fixing reference plant).
We dried, weighed, and finely ground (<0.5 mm) each sam-
ple and analyzed them for total N and δ15N enrichment
using a continuous flow PDZ Europa 20-20 isotope ratio
mass spectrometer connected to a PDZ Europa ANCA-GSL
elemental analyzer (Secron Ltd., Cheshire, UK) at the UC
Davis Stable Isotope Facility. We calculated percent N
derived from the atmosphere (%Ndfa) as:

%Ndfa¼ 100 × δ15Nref − δ15Nlegume
� �

= δ15Nref −B
� �� �

,

where δ15Nref is the δ15N signature of the reference plant
(rye), δ15Nlegume is the δ15N signature of the clover, and
B is defined as the δ15N signature of a legume when
dependent solely on atmospheric N2. B values were deter-
mined by growing crimson clover in a N-free medium in
a greenhouse following methods in Blesh (2017). We
found a mean B value of −1.57, which we used in our cal-
culation of %Ndfa. To calculate BNF (in kilograms of
nitrogen per hectare), we multiplied total aboveground
biomass by shoot %N, and then by %Ndfa.
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Nitrogen balance

To help interpret the single-season N cycling dynamics
measured in our experiment, we used long-term data from
the KBS MCSE to calculate a partial N mass balance
(McLellan et al., 2018; Robertson & Vitousek, 2009) for six
years (2014–2019, which spanned two full crop rotation
cycles) in the organic cropping system. This “partial bal-
ance” approach focuses on the main N fluxes managed by
farmers (Blesh & Drinkwater, 2013). We also included an
estimate of N inputs from atmospheric deposition, which
we assumed to be 10.5 kg N ha−1 year−1 based on values
collected from the southwest Michigan station by the
National Atmospheric Deposition Program. To estimate
N inputs from BNF, we first calculated total aboveground
biomass N of the red clover using the historical shoot bio-
mass data (in kilograms per hectare) from the KBS LTER
MCSE data repository (Robertson & Snapp, 2020), which
we multiplied by a mean N concentration of 3.4% to calcu-
late total shoot N (in kilograms of nitrogen per hectare).
We then multiplied total aboveground N by %Ndfa, which
we estimated to be 70% based on Wilke’s (2010) study
conducted in the biologically based cropping system at
KBS. Finally, belowground N inputs from red clover were
assumed to be 40% of aboveground N (Hammelehle
et al., 2018).

Because BNF rates can change over time, particu-
larly with changes in soil fertility, we conducted a
sensitivity analysis to understand how a range of red
clover BNF rates would affect the partial N balance.
Past studies have measured red clover %Ndfa ranging
from 35% (Heichel et al., 1985) to 90% (Rochester &
Peoples, 2005). A more recent study by Schipanski and
Drinkwater (2010), also conducted in temperate grain
agroecosystems, reported that when grown with grains,
red clover had an average %Ndfa of 72% across 15 farms.
Based on their dataset, we took the mean of the five
lowest and five highest observations and used a range of
50–80 %Ndfa to conduct a sensitivity analysis for our
experimental site.

The primary N exported from the agroecosystem is in
the harvested corn, soybeans, and wheat crops. We calcu-
lated grain N export using historical yield and grain %N
data stored on the KBS LTER data repository (Robertson,
2020a; Robertson & Snapp, 2019). Specifically, we used a
mean grain N concentration of 6.4% in soybeans, 1.2%
in corn, and 1.7% in wheat. We multiplied the grain %N
by grain dry matter yield (in kilograms per hectare) to
calculate N removed in harvest (in kilograms of nitrogen
per hectare). Because soybeans are legumes, in the
soybean years we also accounted for BNF. First, to
estimate total biomass N from soybean yield, we
assumed that soybeans had an 80 %N harvest index

(David & Gentry, 2000). We then used an estimate of
80 %Ndfa (Gelfand & Robertson, 2015) to calculate the
amount of soybean N derived from BNF. The partial N
balance was then calculated using the following
equation:

Nbalance ¼ Nfixed +Ndeposited
� �

− NHcorn +NHwheat +NHsoybean
� �

,

where Nfixed is the estimated inputs from red clover BNF,
Ndeposited is the estimated atmospheric deposition, and
NH is the N removed during the harvest of each crop
over the six-year period (2014–2019). Nbalance was divided
by six to estimate the mean annual N balance. We then
used historical measurements of annual N2O losses and
NO3

− leaching from this organic cropping system to sup-
plement the partial N mass balance. Finally, we used data
from the site assessing changes in soil organic carbon
(SOC) and soil organic nitrogen (SON) from deep soil
cores (1 m) to interpret the N mass balance results.

Data analysis

We calculated descriptive statistics (mean, standard error,
and interquartile ranges [IQRs]) and checked all variables
for normality of residuals and homoscedasticity.
We transformed daily and cumulative N2O emissions using
the natural log function. We used repeated measures
ANOVA models to test for differences in N2O flux (in
grams of nitrous oxide-nitrogen per hectare per day) across
treatments for all time points. Models included day as the
repeated measure, cover crop treatment as the fixed effect,
and replicate as the random effect. For each cover crop
treatment, we calculated the area under the curve to esti-
mate mean cumulative N2O emissions (in grams of nitrous
oxide-nitrogen per hectare) (Gelfand et al., 2016):

Cumulative N2O emissions¼
Xtfinal

t0

xt + xt+1ð Þ=2½ �

× t+1ð Þ− t½ �,

where t0 is the initial sampling date, tfinal is the final sam-
pling date, xt is N2O flux at time t, and xt+1 is N2O flux at
the following sampling date.

We determined the effects of cover crop treatments on
cumulative N2O, total cover crop biomass (in kilograms
per hectare), total biomass N (in kilograms of nitrogen per
hectare), biomass C:N, clover N (in kilograms of nitrogen
per hectare), and BNF (in kilograms of nitrogen per
hectare) using separate ANOVA models with cover crop
treatment as the fixed effect and replicate as the random
effect. When ANOVA models were significant, post hoc
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comparisons of least square means were performed using
Tukey’s honestly significant difference (HSD), reporting
results as statistically significant at α = 0.05. JMP Pro
15 software (SAS Institute, Cary NC) was used to perform
all statistical analyses.

RESULTS

Cover crop biomass and traits
(C:N and BNF)

On average, the clover and mixture treatments had two-
fold higher total aboveground biomass (cover crop and
weed species) compared with the weedy fallow
(p = 0.007). However, biomass in the mixture, clover,
and rye treatments did not differ significantly, and the
rye treatment was not significantly different from fallow
(Table 1). Furthermore, clover biomass in the mixture
treatment did not differ significantly from clover biomass
in the sole clover treatment. Aboveground biomass N
content across plots ranged from a low of 14.2 kg N ha−1

in one fallow plot to a high of 117.7 kg N ha−1 in one clo-
ver plot, with twofold to threefold higher aboveground
biomass N assimilation (cover crop and weed species) in
the clover and mixture treatments compared with the rye
and weedy fallow (p < 0.0004). Across treatments, rye
biomass was highly correlated with rye biomass N
(r = 0.95), as were clover biomass and clover biomass
N (r = 0.99).

We found a significantly lower C:N in treatments
with clover, with C:N decreasing from 40.3 ± 1.3 in rye
and 34.8 ± 1.9 in fallow to 25.6 ± 1.1 in the mixture and
21.8 ± 0.3 in clover (p < 0.0001). The difference between
clover and mixture C:N was not significant. In the
clover–rye mixture, clover produced more biomass com-
pared with rye and weeds in three of the four replicates,
making up an average of 54.2% of the total mixture
biomass, while rye made up an average of 27.7% and
weeds made up 18.1% (Table 2). Using stable isotope
methods, we estimated that the mean clover shoot N

derived from fixation was 43.4% when grown alone and
63.3% when grown in mixture with rye. Total new
aboveground N inputs from BNF between the clover
(min: 17.8; max: 45.9 kg N ha−1) and mixture (min: 19.8;
max: 40.4 kg N ha−1) treatments did not significantly dif-
fer (p = 0.677) (Table 1, Figure 1).

Daily N2O emissions following tillage

We found a significant effect of sampling day (p < 0.0001)
and cover crop treatment (p < 0.001) on daily N2O
flux, with no interaction between day and treatment (p =

0.346). During the first peak, eight days after tillage, N2O
emissions were fivefold higher in the mixture treatment
(18.0 ± 5.6 g N2O-N ha−1 day−1) compared with the rye
treatment (3.6 ± 1.0 g N2O-N ha−1 day−1) (p = 0.049).
Emissions from the clover treatment (11.3 ± 5.2 g N2O-N
ha−1 day−1) were not significantly higher than the rye
treatment. Eleven days after tillage, N2O emissions were
fivefold higher in mixture (9.4 ± 2.6 g N2O-N ha−1 day−1)
than in rye (1.8 ± 0.4 g N2O-N ha−1 day−1) (p = 0.018),
and at 12 days, emissions were four times higher in clover
(5.9 ± 1.1 g N2O-N ha−1 day−1) compared with rye (1.5 ±
0.6 g N2O-N ha−1 day−1) (p = 0.018). By the 15th day, emis-
sions from both clover (4.4 ± 1.3 g N2O-N ha−1 day−1) and
mixture (7.2 ± 1.6 g N2O-N ha−1 day−1) treatments were

TAB L E 1 Means and SE (in parentheses) for aboveground biomass, aboveground biomass nitrogen (N), and biological N2 fixation

(BNF) by species across treatments.

Treatment

Total Clover Rye Weeds

Biomass
(kg ha−1)

Biomass N
(kg N ha−1)

Biomass
(kg ha−1)

Biomass N
(kg N ha−1)

BNF
(kg N ha−1)

Biomass
(kg ha−1)

Biomass N
(kg N ha−1)

Biomass
(kg ha−1)

Biomass N
(kg N ha−1)

Rye 2842.8 (212.2) 31.9 (1.4) 2367.7 (161.8) 25.4 (0.5) 475.2 (89.9) 6.5 (1.1)

Clover 3972.1 (579.7) 80.8 (13.5) 2963.9 (654.8) 67.5 (14.0) 29.2 (6.0) 1008.2 (90.4) 13.3 (1.2)

Mix 4219.1 (297.2) 73.4 (5.8) 2310.0 (380.7) 50.6 (7.0) 32.1 (4.4) 1148.9 (300.9) 13.1 (3.6) 760.3 (43.3) 9.6 (0.6)

Fallow 2005.8 (387.9) 26.0 (6.6) 2005.8 (387.9) 26.0 (6.6)

TABL E 2 Species composition, separated by rye, clover, and

weeds, of the mixture treatments by block replicate and means and

SE (in parentheses) by species.

Replicate % Rye % Clover % Weeds

1 7.5 71.9 20.7

2 29.2 51.8 19.0

3 26.7 57.9 15.5

4 47.3 35.1 17.5

Mean
(SE)

27.7
(7.1)

54.2
(6.6)

18.1
(0.9)
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significantly higher than rye (1.9 ± 0.4 g N2O-N ha−1

day−1) and fallow (1.7 ± 0.3 g N2O-N ha−1 day−1) (p =

0.007). We did not find any other significant differences
between treatments for the remainder of the 91-day N2O
sampling period (Figure 2b).

Across treatments, there was a significant correlation
between soil inorganic N (NO3

− + NH4
+) and daily N2O

flux six days after tillage (r = 0.53), but not at any other
sampling date. At the second peak, which occurred
27 days after tillage, there were no significant differences
in soil inorganic N or N2O flux between cover crop treat-
ments. We found the highest variability in N2O flux
between replicates at this peak for all treatments
(e.g., 45.1 ± 15.1 g N2O-N ha−1 day−1 for the clover treat-
ment) compared with any other sampling date. For the
remainder of the sampling period, background N2O flux
was low, with minimal variability within treatments and
no differences between treatments (Figure 2b). It rained
26 mm on days 25–26 after tillage, right before sampling
day 27. It then rained another 50 mm on days 29–30 after
tillage, ahead of the sampling point on day 34, which did
not have pulse emissions. It rained significantly again

F I GURE 1 Aboveground biomass nitrogen (mean ± SE) in

the clover and mixture treatments separated between N assimilated

from the soil (including clover and weeds in the clover treatment

and clover, rye, and weeds in the mixture treatment [gray bars])

and N derived from clover biological nitrogen fixation (white bars).

F I GURE 2 (a) Precipitation and mean air temperature over the course of the study period. (b) Net nitrous oxide (N2O) flux (g N2O-N

ha−1 day−1) from the soil (mean ± SE) over 91 days following tillage on 28 May 2020 (d = 0). An asterisk indicates days when we found

significant differences between cover crop treatments (p < 0.05).

ECOSPHERE 7 of 16
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66 (49 mm) and 67 (8 mm) days post-tillage, ahead of the
sampling event on day 76 (Figure 2a).

Across soil inorganic N measurements, taken every
one to two weeks for the 91-day sampling period, we
found a significant effect of sample date (p < 0.0001)
and a significant effect of treatment (p < 0.0001), but
no interaction effect (p = 0.635). Across all sampling
points, mean soil inorganic N concentrations were
higher in the clover (8.3 ± 0.7 mg N kg soil−1) and mix-
ture (7.2 ± 0.8 mg N kg soil−1) treatments compared
with the rye (5.1 ± 0.6 mg N kg soil−1) and fallow
(4.6 ± 0.6 mg N kg soil−1) treatments (Figure 3).

Cumulative N2O emissions

We found no significant differences in the mean cumula-
tive N2O emissions (across the 91-day measurement
period) among treatments (p = 0.688) (Table 3). There
was a wider range of cumulative emissions for the clover
(min: 1088; max: 3057 g N2O-N ha−1) and mixture (min:
932; max: 3257 g N2O-N ha−1) treatments than for rye
(min: 1688; max: 2198 g N2O-N ha−1) and weedy fallow
(min: 1143; max: 1925 g N2O-N ha−1) treatments.
Yield-scaled emission estimates (in grams of nitrous
oxide per hectare per gram of grain per hectare) also
showed no significant differences between treatments
(p = 0.113), but the mean of the mixture (904.8) was
more than two times higher than the rye (492.7), clover
(438.3), or fallow (303.6).

N2O emissions for the full crop rotation

Given that N2O fluxes vary throughout the three-year
crop rotation, it is important to compare the magnitude
of the emissions during the corn growing season to N2O
fluxes for a complete crop rotation. Based on the
field-scale data in the biologically based cropping system
in the MCSE at KBS where the cover crop experiment
was conducted, N2O fluxes were highest during soybean
years, followed by corn years, with wheat producing the
lowest levels of N2O (Robertson, 2020b; Table 4). The
mean cumulative annual N2O flux from 2015 to 2020 was
2.0 ± 0.4 kg N2O-N ha−1 year−1.

Corn yield and quality

Corn yields in the experimental subplots were impacted
by multiple factors likely related to their location on the
edge of the whole plots in the long-term cropping systems
study. In particular, lower quality soil, higher weed

pressure, and poor contact between corn seed and soil
(especially from the use of rototillage in this experiment)
reduced corn establishment in the subplots and led to
lower yields than the whole plot yields in the MCSE at
KBS, which averaged 6712 kg ha−1 (Plumhoff et al.,
2022). Although corn yields were lower than expected, we
found differences by cover crop treatment with significantly
higher yields from the weedy fallow (5026 ± 492 kg ha−1)
and clover (4304 ± 222 kg ha−1) treatments than the
mixture treatment (2914 ± 490 kg ha−1), while rye
(4057 ± 274 kg ha−1) was the same as the other treatments
(p = 0.010). Similarly, corn grain N was higher in the fallow
(54.6 ± 4.8 kg N ha−1) and clover (56.4 ± 2.7 kg N ha−1)
treatments than in the mixture (36.7 ± 6.5 kg N ha−1),
while rye (45.4 ± 3.0 kg N ha−1) was the same as the other
treatments (p = 0.033). The C:N ratio of the corn grain
was significantly higher in fallow (40.5 ± 2.2) than in
clover (33.8 ± 0.4), while the mixture (35.2 ± 1.0) and rye
(39.2 ± 1.0) did not differ from the other treatments
(p = 0.016). We found more variable C:N values across rep-
licates in the fallow than in the other treatments. Corn grain
%N was significantly higher following clover (1.31 ± 0.02%)
than rye (1.12 ± 0.03%) or fallow (1.09 ± 0.06%) (p = 0.009).
We found similar corn %N between the clover and mixture
(1.25 ± 0.03%); however, the mixture treatment did not dif-
fer significantly from rye and fallow treatments (Figure 4).

Agroecosystem N balance

We constructed a partial N mass balance (i.e., focused on
the largest N flows driven by management) for the previ-
ous six years to capture two complete cycles of the
corn–soy–winter wheat rotation. From 2014 to 2019, we
found a total N import from BNF and atmospheric depo-
sition of 313.4 ± 9.1 kg N ha−1 and an N export from
harvested crops of 232.6 ± 11.5 kg N ha−1 with a net
balance of 80.9 ± 11.3 kg N ha−1. The mean annual
net N balance therefore had a small N surplus of
13.5 ± 1.9 kg N ha−1 year−1. To account for potential error
in our assumption for red clover %Ndfa, we conducted
a sensitivity analysis ranging between 50 and 80 %Ndfa.
The low-end estimate of 50 %Ndfa changed the total
net N import to 260.3 ± 7.0 kg N ha−1 over 6 years,
resulting in a mean balance of 4.6 ± 1.7 kg N ha−1 year−1.
When BNF was estimated at the high end of the range (80 %
Ndfa), the mean balance was 17.9 ± 2.0 kg N ha−1 year−1

(Table 5).
Historically at this site, across all three crops in rotation

(corn–soy–wheat), an average of 2.2 kg N ha−1 year−1 was
lost to N2O every year (Gelfand et al., 2016) and
19.0 ± 0.8 kg N ha−1 year−1 was lost via leaching (Syswerda
et al., 2012). When accounting for these potential losses
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(21.2 kg N ha−1 year−1), the N balance across replicate
plots of this cropping system ranged from negative
(−12.8 kg N ha−1 year−1) to neutral (0.7 kg N ha−1 year−1).
The mean annual N balance was therefore slightly negative

(−6.8 kg N ha−1 year−1) when accounting for prior mea-
surements of N2O emissions and NO3

− leaching from this
cropping system.

DISCUSSION

Increasing agroecosystem functional diversity with legume
cover crops can improve the sustainability of soil nutrient
management by building labile fractions of SOM and
reducing N surplus (Blesh, 2019; Blesh & Drinkwater,
2013; Drinkwater & Snapp, 2007). To advance understand-
ing of N cycling dynamics in legume-based cropping sys-
tems, we tested the hypothesis that planting a more
functionally diverse legume–grass cover crop mixture
would provide BNF inputs similar to the sole legume cover
crop, while reducing N2O emissions during the following
growing season and increasing corn N assimilation com-
pared with the sole grass cover crop. New N inputs from
BNF did not differ between crimson clover and clover–rye
mixture treatments, supporting our hypothesis that inter-
specific interactions in mixture could lead to a similar N
supply while also increasing cover crop functional
diversity. As expected, the partial N balance we calculated
showed that red clover BNF inputs approximately bal-
anced harvested N exports for the two most recent crop
rotation cycles, although small N surpluses reflected the
potential for N losses from this agroecosystem. Results
from our experiment showed high short-term rates of N2O
flux following cover crop incorporation, with high spatial
and temporal variability; however, the cover crop mixture

F I GURE 3 Box plot of soil inorganic N (NH4
+ + NO3

−) concentration throughout the study period. The following statistics are shown:

median (white line); interquartile range (IQR) (gray box); 1.5 × IQR (gray lines); outlier (dot). Letters indicate dates that are significantly

different from one another (using a Tukey’s honestly significant difference test).

TAB L E 3 Cumulative N2O by treatment.

Treatment
Mean N2O

(g N2O-N ha−1 year−1) CV

Rye 1962.9 10.52

Clover 1926.4 44.08

Mixture 2252.9 43.69

Fallow 1481.1 22.01

Abbreviations: CV, coefficient of variation; N2O, nitrous oxide.

TAB L E 4 Annual cumulative nitrous oxide (N2O) emissions in

the biologically based cropping system.

Year Crop

Cumulative
N2O emissions

(kg N2O-N ha−1 year−1)

2015 Soy 2.11

2016 Wheat 1.60

2017 Corn 1.22

2018 Soy 3.45

2019 Wheat 0.63

2020 Corn 2.86

Mean
(SE)

1.98
(0.38)

Note: Data from Robertson (2020b) spanning two full crop rotations.
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did not reduce N2O emissions compared with the clover
treatment or increase corn N assimilation compared with
the rye treatment. To reduce these pulse N2O emissions in
cover-cropped, organic agroecosystems, additional man-
agement strategies to reduce tillage are needed.

Managing legume N sources in an organic
agroecosystem

Compared with soluble N fertilizers, managing agro-
ecosystems with N2 fixing legumes can reduce N losses by
improving synchrony between microbial mineralization of
organic N and crop N uptake (Drinkwater & Snapp, 2007).
However, the timing and rate of N mineralization from
organic nutrient sources can be difficult to predict, creating
uncertainty for farmers. Increasing the complexity of litter
inputs with a cover crop mixture might increase the molec-
ular diversity of organic compounds entering soil. This
greater spatial and biochemical heterogeneity could slow
initial decomposition rates by increasing the cost of metab-
olism while increasing C use efficiency of the microbial
community (and SOM persistence) by promoting a micro-
bial community with more diverse traits (Kallenbach et al.,
2019; Lehmann et al., 2020).

However, in our study, the functionally diverse cover
crop mixture had a similar aboveground biomass C:N

and total N as the clover grown alone, and these treat-
ments also had similar soil inorganic N concentrations
and N2O emissions throughout the growing season.
While the mixture treatment had a significantly lower
corn grain N assimilation than clover, both treatments
resulted in the same corn quality (i.e., grain N concentra-
tion measured as %N and C:N). These findings suggest
that the clover–rye mixture did not alter cover crop resi-
due composition in ways that would affect agroecosystem
N cycling dynamics following its incorporation by tillage.
Our experiment had strong clover establishment and
growth, representing an average of 54.2% of the total mix-
ture biomass, while rye only represented 27.7%. Planting
the cover crops on 31 July may have resulted in lower rye
establishment and competitiveness due to hot, dry condi-
tions. With more clover biomass than rye in the mixture,
C:N and total biomass N were similar between the mix-
ture and clover treatments. It is therefore possible that in
other contexts mixtures might have a stronger effect on
these N cycling processes (e.g., based on mixture compo-
sition and cover crop traits at incorporation).

In addition, prior research focused on rates of N
release from plant litter has neglected important
plant–microbe–soil interactions that regulate overall
soil N availability. A legume–grass cover crop mixture
can occupy more niche space belowground through com-
plementary root traits, which can support a more diverse

F I GURE 4 Corn grain percent nitrogen and carbon to nitrogen ratio. The following statistics are shown: median (white line);

interquartile range (IQR) (gray box); 1.5 × IQR (gray lines). Letters indicate categories that are significantly different from one another

(using a Tukey’s honestly significant difference test).
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microbial community compared with single species cover
crops, potentially increasing soil N supply and cycling
efficiency (Jilling et al., 2018; Kallenbach et al., 2019).
Furthermore, cover crops also increase the presence of
living roots in the soil compared with fallows, which pro-
vide more continuous labile C inputs that could expand
both microbial and plant access to N from turnover of
multiple SOM pools through rhizosphere priming (Jilling
et al., 2018; Kallenbach et al., 2019).

Both the clover and mixture treatments increased soil
inorganic N and N2O emissions during the first peak after
tillage compared with rye and the weedy fallow. This sug-
gests that the two treatments with legumes supported
higher N mineralization and N availability during this
brief period after a major soil disturbance. However,
these treatment differences did not continue after the ini-
tial peak. The second peak in N2O emissions, 27 days
after tillage, was the same across all treatments, including
for rye and the weedy fallow. This suggests that the
C and N supplied by organic matter pools that have accu-
mulated through long-term cover crop use in this
cropping system were a more important driver of N min-
eralization rates throughout the growing season rather
than the short-term addition of the cover crop mixture.

Our study provides evidence that crimson clover in
mixture with rye upregulated BNF, supporting our hypoth-
esis that the mixture would supply BNF inputs comparable
to clover grown alone, even at half the clover seeding rate.
The mixture also had higher mean biomass (3458 kg ha−1)
than the clover (2964 kg ha−1) for the two cover crop spe-
cies we planted (clover and rye). Therefore, we found
greater cover crop biomass production and a high propor-
tion of clover biomass in mixture, similar residue chemistry
between mixture and clover treatments, and higher %Ndfa
of clover in mixture (63.3% vs. 43.4%). Taken together,
these factors likely explain the similar N2O emissions
between the clover and mixture treatments in this experi-
ment. Additionally, baseline soil samples we analyzed for a
companion study across all the annual cropping systems at
KBS showed that multiple SOM pools in the organic

system were significantly larger than in the conventional
management system, including particulate organic matter
fractions as well as rates of potentially mineralizable N,
both of which reflect soil N supplying capacity (Plumhoff
et al., 2022). This long-term management history, which
has led to relatively high N availability from decomposition
of SOM, may in part explain why we found a low BNF rate
in the sole crimson clover in our experiment, considering
that clover usually has a %Ndfa closer to 70 (Blesh et al.,
2019; Schipanski & Drinkwater, 2010).

When managing cover crops to reduce N losses,
another important consideration is potential trade-offs
between N losses and crop yield and N assimilation. We
found that corn quality (%N) was similar between mix-
ture and clover, and that the clover treatment had signifi-
cantly higher corn %N than the rye and weedy fallow,
suggesting that legume cover crops can improve grain N
assimilation compared with grass cover crops, which
recycle soil N but do not supply an external N source.
The high proportion of clover in mixture likely resulted
in sufficient new N inputs to maintain corn quality com-
parable to sole clover. Further, the mixture may hold
promise for enhancing a broader suite of ecosystem func-
tions (Blesh, 2017; Finney & Kaye, 2016) in the long term
due to greater quantity and diversity of plant residue
inputs to the soil (Lehmann et al., 2020).

N2O emissions during the growing season
following cover crop incorporation

Across all cover crop treatments, we found temporal
trends in N2O emissions during the corn growing season
that indicate asynchrony between N mineralization and
corn N assimilation during the first month of the experi-
ment, followed by tighter synchrony for the remaining
two months of the experiment. Most emissions occurred
during the first month after tillage when crop N demand
was low, but N was being mineralized during cover crop
decomposition, increasing the size of the soil inorganic N

TAB L E 5 Partial nitrogen balance in the biologically based cropping system at Kellogg Biological Station.

%Ndfa
N import

(kg N ha−1)
N export

(kg N ha−1)
Net N balance
(kg N ha−1)

Annual balance
(kg N ha−1 year−1)

50 260.34
(6.98)

232.55
(11.51)

27.78
(10.02)

4.63
(1.67)

70 313.41
(9.05)

232.55
(11.51)

80.86
(11.29)

13.48
(1.88)

80 339.94
(10.11)

232.55
(11.51)

107.39
(12.02)

17.90
(2.00)

Note: Estimated for two rotation cycles of corn–soy–wheat (2014–2019). Means and SE (in parentheses) for a sensitivity analysis for red clover biological N2

fixation with a low-end estimate of 50 %Ndfa, our estimate from the literature of 70 %Ndfa, and a high-end estimate of 80 %Ndfa.

Abbreviations: %Ndfa, percent nitrogen derived from fixation; N, nitrogen.
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pool and thus NO3
− available for denitrification. The first

N2O peak occurred during a two-week period after the
cover crop biomass was tilled into the soil and when corn
had just been planted. The second peak occurred four
weeks after tillage, following the first significant rainfall.

Soil inorganic N concentrations were significantly
higher during the second N2O peak, which produced 2–3
times higher emissions than the first peak. At 27 days
post-tillage, this second N2O peak occurred following a
rewetting event (26 mm; 25–26 days after tillage). The
first rainfall after a lengthy dry period, during which
labile C and N pools accumulate, can lead to high rates
of denitrification if nitrous oxide reductase (nosZ)
enzyme activity is low (Robertson & Groffman, 2015).
Even though the soil inorganic N concentration
remained high for another 35 days, we did not see addi-
tional peaks in N2O emissions following subsequent
rewetting events 29 and 66 days after tillage. We hypothe-
size that lower N2O emissions during this period were in
part due to improved synchrony between N supply and
corn growth and N assimilation, reducing soil N avail-
ability for denitrification following rain events.

In a global meta-analysis of grain cropping systems,
Han et al. (2017) reported an average annual N2O flux of
2.3–3.1 kg N ha−1 year−1 for cropping systems with inor-
ganic fertilizer additions. At our study site in Michigan,
Gelfand et al. (2016) reported mean N2O emissions of
2.2 kg N ha−1 year−1 in a study spanning 1991–2011.
Relative to the mean annual N2O flux estimate at KBS of
1.98 kg N ha−1 year−1 from 2015 to 2020, encompassing
two full crop rotations, the cumulative flux we measured
post-tillage following the mixture was 14% higher
(2.25 kg N ha−1 year−1) while clover and rye produced
97%–99% of the emissions and weedy fallow produced
75% of expected annual emissions at this site. Although
we may have missed some emissions later in the growing
season when we sampled every two weeks, given that the
emissions we measured were close to or slightly less than
the annual average at this site, we believe we captured
the majority of the N2O flux by conducting frequent mea-
surements following tillage and the first major rainfall.
These ephemeral flux rates were high but not sustained
over the three-month measurement period during the
corn growing season.

Interpreting the partial N balance with
historical data

One benefit of conducting this experiment at a long-term
cropping systems site is the ability to interpret the N cycling
dynamics we measured from wheat harvest in July 2019,
through corn harvest in October 2020, using data spanning

a longer period. We found a positive mean partial N mass
balance of 13.5 kg N ha−1 year−1 (Table 5) when account-
ing for the primary N fluxes that are influenced by farm
management practices (N inputs from BNF and N exports
through harvested grains). Assuming that SOM stocks are
close to steady state, partial N balances are a robust indica-
tor of N that is vulnerable to environmental losses based on
data that are relatively easy to collect (McLellan et al., 2018;
Robertson & Vitousek, 2009; Zimnicki et al., 2020). The
small N surplus we found here is slightly higher than the
mean N balance reported in a previous study using this
approach across multiple farms in the Midwest with
legume N sources (i.e., 3.7 kg N ha−1 year−1; Blesh &
Drinkwater, 2013). This suggests that this agroecosystem
has some potential for N losses, which is supported by the
historical measurements of N2O emissions and NO3

−

leaching reported for this site. These losses were lower than
losses from the fertilizer-based cropping systems but higher
than the treatments in successional communities (Gelfand
et al., 2016; Syswerda et al., 2012). However, when includ-
ing prior measured rates of N2O flux and NO3

− leaching
(21.2 kg N ha−1 year−1 total) in our balance, it became neg-
ative (−6.8 kg N ha−1 year−1). Furthermore, these estimates
may still miss important fluxes that would make the bal-
ance even more negative, especially the loss pathway of
total denitrification (N2O + N2), which is important to con-
sider but difficult to quantify.

There are several possible N sources that could account
for the apparent missing N in our balance. First, it is
possible that we underestimated red clover BNF inputs.
When accounting for potential N2O and NO3

− leaching
losses and applying the high-end BNF rate to red clover in
our sensitivity analysis (80 %Ndfa), we found that the N
balance across replicate plots ranged from slightly positive
(4.3 kg N ha−1 year−1) to negative (−9.84 kg N ha−1 year−1),
with a mean of −3.3 kg N ha−1 year−1, which is approxi-
mately in balance. It is also possible that there is
associative N2 fixation that is an unaccounted-for N source
(Smercina et al., 2019), or that we underestimated below-
ground biomass N inputs from the clover cover crop.
Alternatively, low soil phosphorus (P) levels (i.e., a mean
Bray-1 P concentration of 9.31 ± 1.85 mg P kg−1; Bressler &
Blesh, 2022) may limit BNF rates in this cropping system
(Sulieman & Tran, 2017; Vitousek et al., 2013), which could
also help explain the low %Ndfa we measured for sole crim-
son clover in our experiment and suggests that it is more
likely that our partial N mass balance overestimated red clo-
ver N2 fixation. There is a need for more frequent measures
of red clover BNF in this agroecosystem to understand
whether rates are changing over time.

Second, it is possible that NO3
− leaching losses from this

cropping system have declined over time. Since Syswerda
et al.’s (2012) leaching study ended in 2006, continued
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organic management of the site using cover crops may have
improved soil quality enough to increase soil N retention
(Plumhoff et al., 2022). An analysis of deep soil cores
(0–100 cm) collected from this organic management system
in 2013 demonstrated gains of 500 ± 100 kg C ha−1 year−1

to the SOC stock and gains of 39 ± 8 kg N ha−1 year−1 to
the SON stock over a 25-year period (C�ordova et al.,
In Review). These findings show that more than two
decades of organic management, which increased crop rota-
tion functional diversity with legume N sources, cover
crops, and winter wheat, increased SOC and SON stocks in
both surface and deep soils. These findings suggest that
SOM is not in a steady state, but that soil N is still accumu-
lating, and N losses may therefore be smaller than past
measurements. It is therefore also possible that increasing
soil N stocks account for some of the “missing” N in the
partial N balance.

Management implications

Although legume cover crops can reduce N losses
compared with inorganic N fertilizers, they can still pro-
duce higher N2O emissions than other cover crop func-
tional types due to BNF inputs and N-rich residues
that can decompose quickly. We hypothesized that a
legume–grass mixture would better couple C and N cycling
processes to further tighten N cycling and reduce N2O
emissions compared with a sole legume. Overall, we did
not find significant differences in cumulative N2O emis-
sions over the corn growing season following any of the
treatments. After a long history of ecological nutrient man-
agement at this site, a six-year, partial N mass balance indi-
cated that N inputs from BNF approximately balance N
removal in harvested crops, with a growing SOM pool over
time. The restoration of SOM pools over 30 years in this
organic agroecosystem was likely a more important driver
of N cycling dynamics overall compared with increasing
the diversity of the overwintering cover crop in a one-year
study. While overall emissions were not affected by cover
crop functional type, short-term emissions following cover
crop incorporation were higher in both treatments with
legumes—which had similar aboveground biomass N,
BNF, and soil inorganic N concentrations—compared with
the rye and weedy fallow treatments. This suggests that
additional management strategies are needed for continued
gains in N cycling efficiency, particularly those that reduce
soil disturbance through tillage. Furthermore, with longer
term use, cover crop mixtures of complementary functional
types have the potential to enhance multiple agroecosystem
benefits such as reducing weed and pest pressure, increas-
ing pollinator habitat, reducing nutrient leaching, and
maintaining and building SOM.

AUTHOR CONTRIBUTIONS
The authors contributed equally to this manuscript.

ACKNOWLEDGMENTS
We thank Brendan O’Neill and Kevin Kahmark for assis-
tance with the N2O sampling protocol, Joe Simmons for
managing field operations, and Beth VanDusen for
technical support in the field and the lab. We would also
like to thank Dev Gordin, Kent Connell, Marta Plumhoff,
Etienne Herrick, Luyao Li, and Rose Paretti for assistance
in the field and lab, and Don Zak for input on a draft of
the manuscript. This work was supported by the University
of Michigan, and a United States Department of Agriculture
(USDA) NIFA grant (Award #: 2019-67019-29460). Support
for this research was also provided by the NSF Long-Term
Ecological Research Program (DEB 1832042) at the Kellogg
Biological Station and by Michigan State University
AgBioResearch.

CONFLICT OF INTEREST STATEMENT
The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT
Data (Bressler & Blesh, 2023) are available from
University of Michigan Deep Blue Data: https://doi.org/
10.7302/zqyt-gz14.

ORCID
Alison Bressler https://orcid.org/0000-0001-8660-5059
Jennifer Blesh https://orcid.org/0000-0003-3807-2352

REFERENCES
Alluvione, F., C. Bertora, L. Zavattaro, and C. Grignani. 2010.

“Nitrous Oxide and Carbon Dioxide Emissions Following
Green Manure and Compost Fertilization in Corn.” SSSAJ 74:
384–95. https://doi.org/10.2136/sssaj2009.0092.

Basche, A. D., F. E. Miguez, T. C. Kasper, and M. J. Castellano. 2014.
“Do Cover Crops Increase or Decrease Nitrous Oxide Emissions?
A Meta-Analysis.” Journal of Soil and Water Conservation 69(6):
471–82. https://doi.org/10.2489/jswc.69.6.471.

Blesh, J. 2017. “Functional Traits in Cover Crop Mixtures: Biological
Nitrogen Fixation and Multifunctionality.” Journal of Applied
Ecology 55: 38–48. https://doi.org/10.1111/1365-2664.13011.

Blesh, J. 2019. “Feedbacks between Nitrogen Fixation and Soil
Organic Matter Increase Ecosystem Functions in Diversified
Agroecosystems.” Ecological Applications 29: e01986. https://
doi.org/10.1002/eap.1986.

Blesh, J., and L. E. Drinkwater. 2013. “The Impact of Nitrogen
Source and Crop Rotation on Nitrogen Mass Balances in the
Mississippi River Basin.” Ecological Applications 23: 1017–35.
https://doi.org/10.1890/12-0132.1.

Blesh, J., B. M. VanDusen, and D. C. Brainard. 2019. “Managing
Ecosystem Services with Cover Crop Mixtures on Organic
Farms.” Journal of Agronomy 111: 826–40. https://doi.org/
10.2134/agronj2018.06.0365.

ECOSPHERE 13 of 16

 21508925, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4428, W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.7302/zqyt-gz14
https://doi.org/10.7302/zqyt-gz14
https://orcid.org/0000-0001-8660-5059
https://orcid.org/0000-0001-8660-5059
https://orcid.org/0000-0003-3807-2352
https://orcid.org/0000-0003-3807-2352
https://doi.org/10.2136/sssaj2009.0092
https://doi.org/10.2489/jswc.69.6.471
https://doi.org/10.1111/1365-2664.13011
https://doi.org/10.1002/eap.1986
https://doi.org/10.1002/eap.1986
https://doi.org/10.1890/12-0132.1
https://doi.org/10.2134/agronj2018.06.0365
https://doi.org/10.2134/agronj2018.06.0365


Bressler, A., and J. Blesh. 2022. “Episodic N2O Emissions Following
Tillage of a Legume-Grass Cover Crop Mixture.”
Biogeosciences 19: 3169–84. https://doi.org/10.5194/bg-19-3169-
2022.

Bressler, A., and J. Blesh. 2023. “Data from: A Grass-Legume Cover
Crop Maintains Nitrogen Inputs and Nitrous Oxide Fluxes
from an Organic Agroecosystem.” University of Michigan—
Deep Blue Data. Dataset. https://doi.org/10.7302/zqyt-gz14.

C�ordova, S. C., A. N. Kravchenko, J. R. Miesel, and G. P. Robertson.
In Review. “Whole-Profile Changes in Soil Carbon and
Nitrogen after 25 Years of Agricultural and Conservation
Management.”

Crum, J. R., and H. P. Collins. 1995. “KBS Soils.” Kellogg Biological
Station Long-Term Ecological Research Special Publication.
Zenodo. https://lter.kbs.msu.edu/pub/3763.

David, Μ. B., and L. E. Gentry. 2000. “Anthropogenic Inputs of
Nitrogen and Phosphorus and Riverine Export for Illinois,
USA.” Journal of Environmental Quality 29: 494–508. https://
doi.org/10.2134/jeq2000.00472425002900020018x.

Drinkwater, L. E., and S. S. Snapp. 2007. “Nutrients in
Agroecosystems: Rethinking the Management Paradigm.”
Advances in Agronomy 92: 163–86. https://doi.org/10.1016/
S0065-2113(04)92003-2.

Drinkwater, L. E., and S. S. Snapp. 2022. “Advancing the Science
and Practice of Ecological Nutrient Management for
Smallholder Farmers.” Frontiers in Sustainable Food Systems
15: 1–19. https://doi.org/10.3389/fsufs.2022.921216.

Drinkwater, L. E., P. Wagoner, and M. Sarrantonio. 1998.
“Legume-Based Cropping Systems Have Reduced Carbon and
Nitrogen Losses.” Nature 396: 262–4. https://doi.org/10.1038/
24376.

Eagle, A. J., E. L. McLellan, E. M. Brawner, M. H. Chantigny, E. A.
Davidson, J. B. Dickey, B. A. Linquist, et al. 2020.
“Quantifying On-Farm Nitrous Oxide Emission Reductions in
Food Supply Chains.” Earth’s Future 8: e2020EF001504.
https://doi.org/10.1029/2020EF001504.

Finney, D. M., and J. P. Kaye. 2016. “Functional Diversity in Cover
Crop Polycultures Increases Multifunctionality of an
Agricultural System.” Journal of Applied Ecology 54: 509–17.
https://doi.org/10.1111/1365-2664.12765.

Finney, D. M., C. M. White, and J. P. Kaye. 2016. “Biomass
Production and Carbon/Nitrogen Ratio Influence Ecosystem
Services from Cover Crop Mixtures.” Journal of Agronomy
108(1): 39–52. https://doi.org/10.2134/agronj15.0182.

Gelfand, I., and G. P. Robertson. 2015. “A Reassessment of the
Contribution of Soybean Biological Nitrogen Fixation to
Reactive N in the Environment.” Biogeochemistry 123: 175–84.
https://doi.org/10.1007/s10533-014-0061-4.

Gelfand, I., I. Shcherbak, N. Millar, A. N. Kravchenko, and G. P.
Robertson. 2016. “Long-Term Nitrous Oxide Fluxes in Annual
and Perennial Agricultural and Unmanaged Ecosystems in the
Upper Midwest USA.” Global Change Biology 22: 3594–607.
https://doi.org/10.1111/gcb.13426.

Hammelehle, A., A. Obserson, A. Luscher, P. Mader, and J. Mayer.
2018. “Above- and Belowground Nitrogen Distributions of a
Red Clover-Perennial Ryegrass Sward along a Soil Nutrient
Availability Gradient Established by Organic and
Conventional Cropping Systems.” Plant and Soil 425: 507–25.
https://doi.org/10.1007/s11104-018-3559-z.

Han, Z., M. T. Walter, and L. E. Drinkwater. 2017. “N2O
Emissions from Grain Cropping Systems: A Meta-Analysis of
the Impacts of Fertilizer-Based and Ecologically-Based
Nutrient Management Strategies.” Nutrient Cycling in
Agroecosystems 107(3): 335–55. https://doi.org/10.1007/
s10705-017-9836-z.

Hayden, Z. D., M. Ngouajio, and D. C. Brainard. 2014. “Rye-Vetch
Mixture Proportions Tradeoffs: Cover Crop Productivity,
Nitrogen Accumulation, and Weed Suppression.” Journal of
Agronomy 106: 904–14. https://doi.org/10.2134/agronj2013.
0467.

Heichel, G. H., C. P. Vance, D. K. Barnes, and K. I. Henjum. 1985.
“Dinitrogen Fixation, and N and Dry Matter Distribution dur-
ing 4 Year Stands of Birdsfoot Trefoil and Red Clover.” Crop
Science 25: 101–5. https://doi.org/10.2135/cropsci1985.
0011183X002500010026x.

Hogh-Jensen, H., and J. K. Schjoerring. 1997. “Interactions between
White Clover and Ryegrass under Contrasting Nitrogen
Availability: N2 Fixation, N Fertilizer Recovery, N Transfer
and Water Use Efficiency.” Plant and Soil 197: 187–99. https://
doi.org/10.1023/A:1004289512040.

Huang, Y., J. W. Zou, X. H. Zheng, Y. S. Wang, and X. K. Xu. 2004.
“Nitrous Oxide Emissions as Influenced by Amendment of
Plant Residues with Different C:N Ratios.” Soil Biology and
Biochemistry 36(6): 973–81. https://doi.org/10.1016/j.soilbio.
2004.02.009.

IPCC. 2019. “Summary for Policymakers.” In Climate Change and
Land: An IPCC Special Report on Climate Change,
Desertification, Land Degradation, Sustainable Land
Management, Food Security, and Greenhouse Gas Fluxes in
Terrestrial Ecosystems, edited by P. R. Shukla, J. Skea, E. Calvo
Buendia, V. Masson-Delmotte, H.-O. Pörtner, D. C. Roberts, P.
Zhai, et al. https://www.ipcc.ch/srccl/.

Jensen, E. S. 1996. “Grain Yield, Symbiotic N2 Fixation and
Interspecific Competition for Inorganic N in Pea-Barley
Intercrops.” Plant and Soil 182: 25–38. https://doi.org/10.1007/
BF00010992.

Jilling, A., M. Keiluweit, A. R. Contosta, S. Frey, J. Schimel,
J. Schnecker, R. J. Smith, L. Tiemann, and A. S. Grandy. 2018.
“Minerals in the Rhizosphere: Overlooked Mediators of
Nitrogen Availability to Plants and Microbes.” Biogeochemistry
139: 103–22. https://doi.org/10.1007/s10533-018-0459-5.

Kahmark, K., N. Millar, and G. P. Robertson. 2018. “Greenhouse
Gas Fluxes—Static Chamber Method.” Michigan State
University Kellogg Biological Station. https://lter.kbs.msu.edu/
protocols/113.

Kallenbach, C. M., A. S. Grandy, S. D. Frey, and A. F. Diefendorf.
2015. “Microbial Physiology and Necromass Regulate
Agricultural Soil Carbon Accumulation.” Soil Biology and
Biochemistry 91: 279–90. https://doi.org/10.1016/j.soilbio.2015.
09.005.

Kallenbach, C. M., M. D. Wallentein, M. E. Schipanski, and A. S.
Grandy. 2019. “Managing Agroecosystems for Soil Microbial
Carbon Use Efficiency: Ecological Unknowns, Potential
Outcomes, and a Path Forward.” Frontiers in Microbiology 10:
1146. https://doi.org/10.3389/fmicb.2019.01146.

Kaye, J., D. Finney, C. White, B. Bradley, M. Schipanski,
M. Alonso-Ayuso, M. Hunter, M. Burgess, and C. Mejia. 2019.
“Managing Nitrogen through Cover Crop Species Selection in

14 of 16 BRESSLER and BLESH

 21508925, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4428, W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5194/bg-19-3169-2022
https://doi.org/10.5194/bg-19-3169-2022
https://doi.org/10.7302/zqyt-gz14
https://lter.kbs.msu.edu/pub/3763
https://doi.org/10.2134/jeq2000.00472425002900020018x
https://doi.org/10.2134/jeq2000.00472425002900020018x
https://doi.org/10.1016/S0065-2113(04)92003-2
https://doi.org/10.1016/S0065-2113(04)92003-2
https://doi.org/10.3389/fsufs.2022.921216
https://doi.org/10.1038/24376
https://doi.org/10.1038/24376
https://doi.org/10.1029/2020EF001504
https://doi.org/10.1111/1365-2664.12765
https://doi.org/10.2134/agronj15.0182
https://doi.org/10.1007/s10533-014-0061-4
https://doi.org/10.1111/gcb.13426
https://doi.org/10.1007/s11104-018-3559-z
https://doi.org/10.1007/s10705-017-9836-z
https://doi.org/10.1007/s10705-017-9836-z
https://doi.org/10.2134/agronj2013.0467
https://doi.org/10.2134/agronj2013.0467
https://doi.org/10.2135/cropsci1985.0011183X002500010026x
https://doi.org/10.2135/cropsci1985.0011183X002500010026x
https://doi.org/10.1023/A:1004289512040
https://doi.org/10.1023/A:1004289512040
https://doi.org/10.1016/j.soilbio.2004.02.009
https://doi.org/10.1016/j.soilbio.2004.02.009
https://www.ipcc.ch/srccl/
https://doi.org/10.1007/BF00010992
https://doi.org/10.1007/BF00010992
https://doi.org/10.1007/s10533-018-0459-5
https://lter.kbs.msu.edu/protocols/113
https://lter.kbs.msu.edu/protocols/113
https://doi.org/10.1016/j.soilbio.2015.09.005
https://doi.org/10.1016/j.soilbio.2015.09.005
https://doi.org/10.3389/fmicb.2019.01146


the U.S. Mid-Atlantic.” PLoS One 14(4): e0215448. https://doi.
org/10.1371/journal.pone.0215448.

King, A. E., and J. Blesh. 2018. “Crop Rotations for Increased Soil
Carbon: Perenniality as a Guiding Principle.” Ecological
Applications 28(1): 249–61. https://doi.org/10.1002/eap.1648.

Lehmann, J., C. M. Hansel, C. Kaiser, M. Kleber, K. Maher,
S. Manzoni, N. Nunan, et al. 2020. “Persistence of Soil Organic
Carbon Caused by Functional Complexity.” Nature Geoscience
13: 529–34. https://doi.org/10.1038/s41561-020-0612-3.

Li, B., Y. Li, H. Wu, F. Zhang, C. Li, X. Li, H. Lambers, and
L. Long. 2016. “Root Exudates Drive Interspecific Facilitation
by Enhancing Nodulation and N2 Fixation.” PNAS 113(23):
6496–501. https://doi.org/10.1073/pnas.1523580113.

McDaniel, M. D., L. K. Tiemann, and A. S. Grandy. 2014. “Does
Agricultural Crop Diversity Enhance Soil Microbial Biomass
and Organic Matter Dynamics? A Meta-Analysis.” Ecological
Applications 24: 560–70. https://doi.org/10.1890/13-0616.1.

McLellan, E. L., K. C. Cassman, A. J. Eagle, P. B. Woodbury,
S. Sela, C. Tonitto, R. D. Marjerison, and H. M. van Es. 2018.
“The Nitrogen Balancing Act: Tracking the Environmental
Performance of Food Production.” Bioscience 68(3): 194–203.
https://doi.org/10.1093/biosci/bix164.

Millar, N., J. K. Ndufa, G. Cadisch, and E. M. Baggs. 2004. “Nitrous
Oxide Emissions Following Incorporation of Improved-Fallow
Residues in the Humid Tropics.” Global Biogeochemical Cycles
18: 1–9. https://doi.org/10.1029/2003GB002114.

Plumhoff, M., K. Connell, A. Bressler, and J. Blesh. 2022.
“Management History Affects the Ecosystem Services of Cover
Crop Mixtures.” Agriculture, Ecosystems and Environment 339:
1–10. https://doi.org/10.1016/j.agee.2022.108155.

Poeplau, C., and A. Don. 2015. “Carbon Sequestration in
Agricultural Soils via Cultivation of Cover Crops—A
Meta-Analysis.” Agriculture, Ecosystems and Environment 200:
33–41. https://doi.org/10.1016/j.agee.2014.10.024.

Poffenbarger, H. J., S. B. Mirksy, R. R. Weil, J. E. Maul, M. Kramer,
J. T. Spargo, and M. A. Cavigelli. 2015. “Biomass and Nitrogen
Content of Hairy Vetch-Cereal Rye Cover Crop Mixtures
as Influenced by Species Proportions.” Agronomy, Soils,
and Environmental Quality 107(6): 2069–82. https://doi.org/
10.2134/agronj14.0462.

Robertson, G. 2020a. “Plant Carbon and Nitrogen Content at the
Kellogg Biological Station, Hickory Corners, MI (1989 to 2018)
ver 33.” Environmental Data Initiative. Dataset. https://doi.
org/10.6073/pasta/34c976b6957828bcfe420b2aadefee64.

Robertson, G. 2020b. “Trace Gas Fluxes on the Main Cropping
System Experiment at the Kellogg Biological Station, Hickory
Corners, MI (1991 to 2019) ver 46.” Environmental Data
Initiative. Dataset. https://doi.org/10.6073/pasta/b1feb30692
eb31b7f8a27615d18e0fa8.

Robertson, G., and S. Snapp. 2019. “Agronomic Yields in Row Crop
Agriculture at the Kellogg Biological Station, Hickory Corners,
MI (1989 to 2018) ver 39.” Environmental Data Initiative.
Dataset. https://doi.org/10.6073/pasta/00c3343378bf55e0727cc
cecc8a8ff41.

Robertson, G., and S. Snapp. 2020. “Annual Net Primary
Production on the Main Cropping System Experiment at the
Kellogg Biological Station, Hickory Corners, MI (1990 to 2018)
ver 85.” Environmental Data Initiative. Dataset. https://doi.
org/10.6073/pasta/f9b2a038b8a7ad43a252587a84935f30.

Robertson, G. P., and P. M. Groffman. 2015. “Nitrogen
Transformations.” In Soil Microbiology, Ecology, and
Biochemistry, 4th ed., edited by E. A. Paul, 421–46. Burlington,
MA: Academic Press.

Robertson, G. P., and P. M. Vitousek. 2009. “Nitrogen in
Agriculture: Balancing the Cost of an Essential Resource.”
Annual Review of Environment and Resources 34: 97–125.
https://doi.org/10.1146/annurev.environ.032108.105046.

Rochester, I., and M. Peoples. 2005. “Growing Vetches (Vicia villosa
Roth) in Irrigated Cotton Systems: Inputs of Fixed N, N
Fertilizer Savings and Cotton Productivity.” Plant and Soil
271: 251–64. https://doi.org/10.1007/s11104-004-2621-1.

Rodriguez, C., L. M. D. Martensoon, E. S. Jensen, and G. Carlsson.
2021. “Combining Crop Diversification Practices Can Benefit
Cereal Production in Temperate Climates.” Agronomy for
Sustainable Development 41: 48. https://doi.org/10.1007/
s13593-021-00703-1.

Schipanski, M. E., and L. Drinkwater. 2010. “Nitrogen Fixation of
Red Clover Interseeded with Winter Cereals across a
Management-Induced Fertility Gradient.” Nutrient Cycling in
Agroecosystems 90(1): 105–19. https://doi.org/10.1007/s10705-
010-9415-z.

Shearer, G., and D. H. Kohl. 1986. “N2-Fixation in Field
Settings: Estimations Based on Natural 15 N Abundance.”
Australian Journal of Plant Physiology 13: 699–756. https://
doi.org/10.1071/PP9860699.

Smercina, D. N., S. E. Evans, M. L. Friesen, and L. K. Tiemann.
2019. “To Fix or Not to Fix: Controls on Free-Living Nitrogen
Fixation in the Rhizosphere.” Applied and Environmental
Microbiology 85: e02546-18. https://doi.org/10.1128/AEM.
02546-18.

Snapp, S. S., S. M. Swinton, R. Labarta, D. Mutch, J. R. Black,
R. Leep, J. Nyiraneza, and K. O’Neil. 2005. “Evaluating Cover
Crops for Benefits, Costs, and Performance within Cover
Cropping System Niches.” Agronomy Journal 97: 322–32.
https://doi.org/10.2134/agronj2005.0322a.

Sulieman, S., and L.-S. P. Tran. 2017. Legume Nitrogen Fixation in
Soils with Low Phosphorus Availability: Adaptation and
Regulatory Implication. Cham: Springer. http://www.worldcat.
org/oclc/1132123219.

Syakila, A., and C. Kroeze. 2011. “The Global Nitrous Oxide Budget
Revisited.” Greenhouse Gas Measurement and Management
1(1): 17–26. https://doi.org/10.3763/ghgmm.2010.0007.

Syswerda, S. P., B. Basso, S. K. Hamilton, J. B. Tausig, and G. P.
Robertson. 2012. “Long-Term Nitrate Loss along an
Agricultural Intensity Gradient in the Upper Midwest USA.”
Agriculture, Ecosystems & Environment 149: 10–9. https://doi.
org/10.1016/j.agee.2011.12.007.

USEPA. 2012. Global Anthropogenic Non-CO2 Greenhouse Gas
Emissions: 1990–2030. Washington, DC: Office of Atmospheric
Programs, Climate Change Division. https://www.epa.gov/
global-mitigation-non-co2-greenhouse-gases/global-non-co2-ghg-
emissions-1990-2030.

USEPA. 2021. Inventory of U.S. Greenhouse Gas Emissions and
Sinks: 1990–2019. Washington, DC: Environmental Protection
Agency. https://www.epa.gov/ghgemissions/inventory-us-
greenhouse-gas-emissions-and-sinks.

Vitousek, P. M., D. N. Menge, S. C. Reed, and C. C. Cleveland.
2013. “Biological Nitrogen Fixation: Rates, Patterns and

ECOSPHERE 15 of 16

 21508925, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4428, W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1371/journal.pone.0215448
https://doi.org/10.1371/journal.pone.0215448
https://doi.org/10.1002/eap.1648
https://doi.org/10.1038/s41561-020-0612-3
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1890/13-0616.1
https://doi.org/10.1093/biosci/bix164
https://doi.org/10.1029/2003GB002114
https://doi.org/10.1016/j.agee.2022.108155
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.2134/agronj14.0462
https://doi.org/10.2134/agronj14.0462
https://doi.org/10.6073/pasta/34c976b6957828bcfe420b2aadefee64
https://doi.org/10.6073/pasta/34c976b6957828bcfe420b2aadefee64
https://doi.org/10.6073/pasta/b1feb30692eb31b7f8a27615d18e0fa8
https://doi.org/10.6073/pasta/b1feb30692eb31b7f8a27615d18e0fa8
https://doi.org/10.6073/pasta/00c3343378bf55e0727cccecc8a8ff41
https://doi.org/10.6073/pasta/00c3343378bf55e0727cccecc8a8ff41
https://doi.org/10.6073/pasta/f9b2a038b8a7ad43a252587a84935f30
https://doi.org/10.6073/pasta/f9b2a038b8a7ad43a252587a84935f30
https://doi.org/10.1146/annurev.environ.032108.105046
https://doi.org/10.1007/s11104-004-2621-1
https://doi.org/10.1007/s13593-021-00703-1
https://doi.org/10.1007/s13593-021-00703-1
https://doi.org/10.1007/s10705-010-9415-z
https://doi.org/10.1007/s10705-010-9415-z
https://doi.org/10.1071/PP9860699
https://doi.org/10.1071/PP9860699
https://doi.org/10.1128/AEM.02546-18
https://doi.org/10.1128/AEM.02546-18
https://doi.org/10.2134/agronj2005.0322a
http://www.worldcat.org/oclc/1132123219
http://www.worldcat.org/oclc/1132123219
https://doi.org/10.3763/ghgmm.2010.0007
https://doi.org/10.1016/j.agee.2011.12.007
https://doi.org/10.1016/j.agee.2011.12.007
https://www.epa.gov/global-mitigation-non-co2-greenhouse-gases/global-non-co2-ghg-emissions-1990-2030
https://www.epa.gov/global-mitigation-non-co2-greenhouse-gases/global-non-co2-ghg-emissions-1990-2030
https://www.epa.gov/global-mitigation-non-co2-greenhouse-gases/global-non-co2-ghg-emissions-1990-2030
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks


Ecological Controls in Terrestrial Ecosystems.” Philosophical
Transactions of the Royal Society of London. Series B, Biological
Sciences 368: 20130119. https://doi.org/10.1098/rstb.2013.0119.

White, C. M., S. T. DuPont, M. Hautau, D. Hartman, D. M.
Finney, B. Bradley, J. C. LaChance, and J. P. Kaye. 2017.
“Managing the Trade-Off between Nitrogen Supply and
Retention in Cover Crop Mixtures.” Agriculture, Ecosystems
and Environment 237: 121–33. https://doi.org/10.1016/j.agee.
2016.12.016.

Wilke, B. J. 2010. “Challenges of Developing Sustainable Nitrogen
Sources in Agriculture: Cover Crops, Nitrogen Fixation and
Ecological Principles.” Dissertation, Michigan State University.
https://lter.kbs.msu.edu/pub/2118.

Wood, S. A., D. S. Karp, F. DeClerck, C. Kremen, S. Naeem, and C. A.
Palm. 2015. “Functional Traits in Agriculture: Agrobiodiversity

and Ecosystem Services.” Trends in Ecology & Evolution 30(9):
531–9. https://doi.org/10.1016/j.tree.2015.06.013.

Zimnicki, T., T. Boring, G. Evenson, M. Kalcic, D. L. Karlen, R. S.
Wilson, Y. Zhang, and J. Blesh. 2020. “On Quantifying Water
Quality Benefits of Healthy Soils.” Bioscience 70(4): 343–52.
https://doi.org/10.1093/biosci/biaa011.

How to cite this article: Bressler, Alison, and
Jennifer Blesh. 2023. “A Grass–Legume Cover
Crop Maintains Nitrogen Inputs and Nitrous Oxide
Fluxes from an Organic Agroecosystem.” Ecosphere
14(2): e4428. https://doi.org/10.1002/ecs2.4428

16 of 16 BRESSLER and BLESH

 21508925, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.4428, W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1098/rstb.2013.0119
https://doi.org/10.1016/j.agee.2016.12.016
https://doi.org/10.1016/j.agee.2016.12.016
https://lter.kbs.msu.edu/pub/2118
https://doi.org/10.1016/j.tree.2015.06.013
https://doi.org/10.1093/biosci/biaa011
https://doi.org/10.1002/ecs2.4428

	A grass-legume cover crop maintains nitrogen inputs and nitrous oxide fluxes from an organic agroecosystem
	INTRODUCTION
	METHODS
	Site description and experimental design
	N assimilation in cover crop biomass and corn grain
	N2O flux from incorporation of cover crops to corn maturity
	Soil sampling
	Legume N2 fixation by natural abundance
	Nitrogen balance
	Data analysis

	RESULTS
	Cover crop biomass and traits (C:N and BNF)
	Daily N2O emissions following tillage
	Cumulative N2O emissions
	N2O emissions for the full crop rotation
	Corn yield and quality
	Agroecosystem N balance

	DISCUSSION
	Managing legume N sources in an organic agroecosystem
	N2O emissions during the growing season following cover crop incorporation
	Interpreting the partial N balance with historical data
	Management implications

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


