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Abstract  Establishing alfalfa (Medicago sativa L.)  
under a maize (Zea mays L.) silage companion crop 
is a promising approach for increasing forage produc-
tion and profitability, but the role of biological N2 
fixation in this system has not been explored. This 
study utilized 15N natural abundance techniques to 
assess biological N2 fixation by interseeded alfalfa 
and transfer of fixed N to maize under three N ferti-
lizer application rates. Across two locations in Wis-
consin, USA, the results showed N2 biological fixa-
tion supplied 59% of herbage N to interseeded alfalfa 
with no N fertilizer, though this was reduced to 15% 
when fertilized with 224 kg N ha−1. Transfer of newly 

fixed N to maize was observed at both locations, 
with maize at harvest obtaining on average 28% of N 
uptake from fixed N without N fertilizer application, 
and 7% when fertilized with 112 or 224 kg N  ha−1. 
Additionally, both solo-seeded maize and tall fescue 
(Schenodorus arundinaceus (Schreb.) Dumort.) inter-
seeded into maize system could produce appropriate 
reference crops for N2 fixation and transfer calcula-
tions, provided the N-fertilizer strategies were similar 
to the interseeded alfalfa-maize system. Furthermore, 
results suggest the natural abundance method may not 
be effective if high rates of N fertilizer are applied at 
sites having inherently high levels of available soil 
N. The evidence for transfer of biologically fixed N2 
from interseeded alfalfa to maize offers interesting 
possibilities to leverage this process to ensure effi-
cient N cycling, but it must be balanced against the 
need to ensure an adequate N supply for high maize 
silage yields.

Keywords  Maize · Alfalfa · Intercropping · 
Inerseeding · Nitrogen · Fixation

Introduction

Mixtures of multiple crop species hold the potential to 
enhance ecosystem services and maintain or improve 
crop production relative to single species by optimiz-
ing the utilization of limited resources, thus form-
ing an important management option for ecological 

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10705-​023-​10276-y.

W. Osterholz (*) 
USDA-ARS Soil Drainage Research Unit, Columbus, OH, 
USA
e-mail: will.osterholz@usda.gov

M. Ruark 
Department of Soil Science, University of Wisconsin-
Madison, Madison, WI, USA

M. Renz 
Department of Agronomy, University of Wisconsin-
Madison, Madison, WI, USA

J. Grabber 
USDA-ARS Dairy Forage Research Center, Madison, WI, 
USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s10705-023-10276-y&domain=pdf
https://doi.org/10.1007/s10705-023-10276-y
https://doi.org/10.1007/s10705-023-10276-y


68	 Nutr Cycl Agroecosyst (2023) 126:67–79

1 3
Vol:. (1234567890)

intensification (Bommarco et al. 2013; Malézieux et al. 
2009). Intercropping grass and legume crop species, 
for example small grain crops with forage legumes, 
is a well-established mixed cropping strategy that can 
enhance crop production as well as ecological services 
compared to simpler rotations (Ofori and Stern 1987; 
Vrignon-Brenas et  al. 2018). Interseeding alfalfa and 
maize silage is a promising forage production system 
that can provide several benefits of ecological intensifi-
cation (Franco et al. 2021). In the interseeding system 
maize and alfalfa are planted simultaneously, with the 
interseeded alfalfa functionally serving as a cover crop 
by increasing living soil cover during and after maize 
silage production, then transitioning into full alfalfa 
production in subsequent years (Grabber 2016). Inter-
seeding alfalfa and maize can reduce soil erosion and 
nutrient losses while increasing the overall forage yield 
and profitability compared to simple maize-alfalfa rota-
tions (Osterholz et al. 2019, 2020, 2021a; Berti et al. 
2021). Continued development of this cropping system 
could improve environmental and economic outcomes 
of forage production.

Nitrogen dynamics have long been recognized as 
an important factor in interseeded crop competition 
and crop productivity (Kurtz et  al. 1952; Stern 1993). 
When planted in mixtures with legumes, several grass 
species including maize can acquire biologically fixed 
N from the legumes (Thilakarathna et al. 2016). A 15N 
isotopic labeling study to conclusively demonstrated the 
transfer of N from alfalfa to intercropped maize (Shao 
et al. 2020). However, N transfer was reduced when N 
fertilizer was provided (Shao et al. 2020), and alfalfa N2 
fixation is typically reduced where soil N availability is 
high (Eardley et al. 1985; Cherney and Duxbury 1994). 
Recent work in the interseeded maize-alfalfa system has 
shown that interseeding alfalfa into maize increased the 
N fertilizer rate required for maximum maize yield com-
pared with solo-seeded maize, suggesting that uptake of 
N by alfalfa may be an important competitive dynamic 
(Osterholz et al. 2021b). Additionally, soil N pools and 
maize yields in the interseeding system were shown to 
be positively related to N fertilization rate, further sug-
gesting that N limitation can be reduced by increasing 
available N in the system (Osterholz et al. 2021a). As N 
fertilizer is needed to achieve high maize yields in the 
interseeded system, it is unclear to what degree inter-
seeded alfalfa N2 fixation may contribute to maize N 
nutrition under field conditions. Even so, the evidence of 
transfer of alfalfa N to maize suggests it may be possible 

to utilize alfalfa N2 fixation to improve N availability in 
the interseeding system, thereby potentially increasing 
N cycling efficiency (Duchene et al. 2017).

Legume N2 fixation is widely measured using 15N 
stable isotope-based methods, and these approaches can 
also determine transfer of biologically fixed N2 from 
legumes to intercropped non-legumes (Chalk et  al. 
2014). While several alternative 15N approaches exist, 
the 15N natural abundance technique has the advantages 
of being suitable for field studies, enabling estima-
tion of fixation in the absence of fertilization, and not 
requiring expensive 15N enriched fertilizer applications. 
The natural abundance technique is based on isotopic 
fractionation from natural N cycling processes that 
results in distinct 15N signatures in actively fixing leg-
umes and non-fixing plants. Specifically, newly fixed N 
in legumes is typically slightly depleted in 15N (com-
pared to atmospheric N), while N taken up from soil N 
pools is relatively enriched in 15N due to accumulation 
of the heavier 15N isotope through processes including 
nitrification and denitrification (Chalk et al. 2019). This 
approach has been successfully utilized in a number of 
different forage and grain crops (Peoples et  al. 2015), 
but has not yet been implemented in interseeded maize-
alfalfa systems. The natural abundance technique uti-
lizes a non-N2 fixing reference plant to establish the 15N 
signature in the absence of N2 fixation. The selection of 
the reference crop requires careful consideration of the 
similarity of the growth environment of the reference 
crop and crop of interest, particularly in regards to N 
sources and availability (Peoples et al. 2015).

In this study we explored the use of the 15N natural 
abundance method to estimate N fixation by interseeded 
alfalfa and transfer of biologically fixed N to inter-
seeded maize at three N fertilizer rates. Our hypothesis 
was that N2 fixation by alfalfa and transfer to maize 
would be reduced by N fertilizer application due to the 
exogenous supply of plant available N suppressing fixa-
tion and transfer. In addition, we utilized two alternative 
reference crops to provide insight into best practices for 
future natural abundance studies in interseeded systems.

Methods

Experiment description

This study is the product of an experiment primar-
ily designed to compare the N fertilizer response of 
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maize interseeded with alfalfa to solo-seeded maize, 
partially described in Osterholz et  al. (2021b). The 
experiment was conducted in 2017 at two loca-
tions with silt loam soils (fine-silty, mixed, superac-
tive, mesic Typic Argiudolls) formed from glacial 
loess in southern Wisconsin, USA: the University of 
Wisconsin Arlington Agricultural Research Station 
(AARS) and the U.S. Dairy Forage Research Center 
Farm at Prairie du Sac (PDS). Previous work at these 
sites suggested the inherent soil N supply is typically 
somewhat greater at AARS than PDS (Osterholz and 
Grabber, unpublished data). Average annual precipi-
tation and temperature at both locations is approxi-
mately 900 mm and 8 °C. Weather conditions in 2017 
at both locations were generally conducive to maize 
production (Table S1).

The experiment consisted of three cropping sys-
tems (maize interseeded with alfalfa, maize inter-
seeded with tall fescue (Festuca arundinacea, 
Schreb.), and solo-seeded maize) grown at three 
levels of N fertilization. Treatments were assigned 
to 3-m wide by 6.7-m long plots arranged in a rand-
omized complete block design with three replicates at 
each site. The fixation of N2 by alfalfa and its trans-
fer to maize in the maize-interseeded alfalfa system 
were estimated by using solo-seeded maize and maize 
interseeded with tall fescue as reference crops. Four 
rows of maize (A6267, 102 d maturity, Agrigold, St. 
Francisville, IL) in all systems were no-till planted 
into plots on May 15 at AARS and May 5 at PDS 
using a 0.76-m row spacing. Immediately after maize 
planting, the three interrow areas of the interseeded 
systems were sown with four rows of alfalfa (55H94, 
Pioneer, Johnston, IA) or a turf type shade tolerant 
fescue (Falcon IV, Rutgers University) using a no-
till drill with 0.165-m row spacing. The seeding rates 
were 79,000 seeds ha−1 for maize, 18  kg pure live 
seed ha−1 for alfalfa to ensure high seedling establish-
ment (Grabber 2016), and 22 kg  ha−1 for tall fescue 
based on seed company recommendations.

This study employed three N rates for the maize 
interseeded with alfalfa and solo-seeded maize: 
0  kg  N  ha−1 (0N), 112  kg  N  ha−1 (112N), and 
224  kg  N  ha−1 (224N). The maize with fescue sys-
tem received only the 0N and 224N rates, so the 
only reference crop available at the 112N rate was 
solo-seeded maize. Urea treated with N-(n-butyl) thi-
ophosphoric triamide (Agrotain, Koch Agronomic 
Services, Wichita, KS) was the fertilizer form, with 

half the N rate applied as a surface broadcast at plant-
ing and the other half side dressed along the maize 
row at the V5 maize development stage. In order to 
improve the likelihood of successful alfalfa estab-
lishment, prohexadione calcium (calcium 3-oxido-
5-oxo-4-propionylcyclohex-3-enecarboxylate, Fine 
Americas Inc., Walnut Creek, CA) was applied to 
interseeded alfalfa when it reached ~ 0.3-m in height 
(Grabber et  al. 2016; Osterholz et  al. 2018). Maize 
was harvested for silage at 30–37% dry matter con-
tent (on September 12 and September 6 at AARS 
and PDS, respectively) using a forage plot harvester. 
Additional details of crop management are found in 
Osterholz et al. (2021b). The experimental plots were 
surrounded by a 6-m wide border of maize silage to 
uniformly shade interseeded alfalfa and tall fescue, 
and surrounding the maize border an additional 3-m 
wide border of solo-seeded alfalfa was planted at the 
same time and rate as interseeded alfalfa to provide 
an estimate of N2 fixation by solo-seeded alfalfa.

Sampling and analysis

Plots were split into multiple sampling areas separated 
by undisturbed maize plants to facilitate destructive 
plant sampling while maintaining uniform shading of 
plot areas sampled at later dates. Interseeded alfalfa 
and tall fescue and the solo-seeded alfalfa check were 
not clipped or harvested during the growing season 
prior to plant sampling. Sampling was conducted four 
times to coincide with the V12 (July 17 and July 10 at 
AARS and PDS, respectively) and R1 (August 21 and 
August 14 at AARS and PDS) maize development 
stages, maize silage harvest (September 12 and Sep-
tember 6 at AARS and PDS) and in the late fall prior 
to a killing frost (November 7), hereafter referred to 
as July, August, September, and November sampling 
times. Interseeded maize and the solo-seeded maize 
reference crop were sampled on the first three sam-
pling dates. Alfalfa aboveground growth had senesced 
by the time of R1 sampling due to shading by maize 
and thus was not sampled at R1 or at maize harvest, 
so alfalfa and fescue were sampled only on the V12 
and late fall sampling dates. Maize samples at V12 
and R1 consisted of the aboveground biomass of six 
representative whole plants taken from the middle-2 
maize rows, while at maize harvest a subsample was 
taken of the material harvested from the middle-2 
maize rows with a forage plot harvester. Alfalfa and 
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tall fescue samples were collected by cutting above-
ground growth from all four rows in a 0.23  m2 area 
of the middle maize interrow. At each alfalfa/fescue 
sampling we also collected four samples of the solo-
seeded alfalfa from four quadrants of the solo-seeded 
alfalfa border area; in November only the alfalfa re-
growth following silage harvest was sampled. Plant 
samples were dried at 60 °C, weighed, and a subsam-
ple was finely ground. Subsamples were analyzed in 
duplicate for N concentration and 15N/14N isotope 
ratio using a coupled elemental analyzer (Carlo Erba, 
Milan, Italy)/isotope ratio mass spectrometer (PDZ 
Europa, Crewe, UK). Samples with duplicate dis-
crepancies of > 0.01‰ 15N were re-analyzed until 
two duplicates with agreement below that threshold 
was obtained. Dry weights of samples were converted 
to kg ha−1 by scaling up the g m−2 sample values for 
alfalfa or tall fescue, or by multiplying by the plant 
population for maize, which was estimated by count-
ing stalks in the plots following silage harvest.

Calculations

Delta 15N (δ15N) values of the samples were calcu-
lated as the deviation from atmospheric N2, assumed 
to equal 0.3663 atom % 15N (citation). Alfalfa N fixa-
tion was calculated by first calculating the proportions 
of N derived from atmosphere (Ndfa) as a percentage 
using the following mixing model:

where δ15Nref is the 15N signature of the reference 
crop (solo-seeded maize or fescue interseeded into 
maize), δ15Nalf is the 15N signature of the alfalfa, and 
B is defined as the δ15N signature of alfalfa when 
dependent solely on N2 fixation. Ndfa was calculated 
for each N rate in each experimental block, using the 
δ15Nref and δ15Nalf values from the same N rate in a 
given block. For the 0N and 224N plots the % Ndfa 
was calculated twice using each available reference 
plant (e.g. for alfalfa with 224N the reference plants 
were interseeded fescue with 224 N and solo-seeded 
maize with 224N). We did not measure B in this 
study but assumed a B value of − 0.7 for alfalfa in the 
Midwestern USA (Blesh and Drinkwater 2012). Pre-
vious research has shown small variations in B values 

(1)% Ndfa = 100 ×
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)
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have relatively minor impacts on N2 fixation calcula-
tions (Unkovich et al. 1994).

Similar to the alfalfa calculations, % Ndfa in maize 
interseeded with alfalfa was calculated for each N rate 
by the same mixing model as above, where δ15Nref 
represented the maize reference crop (either solo-
seeded maize or maize with interseeded fescue), 
and δ15Nalf was replaced by δ15N signature of the 
maize interseeded with alfalfa (Peoples et  al. 2015). 
As with the alfalfa, total N from fixation was calcu-
lated by multiplying % Ndfa by the total N content 
of the maize interseeded with alfalfa. The % Ndfa 
was multiplied by the N content of alfalfa or maize 
interseeded with alfalfa to calculate the total N fixed 
in kg N ha−1.

Statistics

Differences in the δ15N signatures were tested with 
three ANOVAs: one for maize samples across the 
three maize sampling dates (July, August, and Sep-
tember); one for alfalfa and fescue samples from the 
July and November sampling dates; and a combined 
analysis comparing maize, alfalfa, and tall fescue 
samples from the July sampling date. As with δ15N, 
additional ANOVAs were conducted to analyze % 
Ndfa for maize interseeded with alfalfa and inter-
seeded alfalfa. Furthermore, ANOVAs were con-
ducted separately for alfalfa and maize biomass, 
total N content, and total Ndfa. For each ANOVA, 
all N rate and cropping system combinations were 
considered as treatments, and treatments and loca-
tions were considered fixed effects. For the analyses 
that included multiple sampling dates, the date was 
considered a repeated measure at the plot level with 
an unstructured covariance structure. Block within 
location was considered a random factor. Separation 
of treatment means was by LSD with a significance 
level of P < 0.05. Finally, a paired t test was used to 
compare the % Ndfa estimates calculated using dif-
ferent reference crops, with estimates from the same 
plot paired. For all ANOVAs, plots of residuals were 
visually assessed for normality, and tests of homo-
geneity of variance were conducted for location and 
date. Analyses were conducted in SAS v. 9.4 (SAS 
Institute, Cary NC) and ANOVAs are summarized 
in Table S2. Main effects, interactions, and treatment 
differences described in the Results and the Discus-
sion were significant at P ≤ 0.05.
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Results

δ15N signatures

The δ15N signatures of biomass samples differed by 
crop type (maize, alfalfa, and tall fescue) and were 
influenced by N fertilization regime and sampling 
time but were generally not influenced by location. 
Maize, alfalfa, and tall fescue samples were all col-
lected at the July sampling date, and for the inter-
seeded maize with alfalfa system the δ15N of maize 
(4.5–5.1‰) was greater than alfalfa (1.9–2.2‰) at 
the 0N fertilizer rate. At both 112N and 224N ferti-
lizer rates there was no difference in δ15N between 
maize and alfalfa (Table S2; Figs. 1 and 2). Also, in 
July, for a given N fertilization regime the maize inter-
seeded with tall fescue, interseeded tall fescue, and 
solo-seeded maize had δ15N values that were within 
0.7‰ of each other and not significantly different. 
Tall fescue had greater δ15N than alfalfa at the 0N fer-
tilizer rate in July and November, but at the 224N fer-
tilizer rate the tall fescue had greater δ15N than alfalfa 
only in November (Fig. 1). The δ15N signature of the 

Fig. 1   Alfalfa interseeded with maize and fescue interseeded 
with maize δ15N signatures in July and November. Three N 
fertilization regimes (0N, 112N and 224N) were applied. 
Results were averaged across the two locations. Different let-
ters indicate differences among treatments within a date 
(P < 0.05) and error bars are standard error of the mean

Fig. 2   Maize δ15N signatures from maize interseeded with 
alfalfa, maize interseeded with fescue, and solo-seeded maize 
at three sampling times (July, August, September). Three N 
fertilization regimes (0N, 112N, and 224N) were applied. 

Results were averaged across two locations in the study. Dif-
ferent letters indicate significant differences among treatments 
within a sampling date (P < 0.05) and error bars are standard 
error of the mean
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solo-seeded alfalfa check was numerically similar to 
0N interseeded alfalfa in both July and November. 
Additionally, time of year was a significant deter-
minant of δ15N, with a significant decline generally 
observed over the course of the season for each of the 
three crop types, although the 224N fertilized tall fes-
cue and solo-seeded maize treatments both had simi-
lar signatures across the sampling dates.

Cropping system affected the δ15N signatures of 
maize in a few cases that depended on the sampling 
time and N rate (Fig. 2). Differences by system were 
primarily observed for the 0N fertilizer rate, where in 
July and September the maize interseeded with alfalfa 
had a lower δ15N than solo-seeded maize and maize 
interseeded with fescue, while in August the maize 
with alfalfa had δ15N that was lower than maize inter-
seeded with fescue. Differences in 112N fertilized 
maize were apparent only in August, with the maize 
interseeded with alfalfa having a lower δ15N than the 
solo-seeded maize. The 224N fertilized maize in the 
three systems were never different.

Nitrogen fertilization was associated with differ-
ences in δ15N signatures in several instances. In July 
the maize δ15N in all three cropping systems was 
lower in the N fertilized treatments (112N and 224N) 
compared with the 0N rate for all three cropping 
systems. In August, the δ15N signature in the 224N 
rate of solo-seeded maize was lower than the 0N and 
112N rates, and the 224N rate of maize interseeded 
with tall fescue was lower than the 0N rate. Then in 
September, both N fertilized maize treatments were 
again lower than 0N for the solo-seeded maize and 
maize interseeded with fescue systems (Fig. 2). While 
the maize interseeded with alfalfa did not show a sig-
nificant difference with N fertilization in August or 
September, we observed a trend for lower δ15N in the 
fertilized treatments (P < 0.2). Additionally, the 224N 
fertilized solo-seeded maize and maize interseeded 
with fescue systems showed consistent differences 
by location (accounting for the significant treatment 
by location interaction in Table S2) where δ15N was 
0.9 to 1.4‰ greater at PDS than AARS. Similar to 
the maize, the interseeded fescue samples had lower 
δ15N at the 224N rate compared with the 0N rate in 
July, but there was no difference in November. In con-
trast to both maize and fescue, the interseeded alfalfa 
samples at the 224N rate had higher δ15N than alfalfa 
at the 0N or 112N rates in November, and while the 

same pattern was observed in July the difference 
between fertilizer rates was not significant (Fig. 1).

Nitrogen derived from atmosphere

Estimates of Ndfa showed high variability within 
treatments, and the low δ15N values of the N ferti-
lized reference crops resulted in negative Ndfa in 
several instances. Even so, interseeded maize Ndfa 
reached up to 43% while interseeded alfalfa reached 
up to 68%. Alfalfa and maize samples could be 
directly compared only at the July sampling date; 
the alfalfa at the 0N fertilizer rate had the greatest 
% Ndfa of ~ 55%, while the 112N and 224N rates 
of interseeded alfalfa as well as all three N rates of 
interseeded maize were not different with % Ndfa 
between − 51% and 27% (Tables 1 and 2). Interseeded 
alfalfa showed an increase in % Ndfa from July to 
November, and significantly greater % Ndfa for alfalfa 
at the 0N rate compared with alfalfa at the 112N and 
224N rates. The solo-seeded alfalfa check had very 
similar Ndfa estimates to the unfertilized interseeded 
alfalfa in both July and November (54% and 64%, 
respectively). In contrast to the July samples, across 
the three maize sampling dates the maize interseeded 
with alfalfa did show significant treatment effects on 
Ndfa, with a lower % Ndfa observed for N fertilized 
interseeded maize when either the reference crop was 
either solo-seeded maize or maize interseeded with 
fescue (Table 2). Additionally, a significant trend with 
time was observed in interseeded maize Ndfa only 
when solo-seeded maize was used as the reference, 
where % Ndfa increased from July to September.

Two different reference crops were utilized for cal-
culating % Ndfa estimates for both interseeded alfalfa 
and interseeded maize. Neither alfalfa nor maize % 
Ndfa estimates were statistically different between 
the reference crops (p > 0.05). For alfalfa, the fes-
cue and solo-seeded maize reference crops could 
be compared in July at the 0N and 224N rates. That 
comparison revealed the Ndfa estimates generally 
differed by < 5% Ndfa due to the reference crop uti-
lized, the one exception being 224N alfalfa at AARS 
with a difference of 14% Ndfa (Table 1). For maize 
interseeded with alfalfa the two reference crops (solo-
seeded maize and maize with fescue) were compared 
at all three sampling times at the 0N and 224N rates, 
and as with alfalfa the Ndfa estimates were similar 
for the two reference crops (Table 2). Out of the 12 
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treatments comparisons of maize reference crops, 
10 showed agreement within 10% Ndfa. The excep-
tions were interseeded maize at the 224N rate in July 
at AARS and the interseeded maize at the 0N rate in 
August at PDS, which differed by 37 and 26% Ndfa, 
respectively.

Biomass, N uptake, and Total Ndfa

Biomass and N uptake of maize at each sampling 
date and both locations responded to N application 

across all three cropping systems and was lowest at 
the 0N rate across all three cropping systems, but 
differences between the 112N and 224N rates var-
ied by cropping system. For maize interseeded with 
alfalfa the 224N rate was greater in both biomass and 
N content, while for the solo-seeded maize biomass 
was similar but N uptake was greater in the 224N rate 
(Table  3). The yield advantage of the solo-seeded 
maize over the maize interseeded with alfalfa was 
5.0–5.2 Mg ha−1 at the 0N rate and 0.8–3.5 Mg ha−1 
at the 224N rate. The maize with interseeded tall 

Table 1   Alfalfa % nitrogen derived from atmosphere (Ndfa) at two locations (AARS and PDS) and two sampling times (July and 
November)

Two reference crops, fescue interseeded with maize and solo-seeded maize, were used for July calculations. Solo-seeded alfalfa 
check means are shown for comparison but were not included in statistical comparisons. Different lower-case letters within a column 
indicate differences in treatment means (P < 0.05)
*Reference plant received same N management as alfalfa
**Negative values resulted when reference plant had lower δ15N value than alfalfa

Location Interseeded alfalfa treatment July November

% Ndfa (fescue)* % Ndfa (solo maize)* % Ndfa (fescue)*

AARS Alfalfa 0N 55.5a 54.4a 67.7a
Alfalfa 112N – − 13.8b –
Alfalfa 224N − 37.4b − 51.8b 32.7b
Solo alfalfa check 48.7 47.9 63.8

PDS Alfalfa 0N 51.4a 55.1a 62.3a
Alfalfa 112N – 16.4b –
Alfalfa 224N 16.6b 20.8b 46.9b
Solo alfalfa check 59.7 64.6 65.2

Table 2   Interseeded maize % nitrogen derived from atmosphere (Ndfa) at two locations (AARS and PDS) and three sampling times 
(July, August, and September)

Two reference crops, maize interseeded with fescue and solo-seeded maize, were used for calculations. Different lower-case letters 
within a column indicate differences in treatment means (P < 0.05)
*Reference plant received same N management as interseeded maize
**Negative values resulted when reference plant had lower δ15N value than interseeded maize

Location Treatment July August September

% Ndfa (maize 
w/fescue)*

% Ndfa (solo 
maize)*

% Ndfa (maize 
w/fescue)*

% Ndfa (solo 
maize)*

% Ndfa (maize 
w/fescue)*

% Ndfa 
(solo 
maize)*

AARS Maize + alfalfa 0N 8.1a 8.7a 11.9a 19.2ab 19.2a 9.5ab
Maize + alfalfa 112N – − 3.6ab – 42.6a – 21.3a
Maize + alfalfa 224N 1.2b − 35.6b − 49.3b − 42.3c − 11.7b − 19.4b

PDS Maize + alfalfa 0N 18.5a 8.8a 37.6a 11.6ab 36.6a 38.9a
Maize + alfalfa 112N – 10.7a – 15.7ab – 5.5ab
Maize + alfalfa 224N 23.8b 27.3a − 8.0b − 4.3bc 14.4b 21.6a
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fescue had intermediate silage yield at both the 0N 
and 224N rates. These responses of maize biomass 
and N uptake to N rate and cropping system treat-
ments were similar at the July and August sampling 
dates and were generally consistent at both locations 
(Tables S3 and S4). In contrast to the biomass and 
N uptake results, the response of total Ndfa of maize 
interseeded with alfalfa to N rate was limited, where 
only at AARS in September was total Ndfa lower at 
the 224N rate than the 0N and 112N rates. The Ndfa 
ranged from a negative estimate up to 24.8 kg N ha−1 
and was not significantly different by N rate. There 
was not an overall significant trend with time in total 
Ndfa, although the 0N rate at PDS showed a trend for 
increasing total Ndfa over the course of the growing 
season (Fig. 3).

The alfalfa and tall fescue treatments had greater 
biomass and N content in July than in November 
and treatment differences varied by sampling date, 
while total Ndfa showed no difference between 
sampling dates (Fig.  3, Table 4). In July the 112N 
rate of interseeded alfalfa had greater N content 
than the 0N or 224N rates, but there was no differ-
ence between fertilization rates for biomass of inter-
seeded alfalfa. Similarly, tall fescue biomass and 
N contents were not different at the 0N and 224N 
rates. However, in November we observed less bio-
mass and N content in both 112N and 224N rates of 

fertilized alfalfa compared to the 0N rate, and less 
biomass for 224N fertilized fescue compared to 0N 
fescue. In addition, interseeded alfalfa had much 
greater biomass and total N content than inter-
seeded fescue in both July and November. The total 
interseeded alfalfa Ndfa was affected by N fertilizer 

Table 3   Maize silage 
yield, total N content, and 
total Ndfa (N derived from 
atmosphere) in September 
at two locations (AARS and 
PDS)

The experiment included 
three maize cropping 
systems under three N 
fertilization regimes. 
Reference crop for Ndfa 
calculations was solo-
seeded maize. Different 
lower case letters within 
a location in each column 
indicate differences in 
treatment means (P < 0.05). 
Results for July and August 
sampling dates are in tables 
S2 and S3

Location Crop system and N fertilization Silage yield 
(Mg DM ha−1)

N content 
(kg N ha−1)

Ndfa (kg N ha−1)

AARS Maize + alfalfa 0N 11.2d 82e 8.4a
Maize + alfalfa 112N 18.9bc 158c 33.5a
Maize + alfalfa 224N 20.4a 211b − 39.4b
Maize + fescue 0N 16.9c 115de –
Maize + fescue 224N 20.8ab 219ab –
Solo maize 0N 16.4c 121cd –
Solo maize 112N 21.0a 195b –
Solo maize 224N 20.2a 226a –

PDS Maize + alfalfa 0N 9.6d 72e 27.3a
Maize + alfalfa 112N 13.6bc 105c 4.4a
Maize + alfalfa 224N 16.2a 152b 32.6a
Maize + fescue 0N 12.9c 84de –
Maize + fescue 224N 18.2a 171ab –
Solo maize 0N 14.6c 100cd –
Solo maize 112N 17.0a 145b –
Solo maize 224N 19.6a 199a –

Fig. 3   Total aboveground N uptake and N derived from the 
atmosphere in interseeded maize and alfalfa at the PDS loca-
tion at the 0N fertilization rate. Alfalfa N dynamics were not 
fully captured by the two sampling dates, as N content likely 
declined in August due to senescence then increased due 
regrowth following maize harvest in mid-September. Errors 
bars are standard error of the mean



75Nutr Cycl Agroecosyst (2023) 126:67–79	

1 3
Vol.: (0123456789)

rate, being greater in the 0N alfalfa compared with 
the 224N fertilized alfalfa when using interseeded 
tall fescue as the reference crop, and in July the 
Ndfa using solo-seeded maize as the reference crop 
was also greatest in 0N, intermediate in 112N, and 
lowest in 224N alfalfa.

Discussion

Interseeded alfalfa contributed substantial biological 
N2 fixation and transfer to maize

Biological N2 fixation by interseeded alfalfa was an 
important N source in several of the interseeded sys-
tem treatments, as interseeded alfalfa contained up to 
64 kg N ha−1 fixed from the atmosphere in July and 
November (depending on N fertilization rate). These 
estimates were lower than previous studies from Min-
nesota and Winnipeg that reported N fixation rates 
of 148 to 174 kg N  ha−1 by unfertilized solo-seeded 
alfalfa in the seeding year under a regime of 1 or 3 
harvests (Heichel et  al. 1981; Kelner et  al. 1997). 
The limited N2 fixation by interseeded alfalfa was 
likely driven in part by competition from maize for 
light and water, which can reduce legume growth and 
lead to senescence of N2-fixing nodules (Thilakar-
athna et  al. 2016). Alternating solo-seeded strips of 
alfalfa and maize has been shown to stimulate alfalfa 

N2 fixation through rhizosphere interactions, but the 
strips were spaced wide enough to allow light pen-
etration to alfalfa (Wang et  al. 2020). In contrast, in 
our study the maize rows were planted only 0.76-m 
apart, thereby increasing competitive interactions 
such as shading of the interseeded alfalfa. Alfalfa 
has been shown to shed nodules and fine roots and 
increase the mobilization of internal N stores when 
defoliated during harvest, suggesting N2 fixation is 
temporarily impeded (Vance et al. 1979; Dubach and 
Russelle 1994; Schmitt et  al. 2013). An analogous 
response likely occurred in this study in late summer 
due to senescence of interseeded alfalfa aboveground 
biomass. While alfalfa N2 fixation appeared to resume 
along with aboveground re-growth following maize 
harvest, the shedding of nodules and heavy shading 
prior to maize harvest likely limited late summer N2 
fixation.

Nitrogen fertilizer reduced the importance of 
biological fixation to alfalfa N nutrition early in the 
growing season. The different locations showed dif-
ferent magnitudes of this effect; the negative esti-
mates at AARS suggested near complete inhibition 
of N2 fixation under the 112N and 224N rates, while 
PDS showed only a suppression of fixation. A simi-
lar response, where biological fixation was reduced 
by greater rates of N fertilization, has been previ-
ously observed in alfalfa (Eardley et al. 1985; Lamb 
et al. 1995). Alfalfa Ndfa estimates were consistently 

Table 4   Biomass, total N content, and total Ndfa (N derived from atmosphere) for interseeded alfalfa and tall fescue at two locations 
(AARS and PDS) in July and November

Reference crop for Ndfa calculations was solo-seeded maize for July and tall fescue for November. Different lower case letters within 
a column indicate differences in treatment means (P < 0.05)

Location Crop and treatment July November

Biomass 
(Mg DM ha−1)

N content (kg 
N ha−1)

Ndfa (kg N ha−1) Biomass (Mg 
DM ha−1)

N content (kg 
N ha−1)

Ndfa 
(kg N 
ha−1)

AARS Alfalfa 0N 3.45b 113c 60a 2.47a 94ab 63a
Alfalfa 112N 3.94a 152a − 22b 2.01b 77c –
Alfalfa 224N 3.63ab 134ab − 71b 2.10b 82bc 26b
Fescue 0N 1.3c 41d – 1.51c 29d –
Fescue 224N 0.8c 35d – 0.88d 26d –

PDS Alfalfa 0N 3.64b 123bc 69a 2.76a 101a 64a
Alfalfa 112N 4.19a 140ab 24b 2.43b 89abc –
Alfalfa 224N 3.72ab 125bc 26b 2.30b 84bc 39b
Fescue 0N 1.45c 42d – 1.95c 34d –
Fescue 224N 1.43c 56d – 1.18d 28d –
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greater in November, where even the fertilized alfalfa 
derived 32–47% of N from biological fixation. Nitro-
gen fixation accounted for more alfalfa N in the post-
July samples, likely due to more limited soil N supply 
during this period and continued maturation of alfalfa 
plants (Osterholz et  al. 2021a). Nitrogen fixation by 
newly seeded alfalfa in monocultures and alfalfa/grass 
bicultures has been previously shown to increase dra-
matically over the course of the seeding year as plants 
develop (Heichel et  al. 1984; Martensson and Ljun-
ggren 1984; Bowman et al. 2002).

Transfer of biologically fixed N occurred from the 
interseeded alfalfa to the interseeded maize, particu-
larly without N fertilization (Fig.  3). Our estimates 
were similar to N transfer estimates from unfertilized 
interseeded snail medic (Medicago scutellata L.) to 
maize of 0 to 63 kg N ha−1 (Smeltekop et al. 2002). 
Estimates of transfer of newly fixed N to maize were 
inconsistent in the fertilized interseeded maize, but 
we still observed a trend (albeit not statistically sig-
nificant) of less Ndfa under fertilized than unfertilized 
interseeded maize. This result was consistent with a 
previous study that showed less transfer of N from 
alfalfa to maize under fertilized conditions (Shao 
et  al. 2020). The estimates of maize Ndfa increased 
as the season progressed for the unfertilized maize 
(Fig. 3). In contrast, the fertilized maize did not show 
consistent trends as the growing season advanced, 
due to several negative estimates of Ndfa as well as 
the small contributions of N2 fixation relative to the 
variability in the maize δ15N signatures (i.e., small 
signal to noise ratio).

Nitrogen transfer from a legume to a neighboring 
non-legume can occur by several mechanisms (Fustec 
et al. 2009; Thilakarathna et al. 2016). In this experi-
ment, we observed senescence of the interseeded 
alfalfa aboveground growth in August. This opened 
the possibility for maize to have taken up N rapidly 
released from the senesced alfalfa leaves, fine roots, 
and nodules under the relatively warm conditions of 
August and early September (Mohr et al. 1998; John-
son et al. 2012). However, we also observed evidence 
of biologically fixed N in the interseeded maize at 
the July sampling. As this sampling occurred prior to 
alfalfa senescence, it suggests there was direct transfer 
of N from alfalfa to maize which can occur through 
root exudates or mycorrhizal connections (Thilakar-
athna et al. 2016; Shao et al. 2020). Further research 

is required to elucidate the importance of specific N 
transfer mechanisms in interseeded maize/alfalfa.

Previous studies have shown competition for N is 
an important dynamic in interseeded legume/maize 
systems (Kurtz et  al. 1952; Jellum and Kuo 1996). 
In this study, the lower yields of maize interseeded 
with alfalfa relative to both solo-seeded maize and 
maize interseeded with tall fescue clearly illus-
trated that alfalfa competed with maize for avail-
able soil N, despite the interseeded maize obtaining 
N fixed by the alfalfa. Soil N pools were measured 
in this experiment, and previously published results 
showed lower soil inorganic N in the interseeded 
maize/alfalfa system compared with solo-seeded 
maize at the 112N rate during the growing season 
and at all three N rates following maize harvest 
(Osterholz et al. 2021b). The competition for N led 
to a greater rate of N fertilizer needed to maximize 
yield of maize interseeded with alfalfa compared 
with solo-seeded maize (Osterholz et  al. 2021a). 
Moreover, at the 0N rate the yields of maize inter-
seeded with alfalfa were reduced by 33% compared 
with the solo-seeded maize and would likely not 
have been acceptable in a commercial production 
system. However, when 112 or 224 kg N ha−1 of N 
fertilizer was applied the  interseeded maize yields 
were reduced by only 4 to 23% compared to the 
solo-seeded maize system. At these more realistic N 
rates, the proportion of N the maize obtained from 
alfalfa N fixation was smaller than at the 0N rate, 
but still accounted for up to 22% of maize N at PDS 
(where N fixation estimates were more reliable).

Competition for N between interseeded alfalfa and 
maize was clearly an important factor determining 
crop growth and yield, yet it must be noted that other 
factors also likely contribute to competitive dynam-
ics between the crops. For instance, nearby plants can 
change the red/far red light ratio and thus influence 
maize growth patterns early in the growing season 
(Rajcan et al. 2004). Competition for nutrients other 
than N (e.g. P and K) as well as water could influence 
interseeded crop growth under limiting conditions 
(Kurtz et  al. 1952; Morris and Garrity 1993; Zhao 
et  al. 2019). Further research exploring the impor-
tance of these various factors will help elucidate the 
mechanisms underlying the performance of inter-
seeded crops.



77Nutr Cycl Agroecosyst (2023) 126:67–79	

1 3
Vol.: (0123456789)

Maize and fescue reference crops produced consistent 
estimates of N2 fixation and transfer

Solo-seeded maize, maize interseeded with tall fes-
cue, and interseeded tall fescue all performed effec-
tively as reference crops, highlighted by the similar 
δ15N values of the three crops both with and without 
N fertilizer application. The primary advantage to 
including interseeded maize/tall fescue as reference 
crops was that it ensured a reference crop was avail-
able both during and after maize harvest. Addition-
ally, as a perennial grass  the tall fescue could feasi-
bly be a useful reference crop  for alfalfa N2 fixation 
calculations in future growing seasons. The clear 
distinction of δ15N signatures of the reference crops 
with and without N fertilizer reflects earlier research 
in mixed stands of legumes/grasses that indicated the 
necessity of applying a similar N fertilization strategy 
to the reference crop and the legume (Papastylianou 
and Danso 1989; Peoples et al. 2015).

N fertilization changed δ15N signatures and N2 
fixation estimates

In this study maize fertilized with urea at moderate 
to high rates typically had lower δ15N values than 
unfertilized maize, regardless of the presence of an 
interseeded crop. This result, along with the greater 
N uptake in fertilized maize, clearly showed urea was 
a major source of the N taken up by fertilized maize. 
A similar effect on interseeded tall fescue δ15N was 
observed in July, but by November the fertilized and 
unfertilized fescue had similar δ15N signatures, sug-
gesting that by late fall soil N mineralization had 
replaced the contribution of urea to plant available N.

In several instances, particularly at the AARS 
location, the δ15N values of the 224N fertilized 
solo-seeded maize and interseeded maize/tall fescue 
reference crops were lower than the recommended 
2‰ threshold for natural abundance method recom-
mended by Unkovich et  al. (1994). The δ15N signa-
ture of urea fertilizer is typically much lower than N 
from soil mineralization: for example, Bateman and 
Kelly (2007) found urea ranged from -0.8 to -5.9‰ 
whereas in this study the crops dependent on soil N 
mineralization (i.e., the 0N reference crops) averaged 
4.5‰. A lower δ15N of crops fertilized with urea has 
been observed in previous studies (Liu et  al. 2017). 
As biologically fixed N has a similar or slightly higher 

δ15N signature than urea (e.g., B value of − 0.7), this 
made distinguishing between these sources and cal-
culating Ndfa in the fertilized maize and alfalfa treat-
ments challenging. At AARS the N required to reach 
optimal maize yield was close to the 112N rate mean-
ing that the 224N rate supplied excessive N to the sys-
tem (Osterholz et al. 2021b). The excess N and simi-
larity between the signatures of urea and atmospheric 
sources likely contributed to the low δ15N signatures 
of reference crops, thereby resulting in negative N 
fixation estimates in this treatment. This suggests that 
the natural abundance technique may not be effective 
for estimating N fixation when excessive rates of fer-
tilizer with low N δ15N signatures are applied. While 
most ammonia-based N fertilizers have delta sig-
natures near zero to slightly negative, future studies 
on N fixation in N fertilized systems should consider 
utilizing an N source with a δ15N signature more dis-
tinct from biologically fixed N to improve the ability 
to distinguish between biologically fixed N and ferti-
lizer N. For example, nitrate-based synthetic fertiliz-
ers tend to have higher δ15N signatures, and organic 
N sources are typically relatively enriched in 15N 
(Freyer and Aly 1974; Bateman and Kelly 2007).

Conclusions

This study is the first to utilize 15N natural abundance 
techniques in a field setting to determine N fixation by 
alfalfa interseeded with maize and demonstrate trans-
fer to N from alfalfa to maize in the interseeded maize 
and alfalfa cropping system. Estimates of N fixation 
and N transfer were more challenging in N fertilized 
treatments  due to smaller differences in δ15N signa-
tures between reference crops and interseeded alfalfa 
and maize; at one of the two locations the applica-
tion of optimal and excessive N fertilization rates (for 
maize production) resulted in negative estimates of 
N fixation. Solo-seeded maize and tall fescue inter-
seeded into maize were shown to be useful reference 
crops for alfalfa N2 fixation, while solo-seeded maize 
and maize interseeded with fescue were appropriate 
reference crops for estimating N transfer to inter-
seeded maize. Biological N2 fixation by interseeded 
alfalfa in the seeding year contributed between 16 to 
25 kg ha−1 of N to the interseeded maize/alfalfa sys-
tem. Furthermore, maize accessed N fixed by inter-
seeded alfalfa, both with and without N fertilization, 
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which raises the potential to capitalize on N trans-
fer processes to maintain efficient N cycling in the 
maize/alfalfa interseeding system. However, com-
petition between interseeded crops remains an agro-
nomic challenge as this was the dominant interaction 
observed. Future research on N dynamics of the inter-
seeded maize-alfalfa system should explore manage-
ment options to enhance N transfer from alfalfa to 
maize while minimizing the risk of N limitation of 
maize yields. Investigations of the specific N transfer 
processes as well as management approaches to mini-
mize competition would help advance understanding 
and implementation of interseeded maize and legume 
cropping systems on farms.

Acknowledgements  The authors thank Matt Volenec for 
assistance with fieldwork. Funding was provided in part by a 
USDA-ARS co-operative agreement (#58-5090-6-060) with 
the University of Wisconsin-Madison and a USDA-NIFA grant 
(#2017-70005-27087). Mention of trade names or commer-
cial products does not imply recommendation or endorsement 
by the USDA. USDA is an equal opportunity provider and 
employer.

Author contributions  W.O. wrote the main manuscript text 
and prepared figures. All authors contributed to research con-
ceptualization and reviewed the manuscript.

Declarations 

Competing interests  The authors declare no competing inter-
ests.

References

Bateman AS, Kelly SD (2007) Fertilizer nitrogen isotope sig-
natures. Isot Environ Health Stud 43(3):237–247

Berti MT, Lukaschewsky J, Samarappuli DP (2021) Intercrop-
ping alfalfa into silage maize can be more profitable than 
maize silage followed by spring-seeded alfalfa. Agronomy 
11:1196

Blesh J, Drinkwater LE (2012) The impact of nitrogen source 
and crop rotation on nitrogen mass balances in the Missis-
sippi River Basin. Ecol Appl 23(5):1017–1035

Bommarco R, Kleijn D, Potts SG (2013) Ecological intensifi-
cation: harnessing ecosystem services for food security. 
Trends Ecol Evol 28(4):230–238

Bowman AM, Peoples MB, Smith W, Brockwell J (2002) 
Factors affecting nitrogen fixation by dryland lucerne 
in central-western New South Wales. Aust J Exp Agric 
42:439–451

Chalk PM, Peoples MB, McNeill AM, Boddey RM, Unkovich 
MJ, Gardener MJ, Silva CF, Chen D (2014) Method-
ologies for estimating nitrogen transfer between legumes 

and companion species in agro-ecosystems: a review of 
15N-enriched techniques. Soil Biol Biochem 73:10–12

Chalk PM, Inacio CT, Chen D (2019) An overview of con-
temporary advances in the usage of 15N natural abun-
dance (δ15N) as a tracer of agro-ecosystem N cycle pro-
cesses that impact the environment. Agr Ecosyst Environ 
283:106570

Cherney JH, Duxbury JM (1994) Inorganic nitrogen supply 
and symbiotic dinitrogen fixation in alfalfa. J Plant Nutr 
17(12):2053–2067

Dubach M, Russelle MP (1994) Forage legume roots and 
nodules and their role in nitrogen transfer. Agron J 
86:259–266

Duchene O, Vian J, Celette F (2017) Intercropping with leg-
ume for agroecological cropping systems: complemen-
tarity and facilitation processes and the importance of 
soil microorganisms: a review. Agr Ecosyst Environ 
240:148–161

Eardley BD, Hannaway DB, Bottomley PJ (1985) Nitrogen 
nutrition and yield of seedling alfalfa as affected by 
ammonium nitrate fertilization. Agron J 77:57–62

Franco JG, Berti MT, Grabber JH, Hendrickson JR, Nieman 
CC, Pinto P, Van Tassel D, Picasso VD (2021) Ecologi-
cal intensification of food production by integrating for-
ages. Agronomy 11(12):2580

Freyer HD, Aly AIM (1974) Nitrogen-15 variations in ferti-
lizer nitrogen. J Environ Qual 3(4):405–406

Fustec J, Lesuffleur F, Mahieu S, Cliquet J (2009) Nitrogen 
rhizodeposition of legumes. Rev Agron Sustain Dev 
30:57–66

Grabber JH (2016) Prohexadione–calcium improves stand 
density and yield of alfalfa interseeded into silage corn. 
Agron J 108(2):726–735

Heichel GH, Barnes DK, Vance CP (1981) Nitrogen fixation 
by alfalfa in the seeding year. Crop Sci 21:330–335

Heichel GH, Barnes DK, Vance CP, Henjum KI (1984) N2 
fixation, and N and dry matter partitioning during a 
4-years alfalfa stand. Crop Sci 24:811–815

Jellum EJ, Kuo S (1996) Nitrogen requirements of corn (Zea 
mays L.) as affected by monocropping and intercropping 
with Alfalfa (Medicago sativa). Nutr Cycl Agroecosyst 
47:146–156

Johnson HJ, Colquhoun JB, Bussan AJ, Laboski CAM (2012) 
Estimating nitrogen mineralization of composted poul-
try manure, organic fertilizers, and green manure crops 
for organic sweet corn production on a sandy soil under 
laboratory conditions. Hort Technol 22(1):37–43

Kelner DJ, Vessey JK, Entz MH (1997) The nitrogen dynam-
ics of 1-, 2-, and 3-years stands of alfalfa in a cropping 
system. Agr Ecosyst Environ 64:1–10

Kurtz T, Melsted SW, Bray RH (1952) The importance of 
nitrogen and water in reducing competition between 
intercrops and corn. Agron J 44(1):13–17

Lamb JFS, Barnes DK, Russelle MP, Vance CP, Heichel 
GH, Henjum KI (1995) Ineffectively and effectively 
nodulated alfalfas demonstrate biological nitrogen fixa-
tion continues with high nitrogen fertilization. Crop Sci 
35:153–157

Liu J, Wang C, Peng B, Xia J, Jiang P, Bai E (2017) Effect of 
nitrogen addition on the variables in the natural abundance 



79Nutr Cycl Agroecosyst (2023) 126:67–79	

1 3
Vol.: (0123456789)

of nitrogen isotopes of plant and soil components. Plant 
Soil 412:453–464

Malézieux E, Crozat Y, Dupraz C, Laurans M, Makowski D, 
Ozier-Lafontaine H, Rapidel B, De Tourdonnet S, Valan-
tin-Morison M (2009) Mixing plant species in cropping 
systems: concepts, tools and models: a review. In: Licht-
fouse E, Navarrete M, Debaeke P, Veronique S, Alberola 
E (eds) Sustainable agriculture. Springer, Dordrecht, pp 
329–353

Martensson AM, Ljunggren HS (1984) Nitrogen fixation in 
an establishing alfalfa (Medicago sativa L.) ley in Swe-
den, estimated by three different methods. Appl Environ 
Microbiol 48(4):702–707

Mohr RM, Janzen HH, Entz MH (1998) Nitrogen dynamics 
under growth chamber conditions as influenced by method 
of alfalfa termination 2. Plant-available N release. Can J 
Soil Sci 78:261–266

Morris RA, Garrity DO (1993) Resource capture and utiliza-
tion in intercropping: non-nitrogen nutrients. Field Crop 
Res 34:319–334

Ofori F, Stern WR (1987) Cereal–legume intercropping sys-
tems. Adv Agron 41:41–90

Osterholz WR, Renz MJ, Lauer JG, Grabber JH (2018) Prohex-
adione-calcium rate and timing effects on alfalfa inter-
seeded into silage corn. Agron J 110(1):85–94

Osterholz WR, Renz MJ, Jokela WE, Grabber JH (2019) Inter-
seeded alfalfa reduces soil and nutrient runoff losses dur-
ing and after corn silage production. J Soil Water Conserv 
74:85–90

Osterholz WR, Renz MJ, Grabber JH (2020) Alfalfa estab-
lishment by interseeding with silage corn projected to 
increase profitability of corn silage-alfalfa rotations. 
Agron J 112:4120–4132

Osterholz WR, Ruark MD, Renz M, Grabber JH (2021a) Ben-
efits of alfalfa interseeding include reduced residual soil 
nitrate following corn production. Agric Environ Lett 
6(3):e20053

Osterholz WR, Ruark MD, Renz MJ, Grabber JH (2021b) 
Interseeding alfalfa into corn silage increases corn N fer-
tilizer demand and increases system yield. Agron Sustain 
Dev 41(4):1–13

Papastylianou I, Danso SKA (1989) Effect of nitrogen fertiliza-
tion and cropping system of the reference crop on estima-
tion of N2 fixation by vetch using 15N methodology. Plant 
Soil 114:227–233

Peoples MB, Chalk PM, Unkovich MH, Boddey RM (2015) 
Can difference in 15N natural abundance be used to 
quantify the transfer of nitrogen from legumes to 

neighbouring non-legume plant species. Soil Biol Bio-
chem 87:97–109

Rajcan I, Chandler KJ, Swanton CJ (2004) Red-far-red ratio 
of reflected light: a hypothesis of why early season weed 
control is important in corn. Weed Sci 52:774–778

Schmitt A, Pausch J, Kuzyakov Y (2013) C and N allocation in 
soil under ryegrass and alfalfa estimated by 13C and 15N 
labelling. Plant Soil 368:581–590

Shao Z, Wang X, Gao Q, Zhang H, Yu H, Wang Y, Zhang J, 
Nasar J, Gao Y (2020) Root contact between maize and 
alfalfa facilitates nitrogen transfer and uptake using tech-
niques of foliar 15N-labeling. Agronomy 10:360

Smeltekop H, Clay DE, Clay SA (2002) The impact of inter-
cropping annual “Sava” snail medic on corn production. 
Agron J 94:917–924

Stern WR (1993) Nitrogen fixation and transfer in intercrop 
systems. Field Crop Res 34:335–356

Thilakarathna MS, McElroy MS, Chapagain T, Papadopoulos 
YA, Raizada MN (2016) Belowground nitrogen transfer 
from legumes to non-legumes under managed herbaceous 
cropping systems. Rev Agron Sustain Dev 36:58

Unkovich MJ, Pate JS, Sanford P, Armstrong EL (1994) Poten-
tial precision of the delta 15N natural abundance method 
in field estimates of nitrogen fixation by crop and pas-
ture legumes in South-west Australia. Aust J Agric Res 
45:119–132

Vance CP, Heichel GH, Barnes DK, Bryan JW, Johnson LE 
(1979) Nitrogen fixation, nodule development and veg-
etative regrowth of alfalfa (Medicago sativa L.) following 
harvest. Plant Physiol 64:1–8

Vrignon-Brenas S, Celette F, Piquet-Pissaloux A, Corre-Hellou 
G, David C (2018) Intercropping strategies of white clo-
ver with organic wheat to improve the trade-off between 
wheat yield, protein content and the provision of ecologi-
cal services by white clover. Field Crop Res 224:160–169

Wang X, Gao Y, Zhang H, Shao Z, Sun B, Gao Q (2020) 
Enhancement of rhizosphere citric acid and decrease of 
NO3

−/NH4
+ ratio by root interactions facilitate N fixation 

and transfer. Plant Soil 447:169–182
Zhao C, Chai Q, Cao W, Whalen JK, Zhao L, Cai L (2019) 

No-tillage reduces competition and enhances compensa-
tory growth of maize (Zea mays L.) intercropped with pea 
(Pisum sativum L.). Field Crops Res 243(1):107611

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Interseeded alfalfa N2 fixation and transfer to maize are reduced by N fertilizer
	Abstract 
	Introduction
	Methods
	Experiment description
	Sampling and analysis
	Calculations
	Statistics

	Results
	δ15N signatures
	Nitrogen derived from atmosphere
	Biomass, N uptake, and Total Ndfa

	Discussion
	Interseeded alfalfa contributed substantial biological N2 fixation and transfer to maize
	Maize and fescue reference crops produced consistent estimates of N2 fixation and transfer
	N fertilization changed δ15N signatures and N2 fixation estimates

	Conclusions
	Acknowledgements 
	Anchor 19
	References




