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Abstract Legume-based cropping systems have the
potential to internally regulate N cycling due to the
suppressive effect of soil N availability on biological
nitrogen fixation. We used a gradient of endogenous
soil N levels resulting from different management
legacies and soil textures to investigate the effects of
soil organic matter dynamics and N availability on
soybean (Glycine max) N, fixation. Soybean N,
fixation was estimated on 13 grain farm fields in
central New York State by the '’N natural abundance
method using a non-nodulating soybean reference. A
range of soil N fractions were measured to span the
continuum from labile to more recalcitrant N pools.
Soybean reliance on N, fixation ranged from 36% to
82% and total N, fixed in aboveground biomass
ranged from 40 to 224 kg N ha ' Soil N pools were
consistently inversely correlated with % N from
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fixation and the correlation was statistically signifi-
cant for inorganic N and occluded particulate organic
matter N. However, we also found that soil N uptake
by N,-fixing soybeans relative to the non-nodulating
isoline increased as soil N decreased, suggesting that
N, fixation increased soil N scavenging in low
fertility fields. We found weak evidence for internal
regulation of N, fixation, because the inhibitory
effects of soil N availability were secondary to the
environmental and site characteristics, such as soil
texture and corresponding soil characteristics that
vary with texture, which affected soybean biomass,
total N, fixation, and net N balance.

Keywords Legume nitrogen fixation -
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Introduction

Humans have more than doubled the global rate of
reactive nitrogen (N) input into terrestrial systems,
resulting in major direct and indirect effects on
ecosystems (Vitousek et al. 2002a; Galloway et al.
2003). Haber-Bosch N (HBN) fertilizer is the primary
contributor to this increase and its application contrib-
utes to large environmental consequences, including
surface water eutrophication and the formation of the
annual hypoxic zone in the Gulf of Mexico (Mclsaac et
al. 2001; Galloway and Cowling 2002). The advent of
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HBN fertilizers increased the quantity of N additions
and also reduced the occurrence of carbon (C)
additions in conjunction with N. As a result of this
uncoupling of C and N cycles, HBN fertilizers are
needed at levels that saturate agroecosystems to
maintain net primary productivity (NPP) (Woodmansee
1984; Drinkwater and Snapp 2007). Soluble HBN
fertilizers are readily lost from agricultural fields as
they are typically added when plant uptake is low and
residual HBN fertilizer often is lost due to the absence
of active plant growth following annual crop harvest
(Crews and Peoples 2005).

Studies of agroecosystems with increased temporal
plant diversity, which reduce bare fallow periods and
rely primarily on biological N, fixation (BNF) for N
inputs, show that yields can be maintained while N
losses are reduced, through the recoupling of C and
N cycles (Drinkwater et al. 1998; Gregorich et al.
2001; Ross et al. 2008). This improved N use efficiency
is due in part to significant reductions in the magnitude
of the surplus N additions and the addition of N in more
stable, organic forms that are mineralized through
microbially-mediated processes (Drinkwater et al.
1998). Despite the potential for legume-based systems
to improve N use efficiency, scant research has focused
on understanding the ecology of BNF in temperate,
legume-based cash-grain agroecosystems.

Legume-based cropping systems may have the
advantage of a built-in internal feedback that regulates
N cycling. As soil organic matter (SOM) levels
increase in legume-based systems over time, the
mineralization of N from larger SOM pools may
suppress BNF (Waterer and Vessey 1993). In natural
systems, soil N availability is one of the primary
factors thought to constrain the distribution of
legumes (Vitousek et al. 2002b). Rhizobial strains
differ in their N, fixation efficiency and effectiveness,
but the plant partner in the symbiosis appears to be
the primary regulator of the suppressive effect of soil
N availability on BNF (Kiers et al. 2003).

It is not clear whether the inhibitory effect of soil N
derived from SOM mineralization is a functionally
important mechanism that regulates BNF in agroeco-
systems. The effect of N availability on legume N,
fixation has rarely been researched within the context
of cropping systems in which soil N availability is
dependent on the mineralization of SOM. Studies have
typically used large N fertilizer additions, ranging from
50 to 200 kg N ha ' added at one time point, effec-
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tively flooding the root zone with nitrate (Salvagiotti et
al. 2008). These studies clearly demonstrate that when
soil conditions are held constant, large pools of
inorganic N inhibit BNF and variations in N availabil-
ity act as the major regulator of N, fixation rates.
However, these studies do not provide an analysis of
the relative importance of soil N availability in legume-
based agroecosystems dependent on the complex
plant-soil-microbe interactions that influence N miner-
alization from heterogeneous SOM pools (Clarholm
1985; Hodge 2003). Nitrate can have a localized as
well as a systemic effect on BNF (Streeter 1985;
Blumenthal et al. 1997) and extremely low concen-
trations of inorganic N have even been found to
increase N, fixation in some greenhouse studies (Gan
et al. 2004). Nitrogen mineralization from heteroge-
neous SOM pools would be expected to create
temporally variable microsite hotspots of inorganic N
throughout the rooting zone. This is in contrast to the
potential influence of the broad application of HBN
fertilizers at rates that typically saturate the root system
for a short, concentrated time period.

Most soybeans grown in the U.S. do not receive
direct HBN fertilizer additions during their growth
and are, therefore, dependent on residual HBN
fertilizer in the soil and on N mineralization from
SOM pools for soil N uptake. In this study, we
identified a gradient of endogenous soil N levels
across several grain farms in New York State. Our
objective was to investigate whether soybean BNF
was regulated by N availability from a typical range
of SOM levels found across agroecosystems.

Materials and methods
Experimental sites

We established research plots in 2004 in 13 fields on
four commercial grain farms in central New York
state (42° 39'-42° 44' N and 77° 04'-76° 43" W). All
fields were within 30 km of each other. The climate is
characterized as humid temperate with a mean annual
precipitation of 880 mm and mean annual maximum
and minimum air temperature of 14°C and 3°C,
respectively. We selected fields to reflect a gradient
of management histories (Table 1). All soils are
moderately well to well drained, mixed, active, mesic
Hapludalfs, except for fields H4 and L6, which fall
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Table 1 Management history, crop rotation history, and USDA soil classification for 13 study fields

Field® Years under 5-year rotation history®

organic mgmt

Soil classification

Hl 0 corn-corn-corn-corn-kidney bean

H2 0 corn-corn-kidney bean-rye-corn

H3 0 COrn-corn-corn-corn-corn

H4 0 corn-snap bean-wheat/clover-corn-soybean

H5 0 kidney bean-wheat/clover-corn-corn-soybean
L1 3 soybean-oat-soybean-corn-soybean

L2 8 soybean-spelt/clover-soybean-corn-soybean

L3 9 kidney bean-soybean-wheat/clover-clover-soybean
L4 5 spelt/clover-corn-wheat/clover-corn-soybean

L5 7 corn-soybean-spelt/clover-corn-soybean

L6 13 wheat/clover-soybean-spelt/clover-corn-soybean
L7 20 corn-soybean-rye-spelt/clover-soybean

L8 20 wheat/clover-corn-wheat/clover-corn-soybean

Fine sandy-loam, Glossic Hapludalf
Fine sandy-loam, Oxyaquic Hapludalf
Fine sandy-loam, Glossic Hapludalf

Silt loam, Aeric Endoaquept

Fine sandy-loam, Oxyaquic Hapludalf
Silt loam, Glossic Hapludalf

Silt loam, Glossic Hapludalf

Silt loam, Glossic Hapludalf

Silt loam, Oxyaquic Hapludalf

Silt loam, Oxyaquic Hapludalf

Silt loam, Aeric Endoaqualf

Gravelly silt loam, Glossaquic Hapludalf
Gravelly silt loam, Glossaquic Hapludalf

*Fields are labeled by management type (H Haber-Bosch N fertilizer-based; L legume N-based management practices)

® Crop rotation history is listed from least to most recent from left to right, ending with the 2004 season. Corn (Zea mays); kidney bean
and snap bean (Phaseolus vulgaris); rye (Secale cereale); wheat (Triticum aestivum); spelt (Triticum spelta); clover (Trifolium

pratense)

into soil classes that are somewhat poorly drained
(USDA-NRCS SSURGO database). Weather data
were averaged from the Penn Yan Airport, Penn
Yan, NY (within 10 km SW of fields L1-L3, and all
HBN fields) and the Aurora Research Farm, Aurora,
NY (within 15 km NE of fields L4-L8) provided by
the National Climate Data Center.

We collected a S-year cropping history from
participating farmers including all N inputs and crop
yields for each field. Literature values and data from
several years of cover crop and grain N sampling in the
region were combined with farmer records of field
inputs and exports to calculate estimated N balances
for each field. These balances were used to classify
each field based on management history and the
percentage of total N inputs derived from either HBN
fertilizers or legume BNF inputs. The fields used in
this study are all cash-grain operations and do not have
livestock integrated into their farming systems. The
fields that are managed with legume-based rotations
apply an average of only 17 kg N ha ' year ' from
compost or manure inputs, and are therefore reliant on
BNF for the majority of total N inputs. Nitrogen
management categories were defined as follows: 1)
HBN fields received mainly fertilizer N (>50% of total
N inputs, remainder from legume-based BNF) while 2)

LEG fields did not receive any HBN, but relied on
legume-based BNF for most of their N additions
(>50% of N inputs from BNF with remainder from
compost or manure). All LEG fields were located on
certified organic farms and had been under organic
management regimes for 3 to 20 years (Table 1).

Plot establishment and management

Research plots were established within grain fields that
were managed using conventional tillage practices. The
surrounding field area was planted by the farmer to
soybean, with the exception of fields HI, H2, and H3
which were in kidney beans or corn in 2004 (Table 1).
We planted three varieties of soybean in a randomized
complete block design with four replicate blocks in
each field. We used a late Group I nodulating soybean
(M129 Nod) bred from an Altona x Chippewa cross
because a non-nodulating isoline (M129 Non-Nod)
was available to serve as a reference plant for the BNF
estimation. M129 seed was provided by James H. Orf,
University of Minnesota. To simulate the farmer
practice in these farming systems we also planted
Vinton 81, a high protein, food-grade late Group I
soybean commonly grown by organic farmers in the
region, because of its high market value. We seeded the
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plots in June 2004 at the rate of 26 seeds m ', 0.76 m
row spacing, in 3 m by 2 m plots (four rows plot '), In
the field immediately prior to planting, seeds of the two
N,-fixing varieties (Vinton 81 and M129 Nod) were
moistened with water and mixed with a peat-based
inoculant containing Rhizobium japonicum USDA
strains 110 and 136. The inoculation rate was
approximately 0.1 g inoculant kg seed . In fields
where the surrounding field was not planted to
soybeans, an additional buffer row of soybeans was
planted on the outside edges of the research plot area
and an additional 2 m was seeded on either end of
research plot rows to reduce any shading effect
particularly in corn fields (fields H2 and H3). Farmers
did not apply fertilizers or amendments to the research
plot area during the 2004 growing season. We
supplemented farmers’ mechanical cultivation with
hand-weeding to control weeds in research plots.

Plant sampling and analysis

We collected soybean aboveground biomass samples
from 0.5 m of the center two rows in each plot at two
time points: 1) 51 to 63 days after planting (DAP),
and 2) 91 to 102 DAP, leaving a 0.5 m buffer between
sampling areas. The first sampling occurred at early
pod formation (R4) and the second sampling occurred
at full pod prior to leaf senescence (R6) (Fehr et al.
1971). Biomass was dried at 60°C and weighed.
Dried plant biomass samples were first coarsely
ground using both a hammer mill and grinder and
then finely pulverized using a roller grinder. Samples
were analyzed for '°N natural abundance and total N
content using a continuous flow Isotope Ratio Mass
Spectrometer (Stable Isotope Facility, UC Davis).
We collected nodules at the first (R4) sampling
time when nodules should be fully established, but
prior to their senescence (Zapata et al. 1987). Roots
from 20 cm of the center two rows were excavated to
25 cm depth. Soil was gently shaken off and roots
were rinsed briefly in water in the field and then
stored at 4°C. Within 2 weeks of sampling, we
separated nodules from roots and counted them.
Roots and nodules were dried and weighed. Root
sampling allowed for confirmation of nodulation
status of non-nodulating soybeans. Only 1.5% of all
non-nodulating plants sampled contained nodules
(sample size = 454 plants). One plot of non-
nodulating soybeans in field L4 had nodulated plants
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throughout and was obviously misplanted. This plot
was dropped from all analyses.

Nitrogen fixation

We used the '°N natural abundance method (Shearer
and Kohl 1986) to estimate BNF at the two sampling
times. The percentage of N derived from the
atmosphere in the N,-fixing soybean (Vinton 81 or
M129 Nod) biomass was calculated using the M129
Non-Nod as the reference plant:

%N from fixation = 100*((8'°N Non-Nod — §'°N,
~fixing) /(8'°N Non-Nod—B))

where B is the 6'°N value of soybean grown with
atmospheric N, as the only source of N after
accounting for seed N. Total aboveground N, fixed
was calculated from the aboveground dry matter of
N,-fixing soybean, its biomass N concentration, and
% N from fixation.

To quantify the B value, we grew 16 replicates
each of Vinton 81 and M129 Nod soybeans in pots
filled with N-free, autoclaved, calcined clay media
(Turface©, AIMCOR, Deerfield, IL) in a greenhouse.
Seeds were surface sterilized in 70% (v/v) ethanol for
3 min and 3% (v/v) bleach solution for 2 min,
followed by a 3 min rinse in deionized water.
Sterilized seeds received the same inoculant used in
field plots and plants were fertilized with an N-free
Hoagland’s nutrient solution (GreenCare Fertilizers,
Chicago, IL). Eight replicate plants were sampled at
R4 and R6 maturity stages, dried, ground, and
analyzed for §'°N. Due to poor germination, B values
for Vinton 81 soybeans were calculated using only
three replicates at R4 and four replicates at R6. Seeds
for each variety were also analyzed for §'°N to allow
calculation of seed N contribution.

Description of soil N fractions measured

Despite decades of research, a single soil test that
reliably predicts plant available N has not been
developed. In order to capture the range of soil N
pools that can contribute to plant available N, we
quantified a range of soil N fractions spanning the
continuum from labile to more recalcitrant N pools
(Table 2). Different soil N fractions interact with
environmental factors to determine soil N availability.
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Table 2 Soil N fractions measured, their relative turnover times, and descriptions of which soil N pools they represent

Soil N fraction Estimated turnover time

Pool description

Source

Extractable NO;~ and NH,"
(Inorganic N)

Chloroform extractable
N (MBN)

Dissolved organic N (DON)

Hours to days

Days to years
Days to decades

N mineralization potential
(N min)*
Light fraction POM N Weeks to years

Occluded POM N (oPOM N)  Years to decades

Inorganic N immediately available
for plant or microbial assimilation
Microbial biomass N

Heterogeneous pool of labile and
more recalcitrant organic molecules

Integrated measure of microbial
activity and labile N availability

Recent plant and animal residue

(fPOM N) inputs

Partially decomposed residues,

Corre et al. 2002

McGill et al. 1986;
Schmidt et al. 2007

Jones et al. 2004;
von Lutzowa et al. 2007

Drinkwater et al. 1996
Boone 1994; Wander 2004

Gale et al. 2000; Wander 2004

particularly root residues,
physically protected within soil
aggregates

Total soil N (Soil N) Up to centuries

to millenia

Majority of pool in recalcitrant
mineral-associated compounds

Stevenson 1994

N min represents an integrated rate of labile N availability rather than a distinct pool with a turnover time

Inorganic N is an ephemeral soil N pool with high
temporal and spatial variability, because it depends on
inputs from microbially-mediated mineralization and
losses from denitrification, volatilization, leaching,
and plant and microbial immobilization. Microbial
biomass (MB) is sensitive to temperature and mois-
ture availability and represents an important sink, as
well as a source, for inorganic N depending on C
availability. Organic matter can be further partitioned
into physical fractions to separate more labile pools
from older, recalcitrant pools. Light fraction particu-
late organic matter (fPOM), also referred to as free
POM because it is not associated with soil aggregates,
is derived from recent litter inputs and can represent a
sink or a source for inorganic N, depending on the
source material C:N ratio and biochemistry (Boone
1994; Wander 2004). Occluded particulate organic
matter (0POM), is physically protected within soil
aggregates and is more likely than fPOM to be a net
source of inorganic N because it typically is more
decomposed, resulting in a lower C:N ratio (Wander
2004; Marriott and Wander 2006).

Soil sampling and analysis

We collected soils from all of these fields in September
2004 in conjunction with the second biomass sam-
pling. Soil measurements vary greatly in their sensi-
tivity to seasonality. Key factors that contribute to
seasonal shifts in more labile N pools include recent

residue inputs, plant cover, soil moisture, and temper-
ature (Bonde and Rosswall 1987; Ross 1987). We
chose to sample soils after a season of soybean to
provide a consistent recent plant influence across all
fields, thereby reducing the short-term influence of
differences in the previous year’s crop. In addition, late
season sampling occurred after the cessation of active
plant N uptake. Labile soil N pools measured in
September were, therefore, influenced by recent
soybean C and N inputs as well as longer-term
management histories and soil textural differences.

During the process of site characterization and
selection, soils for some fields were also sampled in
April and May 2004, prior to tillage and planting. Due
to typical management adjustments in response to
weather patterns, some fields sampled at the begin-
ning of the growing season were not included in this
study because they were not planted to soybeans and
additional nearby soybean fields were included.
Therefore, early season inorganic N data from 9 of
the 13 fields included in this study are reported for the
sake of comparison with September data.

In September, twenty soil cores (2 cm diameter by
20 cm depth) were taken and composited from each
plot within each field. For early season inorganic
N measurements, three replicate samples, each of
20 composited soil cores, were collected for each
field. For N mineralization potential (N min), a
subsample of soil was sieved in the field for inorganic
N and 7-day anaerobic N mineralization incubation
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using a 2 M KCI extraction (Drinkwater et al. 1996).
Total NH," and NO;  were analyzed using a
continuous flow analyzer (AlpKem, OI Analytical,
College Station, TX). Remaining sieved and unsieved
soils were stored at 4°C. Dissolved organic C and N
and microbial biomass extractions for each plot were
completed within 1 to 3 weeks of field sampling on
field moist samples using the chloroform fumigation-
extraction method (24 h fumigation and 30 min
extraction with 0.5 M H,SO,4) as in Horwath and
Paul (1994). Samples were lyophilized and analyzed
for total N and &'°N using a continuous flow Isotope
Ratio Mass Spectrometer (Stable Isotope Facility, UC
Davis). Inorganic N values were subtracted from total
dissolved N to calculate dissolved organic N.

Gravimetric water content was recorded for sam-
ples and remaining soil was air-dried. We separated
fPOM and oPOM using size and density separation as
in Marriott and Wander (2006). Briefly, fPOM was
separated by floating on sodium polytungstate
(1.7 g ecm ). The remaining soil sample was shaken
with 10% sodium hexametaphosphate to disperse soil
aggregates and then rinsed through a 53 um filter.
The fraction larger than 53 pm, which included sand
and particulate organic matter, was retained. Total C
and N of POM fractions and total soil were measured
using a LECO 2000 CN Analyzer (Leco Corporation,
St. Joseph, MO). To correct for carbonate content of
each soil, a subset of samples from each field was
treated with 6 M HCI and then analyzed for total C
(Midwood and Boutton 1998). Carbonate C, the
difference between untreated and HCI treated soil C,
was subtracted from total soil C to calculate total soil
organic C content for each field.

Replicate composite samples of air-dried soil sieved
to 2 mm for each field were analyzed for Morgan-
extractable P, K, Ca, Mg, Cu, Zn, Fe, Al, and Mn
(Cornell Nutrient Analysis Laboratory, Ithaca, NY) and
particle size (Agricultural Analytical Services Labora-
tory, Penn State University, University Park, PA).

Statistical analysis

We computed statistics using JMP v.7 and SAS v.9.1
software (SAS Institute Inc., Cary, NC). Variables
were assessed for normal distribution. Nitrogen
mineralization potential, oPOM N, fPOM N, and
inorganic N were log-transformed to fit a normal
distribution. Data were analyzed using mixed models
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including field and replicate as nested random factors.
Least squares means from mixed models were used
for comparisons between varieties, sampling time
points, and fields. Multiple comparisons were calcu-
lated using Tukey’s HSD and pairwise comparisons
were calculated using Student’s #-tests.

Field means were used to calculate simple corre-
lations using Pearson correlations and for multivariate
forward stepwise regressions. If variety was not a
significant predictor (p>0.05), the two varieties were
assumed to have a similar response to soil variables
and values were averaged across both field and
variety.

Due to the multicollinearity of the soil variables
measured, we used principal components analysis
(PCA) to generate independent variables that repre-
sent a composite of several soil variables. Principal
components analysis was conducted using the SAS
PRINCOMP procedure and soils data from plots of
both N,-fixing varieties were used for the PCA.
Variables for PCA were selected in two ways. From
the paired soil N and C pools, only the soil N pools
were included. All soil nutrient variables and soil
texture (sand, clay) were included. Variables with low
loadings (<0.30) across all components were dropped
from the analysis (O’Rourke et al. 2005). Principal
components with eigenvalues greater than 1 were
retained.

Stepwise regressions were conducted using the
SAS REG procedure. Multicollinearity of the selected
variables was assessed using condition indices and
variance proportions. If the condition index was
greater than 30 and variance proportion for two
variables was greater than 0.50 in regression results,
the variables were considered to be collinear (Freund
and Littell 2000). Collinear variables were dropped
sequentially from the model to determine which
variable explained more of the total variability in the
response variable. Non-collinear variables selected
using stepwise regressions on field average values
were then used in mixed models including all Nj-
fixing soybean plots. Variety was included as a fixed
effect in regression models to determine whether
M129 Nod and Vinton 81 BNF variables differed in
response to soil variables. The percentage of variation
explained by each fixed effect in multivariate mixed
models was calculated as the proportion of the
variance component explained by adding each indi-
vidual fixed effect relative to the variance component
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explained by the model containing only random
effects (Snijders and Bosker 1999).

Results
Weather

The climate during the 2004 growing season was
slightly cooler and wetter than historical averages.
The temperatures in 2004 followed the 30-year
average with the exception of cooler temperatures at
the beginning of the growing season (Fig. 1a). Annual
precipitation was 910 mm, which was slightly above
normal due to higher precipitation during the begin-
ning and end of the growing season (Fig. 1b).

Soil analysis

The fields we used for our experimental plots were
selected to represent a fertility gradient due to their
wide range in SOM content. Total soil N varied more
than two-fold across the fields from 0.9 to 2.3 mg N g
soil ! (Fig. 2). Occluded POM N ranged from 68 to
328 mg N kg soil '. Inorganic N had the widest range
of variation across fields of all soil variables mea-
sured, ranging from 2 to 10 mg N kg soil ', Inorganic
N differed by soybean variety and was lower in M129
Non-Nod plots than in the two N,-fixing varieties (p<
0.0001). Only the inorganic N data from the M129
Non-Nod plots, which ranged from 2 to 7 mg N kg
soil !, was used to represent inorganic N pools in all
analyses (Fig. 2). Early season inorganic N, measured
for a subset of fields, was positively correlated with
September measurements of inorganic N and oPOM

N (Table 3; »=0.77, p=0.02 and r=0.71, p=0.03,
respectively).

Soil N pool sizes were influenced by a combina-
tion of soil texture and management history. Soil clay
concentration was greater in LEG fields compared to
HBN fields (p=0.09) and, as a result, soil texture is
confounded with management regime, making it
necessary to use covariate analyses to assess manage-
ment effects on soil properties. The LEG fields tended
to have larger labile N pools (Fig. 2). Covariance
analysis using clay as the covariate indicated that
management history explained a significant propor-
tion of the variance for inorganic N (p=0.03) and
oPOM N (p=0.06). The variance in MBN and total N
was correlated with soil texture (Fig. 2). When
controlling for soil clay content, LEG fields had
lower pH and higher N min than HBN fields (Table 3).

Soybean varietal characteristics

The two N,-fixing soybean varieties were similar for
most plant variables measured. The M129 Nod and
Vinton 81 varieties were similar in total aboveground
biomass and total N, supporting the use of the M129
Non-Nod as a reference plant for both varieties
(Table 4). The % N from fixation did not differ
between varieties at early pod formation (R4), but was
greater in the Vinton 81 variety by full pod formation
(R6). Varietal differences for N, fixation variables were
primarily due to the different B values and the higher N
concentration of the food-grade, high protein Vinton 81
soybeans (Table 4). A full summary of B value data are
provided in Supplemental Table 1. Both the specific
number and mass of nodules measured at R4 were
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Fig. 2 Correlations between soil clay concentration and N
pools across 13 farm fields. P-values represent significance test
results from covariate analysis of management type effects on
soil N pools (total soil N, microbial biomass N (MBN),
occluded particulate organic matter N (oPOM N), and inorganic
N (extractable NO;~ and NH,")), including soil clay concen-
tration as a covariate. HBN Haber-Bosch N fertilizer-based
management; LEG legume-based N management

greater for M129 Nod compared to Vinton 81 even
though % N from fixation and total N, fixed did not
differ by variety at R4 (Table 4). As expected,
aboveground biomass and total N were significantly
lower for the non-nodulating M 129 isoline than for the
N,-fixing varieties at both sampling times.
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5N natural abundance

The '’N natural abundance method relies on the
natural "N enrichment of soil N pools relative to
atmospheric N to distinguish between N sources. The
5'°N signatures of the N-fixing and non-nodulating
soybeans showed clear separation and the magnitude
of the difference ranged from 3.4%o to 9.3%o across the
fields at R4 and from 2.2%o to 6.7%o0 at R6 (Table 5).
The 6'°N natural abundance signature of M129 Non-
Nod soybeans varied across the 13 fields over time.
Non-nodulating soybean §'°N decreased between R4
and R6 (Table 5, p<0.0001), but field average 5'°N at
the two sampling points were positively correlated (r=
0.77, p=0.002). The average 5'°N of the two nodulat-
ing soybean varieties did not significantly differ at
either sampling point (Table 4). The significant
positive correlations between % N from fixation at
R4 and specific nodule mass for both soybean varieties
support our '°N natural abundance results (r=0.67, p=
0.01 for M129, and »=0.78, p=0.002 for Vinton 81).
Microbial biomass was consistently more enriched in
>N than non-nodulating soybean biomass (Table 5),
and MB 5'°N was positively correlated with non-
nodulating soybean 5'°N at R6 (r=0.57, p=0.04),

Biomass and BNF variability across fields

Biomass and BNF varied considerably across the
13 fields. At R4, field average % N from fixation
varied 4-fold, ranging from 12% to 63% (data not
shown). By R6, the variation in the relative reliance
on N, fixation ranged from 36% to 82% (Fig. 3).
Total N, fixed had wider variation, from 40 to
224 kg N ha ', and was strongly correlated with
aboveground biomass (Table 6).

Total N uptake by the non-nodulating soybean
provides one indicator of soil N availability across
fields. Soil N uptake by the non-nodulating soybean
varied more than 4-fold across the fields from 28 to
116 kg N ha™' (data not shown). At R6, average soil N
uptake between the N,-fixing and non-fixing varieties
did not differ (Table 4), however, the N,-fixing
soybean varieties accumulated more soil N compared
to the non-nodulating soybean in several fields. The
difference in soil N uptake by nodulating and non-
nodulating soybeans was correlated with several soil N
fractions. The ratio of nodulating to non-nodulating
soybean soil N uptake increased with decreasing total
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Table 3 Subset of soil properties measured for each field and results for analysis of management effects on soil variables. Fields are
labeled by management type (H Haber-Bosch N fertilizer-based; L legume N-based management practices)

Field Sand Clay pH P K Ca fPOMN*  DON° N min® Early season  September
Inorg N Inorg N

mgg! mg kg! mg kg soil ' mg N kg soil ! week ' mg kg soil !

H1 47 26 737 94 90 1,880 27 10.0 3.8 3.33 2.72

H2 40 28 757 39 84 3610 19 8.7 6.1 4.66 2.46

H3 48 21 7.04 87 120 1,530 24 10.0 10.1 nd 3.77

H4 38 29 749 9.0 64 3,160 27 7.4 5.4 7.86 3.11

H5 51 17 612 53 51 816 34 13.5 11.2 6.65 2.72

L1 48 25 6.79 37 78 1,810 32 8.1 9.1 nd 3.44

L2 40 24 735 113 60 2,710 25 14.3 15.2 nd 5.29

L3 48 25 6.49 1.7 47 1,660 25 7.8 6.8 nd 2.95

L4 31 34 681 60 45 1,590 35 9.7 8.1 5.54 3.88

L5 40 30 656 36 47 1,780 33 12.6 9.3 11.76 6.80

L6 27 40 723 169 53 2960 34 10.7 5.2 433 3.54

L7 39 31 6.60 74 42 1900 35 8.9 7.5 9.07 4.73

L8 33 29 6.37 20.1 86 2,440 38 11.3 8.1 nd 5.56

Significance test of management effect, controlling for textural differences®

p value 0.04 ns ns ns ns ns 0.05 0.03 ns

? free particulate organic matter N

® dissolved organic N

°N mineralization potential

430l clay content included as a covariate in models to test soil variable difference between fields under Haber-Bosch N-based and
legume N-based management practices

Table 4 Average shoot biomass, shoot N, shoot N concentra-
tion, biomass 5'°N, B values (shoot 5'°N of legumes grown in
N-free media), specific nodule number and weight, N, from

fixation and N assimilated from soil for all soybean varieties at
early pod-fill (R4) and full pod-fill (R6)

R4 R6
Vinton 81 M129 Nod Non-Nod Vinton 81 M129 Nod Non-Nod
Aboveground biomass 1.3 a° 14 a 09b 53a 53a 32D
(Mg ha )
Aboveground total 41 a 41 a 22'b 185 a 172 a 62 b
N (kg N ha™)
Aboveground N concentration 319 a 290 b 243 ¢ 351 a 323b 191 c
(mg g ")
Aboveground §'°N (%o) 322D 3.07b 6.06 a 043 b 0.54 b 432 a
B value (%o) —228a -2.70 b -198 a -226Db
# of nodules (# g root ") 73 b 86 a
nodule weight (mg g root ') 180 b 200 a
% N from fixation 34 a 34a 62 a 57b
N, from fixation (kg N ha ') 16 a 14 a 116 a 98 b
N from soil (kg N ha™') 26 ab 27 a 22b 69 a 74 a 62 a

 Different letters within rows indicate significant differences by variety at each sampling (p<0.05)
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Table 5 Field average 5'°N

(%o0) of N,-fixing and R4 R6
non-nodulating soybean
aboveground biomass and Field  Np-fixing n=8  Non-nod n=4  N,-fixing n=8  Non-nod n=4  MB n=4
microbial biomass (MB)
measured at R4 and R6. HI 2.22 (0.38) 8.74 (1.03) ~0.48 (0.12) 6.26 (0.45) 15.22 (0.78)
Standard errors are H2 3.18 (0.19) 5.11 (0.56) 0.52 (0.09) 4.15 (0.34) 15.20 (1.20)
presented in parentheses H3 5.00 (0.34) 6.41 (0.26) 0.31 (0.20) 4.77 (0.45) 12.07 (0.52)
H4 2.63 (0.13) 6.28 (0.11) ~0.18 (0.09) 3.13 (0.30) 13.29 (0.39)
H5 0.27 (0.28) 3.52 (1.11) —0.90 (0.13) 1.30 (0.77) 10.56 (1.90)
L1 ~0.33 (0.19) 3.40 (0.35) ~1.24 (0.07) 1.36 (0.34) 11.80 (0.27)
L2 6.01 (0.84) 9.03 (0.83) 1.06 (0.15) 5.30 (0.15) 14.95 (1.17)
L3 2.87 (0.50) 522 (0.52) ~0.39 (0.06) 421 (0.14) 15.07 (1.07)
L4 3.44 (0.40) 9.25 (0.59) 1.38 (0.19) 7.00 (2.04) 13.51 (0.40)
L5 3.52 (0.49) 3.62 (0.80) 1.46 (0.13) 4.17 (0.45) 12.62 (1.90)
L6 2.44 (0.16) 5.82 (0.47) 0.88 (0.15) 4.26 (0.14) 16.79 (0.73)
L7 4.46 (0.32) 571 (1.23) 1.29 (0.24) 4.66 (0.98) 16.76 (1.17)
L8 5.07 (0.22) 6.84 (0.25) 2.42 (0.52) 6.41 (0.15) 19.49 (1.54)
soil N (Fig. 4), microbial biomass N (r=-0.69,
»=0.009), and o0POM N (r=—0.63, p=0.02).
100 . S
Analyzing variation in BNF
a
c 81 @ Aboveground N, fixed was strongly correlated with
i) ] . . o
-1 5 % ] both soybean aboveground biomass production and %
L 60 | ? % P § 5 N from'ﬁxation (Table 6). Soil‘ N }th'ake by the non-
g } ® é nodulating soybeans, a potential indicator of soil N
= L availability, was positively correlated with soil N
i % uptake of the N,-fixing soybeans, but was not
° ® M129 significantly correlated with either total N, fixed or
201 5 vyinton % N from ﬁxatipn (Table 6)..
The full continuum of soil N pools we measured
were negatively correlated with the % N from fixation
C——IN fixed b S : . .
200 2 at R6 with significant correlations for inorganic N and
e === SoilN ; oPOM N (Table 7). Early season inorganic N was not
©
= 7
> 9 I Table 6 Coefficients of correlation between aboveground
; 200 1 ) e A biomass of N,-fixing soybeans, N, fixed, % N from fixation,
@ - soil N uptake, and non-nodulating soybean biomass N at full
] o ] pod-fill (R6)
g 1 k[ bl
100 1 .
2 j 1 N, fixed Soil N uptake % N from Non-nod
0 i ; b fixation N
y
FRLGRNY
0 T t < T T Biomass 0.89%**  0.66* 0.36 0.28
H1 H2 H3 H4 H5 L‘::'LZIdLZi L4 L5 L6 L7 L8 N, fixed 035 0.61* 0.05
e Soil N uptake —-0.38 0.74%*
Fig. 3 Field averages for a % N from fixation by soybean % N from -0.53
variety; and b N, fixed and soil N uptake by variety (M129 fixation

(open bars) and Vinton 81 (hashed bars)). Error bars represent
standard errors (n=4)

@ Springer

*p<0.05; **p<0.01; ***p<0.001
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Fig. 4 Regression between the ratio of N,-fixing soybean soil
N uptake to non-nodulating soybean soil N uptake and total soil
N, measured in the top 20 cm, across 13 fields with a history of
legume-based N (LEG) and Haber-Bosch N-based (HBN)
management

correlated with BNF variables at either R4 or R6. All
of the soil N variables were positively correlated with
each other as expected, indicating the strong linkages
among soil N pools that play different roles in N
cycling and have extremely different turnover times
(Table 7). The relationship between the % N from
fixation and soil N pools did not differ by variety.
There were no significant correlations between other
soil nutrients (including P, K, Ca, Mg, etc.) and
soybean biomass, total N, fixed, or % N from fixation.

Due to the collinearity of soil variables, we used
multivariate analyses to assess the relative importance
of soil N pools, other soil nutrients, pH, and soil
texture in regulating N, fixation and biomass produc-
tion. We used both principal components analysis
(PCA) and forward stepwise regressions to identify
which soil variables were the most important in
explaining the variation in BNF. PCA resulted in three

Table 7 Coefficients of correlation between soybean % N from
fixation at the final sampling and total soil N (total N), occluded
particulate organic matter N (o0POM N), microbial biomass N
(MBN), and extractable NO; ' and NH," (inorganic N)

Total N log(oPOM N) MBN log(Inorganic N)

%N from -0.32 —0.65* -0.27 —0.68**
fixation

Total N 0.62* 0.58* 0.43

Log(oPOM N) 0.40 0.84%**

MBN 0.45

£p<0.05; **p<0.01; ***p<0.001

Table 8 Principal components analysis eigenvalues and vari-
able loadings for the first three principal components explaining
a total of 77% of the variation in the soils data

PC1 PC2 PC3
% variation explained 47% 17% 13%
Eigenvalue 4.19 1.55 1.17
Variable loadings
Sand —-0.43 —-0.13 0.19
Clay 0.41 0.10 —0.34
P 0.32 0.29 0.43
K —-0.16 0.44 0.61
Ca 0.26 0.53 -0.12
Total soil N 0.38 0.05 0.22
MBN*® 0.35 —0.04 —-0.16
Log (o0POM N)° 0.34 —-0.40 0.27
Log (Inorganic N)° 0.26 —-0.50 0.36

*microbial biomass N
®occluded particulate organic matter N
©extractable NO; ! and NH4"

principal components that accounted for 77% of
variation in the soils data (Table 8). Each principal
component represents an independent variable that is a
composite of several soil variables. PC 1 explained
47% of the variation in the soils data with soil texture
(sand and clay) having the strongest, but inverse
loadings, followed closely by total soil N, P, MBN
and oPOM N (Table 8). Total soil N and MBN vectors
clustered directionally with soil clay on PC 1 (Fig. 5).

PC 2
o
[
o)
=
®)
[ )
wo
Z§

oPOM N
-4 1 Inorganic N

-4 -2 0 2 4
PC 1

Fig. 5 Principal components biplot of PC 1 and PC 2. Vectors
represent correlations between soil variables and principal
components. Open circles represent fields under Haber-Bosch
N-based management and filled circles represent fields under
legume-based management

@ Springer



390

Plant Soil (2010) 329:379-397

Soil Ca, inorganic N and oPOM N had the strongest
loadings on PC 2 which explained 17% of the variation
(Table 8). Soil P and K had the strongest loadings on
PC 3 which explained an additional 13% of the variation.

The PCA results indicated a strong influence of
soil texture on the % N from fixation, but did not
explain a significant proportion of the variance in
total N, fixed. The % N from fixation was signifi-
cantly negatively correlated with PC 1, but not with
PC 2 (Table 9). The negative correlation with PC 1
indicated decreased reliance on N, fixation with
increasing soil clay and total N content. Nitrogen
fixation variables were not correlated with PC 2,
despite the strong loadings of labile N pools on this
component. Aboveground biomass and N, fixed were
not significantly correlated with any of the principal
components (Table 9). Fields clustered by manage-
ment history across PC 1, reflecting the slightly
higher average clay content for LEG fields than
HBN fields (Fig. 5). Using covariate analysis,
management history did not explain a significant
proportion of the variance in the % N for fixation or
total N, fixed when controlling for soil clay content.

The effects of texture and soil N availability on
soybean soil N assimilation differed for N,-fixing and
non-nodulating soybeans. The N uptake of the non-
nodulating soybeans was positively correlated with
PC 1, possibly reflecting the overlap between the N
fertility and textural gradients across the fields
(Table 9). The more labile soil N pools represented
by PC 2 were positively correlated with soil N uptake
of the N,-fixing soybeans (Table 9).

Stepwise regression results reinforced the impor-
tance of soil texture followed by N availability as
regulators of N, fixation across these fields. Sand

Table 9 Coefficients of correlation between plant variables
measured at full pod-fill (aboveground biomass of N,-fixing
soybeans (Biomass), N, fixed, soil N uptake, % of N from
fixation, and non-nodulating biomass N (Non-nod N)), and
principal components 1 and 2 (PC 1 and PC 2)

PC 1 PC 2
Biomass -0.37 —0.33
N, fixed —-0.49 -0.19
Soil N uptake 0.12 —0.58*
% N from fixation —0.65* 0.27
Non-nod N 0.66* -0.34

£p<0.05
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concentration and inorganic N explained 20% and 14%
of the variation in % N from fixation, respectively
(Table 10a). The model results did not differ by
soybean variety. Variation in total N, fixed was also
best explained by a combination of soil texture and soil
N variables. Sand concentration and MBN explained a
combined 41% of the variability in N, fixed and the
slopes were positive for both variables (Table 10b).
Soil sand concentration was the best indicator of site
productivity for soybeans across these fields, having
the strongest correlation of all soil variables with both
soybean biomass and total N, fixed (#=0.54, p=0.06;
r=0.66, p=0.01, respectively).

Discussion
Variability in soybean nitrogen fixation

While the average proportion of N, fixed by soybean
plants in this study (60%) is similar to literature
values (Unkovich and Pate 2000; Goss et al. 2002),
we observed significant variability in both the % N
from fixation and total N, fixed across these fields.
Both biomass production and the relative reliance on
N, fixation contributed to the nearly 6-fold variation
we observed in total N, fixed across the 13 fields at
the end of the growing season. On average, 86% of

Table 10 Mixed model results with variables selected using
forward stepwise regression that explained a) the variability in
the relative reliance of N,-fixing soybeans on N, fixation (% N
from fixation) and b) the variability in aboveground N, fixed.
Inorganic N and MBN were expressed as mg N kg soil ! and
sand as percent of total soil mass; ‘Nod Variety’ is a categorical
variable with value = 1 for the M129 Nod and value = 0 for
Vinton 81

Variable df F p % of total

variance

a) % N from fixation

y=40.4+0.80 * Sand — 10.2 * log(Inorganic N)
Sand 10 8.5 0.02 20%
Log (Inorganic N) 22 34 0.08 14%

b) N, fixed

y=—115 -9 * (Nod Variety)+4 * Sand+1 * MBN
Variety (M129 Nod) 67 10.8 0.002
Sand 9 2.13  0.001 27%
MBN 35 4.6 0.04 14%
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BNF occurred during pod fill at the rate of 2 kg N
ha ' day ', between R4 and R6 growth stages.
Estimates of the timecourse of soybean BNF have
been mixed. Our findings are in agreement with
several previous studies (e.g., Zapata et al. 1987;
Herridge et al. 1990; Bergersen et al. 1992), but are in
contrast to a common perception that grain legume
BNF declines sharply during pod fill (e.g., Schulze
2003; Espinosa-Victoria et al. 2000). These contrast-
ing findings may be due to species, varietal or
methodological differences, particularly differences
between specific nodule activity measurements and
integrated isotopic-based BNF estimates.

The suppressive effect of soil N availability on BNF
was secondary to the environmental and site character-
istics that determined the % N from fixation and total
N, fixed. For example, soil sand content was a strong
predictor of % N from fixation (Table 10a), suggesting
a texture-related effect on the efficiency and effective-
ness of the N, fixation symbiosis. Soil texture differ-
ences also contributed to most of the variation in N,
fixed with sandier soils supporting greater above-
ground biomass and N, fixed (Table 10b). In contrast,
the non-nodulating soybean N uptake was positively
correlated with PC 1, reflecting a positive correlation
with soil clay content and total soil N (Table 9). One of
the few other studies that attempted to separate the
factors that affect BNF across variable soil types also
found higher rates of perennial clover BNF on sandier
soils across pastures in Australia (Riffkin et al. 1999).
Oxygen availability is an important regulator of
nitrogenase activity and legume nodules can have four
times the oxygen demand of an equal biomass of roots
(Layzell and Hunt 1990). Therefore, BNF may be
more sensitive to an increased frequency of water
saturated conditions in finer textured soils than root
assimilation of mineralized soil N in non-fixing plants.
Soil textural effects on soil moisture and aeration can
also affect plant pathogens. While we did not observe
evidence of disease pressure, finer-textured soils can
have increased prevalence of soybean stem and root
pathogens (Workneh et al. 1999).

Soil N availability did reduce the % N from
fixation, but its impact was secondary to that of soil
texture. Soil inorganic N concentrations had the
strongest negative correlation with % N from fixation
(Table 7) and, of all of the soil N pools measured, was
the best predictor of % N from fixation as selected
through stepwise regression (Table 10a). The strong

positive correlation between inorganic N and oPOM
N suggests that oPOM N may be a major source of
inorganic N, which, in turn, inhibited BNF (Table 7).
Occluded POM N is a pool that responds to differ-
ences in management legacies over the timeframe of
years to decades (Wander et al. 1994; Wander 2004).
We found no relationship between soil P or K and
soybean growth, suggesting that these nutrients were
not limiting in these fields.

Nitrogen fertilizers had not been applied to these
13 fields for at least a year at the start of the
experiment. Wet springs are common in the Northeast
U.S. and residual inorganic N derived from fertilizers
applied the previous season commonly are lost prior
to the start of the next growing season (Owens et al.
2000). Inorganic N is an ephemeral pool heavily
influenced by recent weather patterns and by relative
rates of N mineralization and microbial and plant
assimilation (Corre et al. 2002). The strong correla-
tion between early and late season inorganic N
measurements was surprising due to the ephemeral
nature of the pool and the 4-week time span for early
season sampling. This suggests that both early and
late season inorganic N levels were largely deter-
mined by endogenous SOM mineralization dynamics,
rather than residual fertilizer effects.

Interactions of plant N acquisition strategies and soil
nitrogen

While indicators of soil N availability were negatively
correlated with the proportion of N from fixation, the
response of soil N uptake was more complex. In soils
at the more fertile, finer-textured end of the gradient,
soil N assimilation by non-nodulating and N,-fixing
soybeans was essentially the same. However, at the
lower end of the scale, where reduced soil fertility
limited growth of the non-nodulating soybeans, the
N,-fixing soybeans tended to accumulate greater
amounts of soil N than the non-nods (Fig. 5). George
et al. (1993) found similar differences across an
elevation and fertility gradient with more soil N
uptake in N,-fixing soybeans compared to the non-
nodulating plants at low soil N availability. The
differences may reflect the ability of the N,-fixing
soybeans to avoid N limitation, increase carbon
allocation belowground, and increase access to soil
nutrients even as soil reservoirs decline. The increase
in belowground carbon allocation could represent a
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combination of increased root biomass to explore a
larger soil volume (Hodge 2003) and increased root C
exudation, which has been shown to stimulate net N
mineralization of SOM pools (Liljeroth et al. 1994;
Hamilton and Frank 2001). This differential response
of N,-fixing and non-fixing soybeans to the fertility
and textural gradients reveals the complexity of the
influence of soil properties on BNF across heteroge-
neous field sites.

Differences in rooting depth of nodulated and non-
nodulating soybeans may have affected estimates of
BNF and soil N uptake for nodulated soybeans. To
understand the potential influence of differential
rooting patterns, we estimated the influence of an
increase in plant available soil 5'°N with depth on our
BNF estimates. If we use a generous estimate that N-
fixing soybeans obtained 10% of plant N from below
the plow layer (Benjamin and Nielsen 2006), and that
5'°N signatures of plant available soil N were 50%
greater below the plow layer than in the plow layer
(Pate et al. 1994), our estimates of soil N assimilation
by N,-fixing soybeans decrease by less than 4% for
all fields. Therefore, substantial shifts in 5'°N with
depth below the plow layer are unlikely to explain the
differences between our estimates of N,-fixing and
non-nodulating soybean soil N uptake.

The "N natural abundance method

The use of '°N natural abundance isotope methods to
assess ecosystem N dynamics requires careful con-
sideration of multiple processes that influence isoto-
pic composition including input and export pathways,
internal N cycling dynamics, and the microbial and
plant populations mediating N transformations. Esti-
mating BNF using '°N natural abundance differences
between N, fixing and non-fixing plants is a method
that has been widely used over the past 20 years,
resulting in clear guidelines for its application
(Unkovich et al. 2008; Pate et al. 1994; Shearer and
Kohl 1986).

Identifying an appropriate reference plant is one
challenge of the '°N natural abundance method.
Unkovich et al. (2008) suggest using multiple refer-
ence plants because consistent differences in §'°N
between plant species have been reported. An alterna-
tive approach is to select a single reference species to
serve as a “best match” for the N,-fixing plant. We
selected a non-nodulating isoline as the plant most
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likely to be similar to the N,-fixing soybeans in
phenology, root morphology, and N uptake patterns
in space and time. The use of the same reference plant
across all field sites provided relative estimates for our
analysis of BNF variability. The positive correlations
between estimates of BNF and nodulation status at R4,
and between non-nodulating soybean §'°N and micro-
bial biomass 6'°N at R6, suggest that the non-
nodulating soybean &'°N measurements provided
meaningful estimates of BNF and reflected cross-site
variability in plant available soil 5'°N.

The decrease in non-nodulating soybean biomass
5'°N with time was contrary to our expectation. We
expected that, with time, soybean roots would reach
deeper soil N pools, which tend to be more enriched
in "°N than surface N pools (Nadelhoffer and Fry
1988). However, agricultural systems, which tend to
be N saturated and homogenized through the plow
layer, may not consistently have the same patterns of
5'°N with soil depth (Shearer and Kohl 1986). We
suggest three possible explanations that may have
contributed to the decrease in 5'°N with time. First,
intraplant plant '°N can vary with time and plant
phenology. In particular, high rates of intraplant N
translocation during pod-fill may result in increased
fractionation between roots and shoots (Evans 2001).
Pate et al. (1994) found a similar seasonal decrease in
5"°N signatures for several potential reference plants,
particularly following peak plant biomass production.
Second, the non-nodulating mutation may have
broken down for some plants. We did not assess
nodulation status of non-nodulating soybeans at R6
because nodulation status tends to decrease rapidly at
the onset of senescence (Goss et al. 2002). Third, high
rates of denitrification during the saturated conditions
that were frequent at the beginning of the growing
season may have resulted in more enriched §'°N
signature of reference plants early in the season.
Denitrification selectively favors the loss of the
lighter "*N isotope, which can result in localized
5"°N increases in the range of 28-33 %o (Handley et
al. 1999).

Another challenge of applying the '’N natural
abundance method across multiple fields is the
potential for different levels of isotopic fractionation,
or B values, for each field site due to different
background rhizobial populations (Riffkin et al.
1999). The B values measured were within the range
reported by Okito et al. (2004) and Peoples et al.
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(1997) of —2.5 to —4.5 %o, but more negative than the
B value of —1.2 %o reported by Oberson et al. (2007).
Preliminary results from Grossman et al. (in prep)
indicate that rhizobial strains in soybean nodules
differed across a subset of fields used in this study,
which could have affected actual B values. While it is
common for background rhizobial strains to occupy
nodules despite inoculation (Thies et al. 1991), it was
not feasible to assess individual B values for each
field using background rhizobial populations.

Agroecosystem context

Conducting research in intact agroecosystems pro-
vides unique opportunities and challenges. Due to the
heterogeneity of farm fields resulting from differences
in short- and long-term management histories and soil
texture, multicollinear variables make it difficult to
conclusively identify causal relationships. However,
this heterogeneity allows for analysis of the relative
importance of different factors on working farms. For
example, we found weak evidence that BNF is
regulated by soil N availability from the mineraliza-
tion of endogenous soil N pools. This contrasts with
results from fertilizer-based field studies and hydro-
ponic greenhouse experiments, which have consistent-
ly reinforced the concept that soil N availability is the
dominant edaphic regulator of BNF (e.g., Hardarson et
al. 1984; Streeter 1985; Waterer and Vessey 1993;
Goss et al. 2002). Field experiments usually are carried
out in the same field and N availability is manipulated
across a relatively constant background soil environ-
ment (Boller and Nosberger 1994; Goss et al. 2002).
We found that N, fixation was impacted by both the
direct suppressive effect of soil N availability and other
soil properties, such as soil texture that may indirectly
impact N, fixation via oxygen and water saturation
dynamics.

Our results suggest that soil N availability from
SOM mineralization is a relatively minor regulator of
soybean BNF on grain farms in this region. The effect
of soil N on BNF depends on the relative level of N
availability. Fertilizer studies clearly demonstrate that
large pools of inorganic N inhibit BNF, however,
legumes in agricultural situations would only encoun-
ter these levels of soil nitrate if N fertilizer were
applied to N,-fixing crops. The 2-fold range in total
soil N across farm fields in this study represents a
typical range found across highly productive fields in

the Northeastern United States and is a better
reflection of the variability in N availability occurring
in farming systems. The subtle influence of soil N
availability on BNF measured in this study suggests
that N mineralization from SOM pools represented a
much smaller N flux than even the lower levels of N
fertilizer used in past studies, which are typically
around 50 kg N ha™' (Salvagiotti et al. 2008).

Implications for agroecosystem nitrogen management

Due to the limited number of sites and confounding
issues of soil texture in this study, we were not able to
confidently distinguish management history from soil
type effects on SOM and related soil N pools. The
influence of management was significant for only
inorganic N availability, o)POM N and N mineraliza-
tion potential measured at the end of the growing
season. Despite a history of surplus fertilizer N
additions, the HBN systems had smaller labile N
pools and N mineralization potential at the end of the
growing season than the LEG fields. Legume-based
systems build SOM pools over time (Drinkwater et al.
1998; Gregorich et al. 2001; Marriott and Wander
2006). Marriott and Wander (2006) found that
legume-based organic cropping systems had larger
POM pools than conventionally managed systems.
Puget and Drinkwater (2001) provided an example of
one mechanism for improved retention of legume C
and N inputs in their finding of increased legume root
incorporation into stable soil aggregates in legume-
based systems.

Grain legumes vary in their N contributions to
agroecosystems depending on the proportion of plant
N removed in harvested seed and the proportion of
plant N derived from fixation. Seed N exports
commonly exceed N, fixation inputs for soybean,
resulting in a net removal of soil N (Salvagiotti et al.
2008). Nitrogen management recommendations in the
Northeast suggest that soybeans provide a small N
benefit in the range of 20-30 kg N ha ' for
succeeding crops, which reflects N, fixation inputs,
effects of soybean above- and belowground residue
mineralization, and the indirect stimulation of SOM
decomposition by low C:N soybean residue inputs
(Ketterings et al. 2007). Because we harvested
soybeans prior to leaf senescence to measure total
NPP and due to plot size limitations, we did not
directly measure seed yields. However, we can
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estimate soybean net N mass balances using our NPP
measurements because harvest index (ratio of seed
yield to total aboveground plant biomass) is typically
stable within a given variety (Spaeth et al. 1984).

Using field measurements of N, fixation and shoot
N, and estimates of harvest index (HI), seed N
concentration, and belowground plant N, we estimat-
ed a simple annual input-output soybean N mass
balance for Vinton 81 soybeans in each field. We
estimated an HI of 0.36, based on measurements from
farms included in this study of plant biomass for
Vinton 81 soybeans at peak growth and seed yields at
full maturity during previous experiments (unpub-
lished data). This value is in agreement with the
average HI value measured by Johnson and Major
(1979) across Maturity Group I soybean varieties. We
assumed an average seed N concentration of 6.8% N,
based on average values measured for Vinton 81
soybean seed N concentration across 15 fields in the
study area in 2002, 2003, and 2004 (unpublished
data). To estimate belowground N, we assumed that
24% of total plant N was in belowground biomass at
soybean maturity (Rochester et al. 1998). Field
average soybean N inputs were estimated using our
measurements of aboveground soybean biomass
multiplied by 1.32 to include root N and then
multiplied by our field-based estimates of % N from
fixation. Belowground biomass contributions remain
poorly characterized. Our use of an average estimate
of belowground N does not reflect the likely
variability in belowground allocation of N in response
to environmental conditions (Salvagiotti et al. 2008).

We estimate that N balances for Vinton 81
soybeans varied more than 5-fold across the 13 farm
fields, from —10 to +91 kg N ha ', and averaged
+28 kg N ha ' (Fig. 6). The % N from fixation is a
stronger predictor of soybean N balances than total
biomass accumulation due to the constant ratio
between biomass accumulation and seed N removal
(Peoples and Craswell 1992). For the Vinton 81
soybeans, positive balances occurred when the % N
from fixation was greater than 60%, the average
estimated in this study (Fig. 6).

The relatively small influence of soil N availability
on N, fixation and, therefore, soybean N balance,
raises the question of whether or not soybeans, in
particular, and BNF, in general, can act as internal
regulators of N cycling dynamics in these agro-
ecosystems. Soybeans have undergone intensive
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Fig. 6 Relationship between Vinton 81 soybean % N from
fixation and estimated annual soybean N balance for fields with
a history of legume-based N (LEG) and Haber-Bosch N-based
(HBN) management. Error bars represent standard errors (n=4)

breeding selection, often under high soil N conditions,
which has altered their interactions with rhizobial
symbionts. For example, Kiers et al. (2007) found that
newer soybean varieties were less effective at sanc-
tioning ineffective rhizobial symbionts than older
varieties. These changes and other modifications
may have impaired their ability to effectively down-
regulate N, fixation in the presence of soil N. Non-
grain, perennial and winter annual legumes, which
have undergone less intensive breeding selection,
typically provide the main source of N inputs within
most legume-based systems. For example, the
legume-based farms in this study integrated legumes
into diversified cash-grain rotations at intervals that
balanced crop N exports primarily through the use of
red clover (Trifolium pratense) interseeded into winter
grain fields. Further research is required to understand
whether BNF of legume species used commonly as
green manures respond to edaphic factors similarly to
soybean, when used within diversified, temperate
cropping systems.

Conclusion

Soil N availability is often considered to be a central
factor affecting BNF. We found that the suppressive
effects of soil N availability on BNF were secondary to
other environmental characteristics, such as soil texture
and corresponding soil characteristics that determined
total NPP. BNF interacted with the fertility gradient
and conferred an advantage to accessing soil N in low
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fertility sites through increased C fixation of N,-fixing
plants relative to non-fixing plants. We found weak
evidence of management history influence on either
soil N pools or N, fixation due to soil textural
differences across the sites.

This study contributes to our understanding of the
ecology of legume N, fixation in agroecosystems and
the interactions of plant N acquisition strategies and
SOM dynamics. It illustrates the importance of testing
relationships indentified under relatively controlled
experimental conditions within the context of hetero-
geneous agroecosystems to understand their function-
al significance. Our work also provides a starting
point for future research to develop decision-support
tools for farmers that provide field-specific estimates
of BNF to improve nutrient management practices.
Further research is necessary to understand how to
manage legume BNF in legume-based systems across
a range of soil types to improve N cycling efficiency
and maintain crop productivity.
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