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A B S T R A C T

Biological nitrogen fixation (BNF) in soybean [Glycine max (L.) Merr.] represents, on average, 60% of total
nitrogen (N) uptake. Nitrogen dilution curves link aboveground crop N concentration (%N) to biomass accu-
mulation (W). It has been reported that BNF is an energy-intensive process that might reduce biomass production
per unit of captured N (physiological N use efficiency or NUE). This increased energy cost could lead to a more
attenuated N (i.e. less efficient) dilution curve. However, there are no reports comparing N dilution curves for
soybean crops differing in N source. Our objectives were to: (i) evaluate the impact of BNF on soybean N dilution
curves and how it influences NUE, and (ii) establish independent N dilution curves for soil and atmospheric N.
Our working hypothesis is that relying on BNF attenuates the N dilution curve and reduces NUE. The experiment
consisted of a control and a fertilized treatment, 0 and 600 kg N ha−1 respectively, applied to four soybean
genotypes in order to establish two differential BNF situations. While the control and fertilized treatments had
differential N accumulation from BNF, ∼70% and ∼16%, respectively, there were no differences observed in
seed yield (∼5000 kg ha−1), NUE (∼36 kg kg−1) and only slight differences in total N uptake (∼365 kg N ha−1

in fertilized treatment compared to ∼389 kg h−1 in the control treatment). Results suggest that reliance on BNF
for N does not influence substantially the attenuation of the N dilution curve and has no impact on NUE. The N
dilution parameter (“b”) ranged from −0.128 to −0.218 among cultivars and fertilization treatments. The less
negative values (more attenuated curve) corresponded to the fertilized plots likely associated with luxury N
consumption. Interestingly, dilution curves from soil mineral N showed the typical dilution pattern, while N
derived from the atmosphere followed a concentration pattern as the crop developed. This most likely reflects
the continuous N flux from BNF to the plant as opposed to the decreasing soil mineral N supply. Recognizing
these concentration/dilution curves for atmospheric and soil N has three immediate implications. First, the
atmospheric N concentration curve might indicate an upper benchmark for evaluating symbiosis performance
during crop development. Second, the concentration pattern observed for BNF could potentially help to reverse
the observed decline in seed protein concentration in modern soybean cultivars. Third, the N concentration/
dilution curves for the individual N sources could be incorporated into crop models for estimating BNF at
different crop biomass levels during soybean development.

1. Introduction

Nitrogen accumulation is frequently the most limiting process to
attain maximum yield in several crops (Plénet and Lemaire, 1999; Ziadi
et al., 2010; Rotundo et al., 2014). Nitrogen plays a key role as a
constituent of carbon assimilation enzymes like ribulose-1,5-bispho-
sphate carboxylase/oxygenase (RUBISCO; Rotundo and Cipriotti,
2017). It is also involved in leaf area generation and radiation use ef-
ficiency at the crop level (Sinclair and Horie, 1989). Soybean shows a
strong positive correlation between seed yield and N uptake (Salvagiotti

et al., 2008; Rotundo et al., 2014), and has the highest N requirement
compared to all other legumes and cereal crops (Sinclair and de Wit,
1975). To fulfill this high N requirement, soybean, like all legumes,
utilizes two complementary sources for N uptake: soil mineral N ab-
sorption and atmospheric N via biological N fixation in association with
rhizobium bacteria (Layzell, 1990).

On average, atmospheric N accounts for 60% of total N uptake
(Salvagiotti et al., 2008). A regional survey in Argentina showed that
the range of N derived from BNF varied from 46 to 71% in farmers’
fields (Collino et al., 2015). However, recent evidence supports that
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high BNF is not required for maximizing yields when soil N supply is
adequate for sustaining this potential yield, indicating a trade-off be-
tween both N sources (Santachiara et al., 2017). This view is also
supported by the marginal soybean yield response to soil N fertilization
with conventional fertilization practices (i.e. applying low N rates
broadcast on the surface; Kaschuk et al., 2016). There may be, however,
particular situations of high-yielding systems and/or unfavorable en-
vironmental conditions for nodulation where N fertilization can over-
come N limitations (e.g. Salvagiotti et al., 2009; Cafaro La Menza et al.,
2017). Regardless of the relative importance of each source, some
evidence suggests that the BNF process entails an extra energy cost for
the host as compared to soil nitrate absorption (Silsbury, 1977;
Andrews et al., 2009). If this differential energy cost at the cellular level
is expressed at a higher level of organization, then a reduction in
physiological NUE may happen at the plant or crop scale. However, the
impact of this extra energy cost to whole plant performance remains
controversial (Salsac et al., 1984). For example, Kaschuk et al. (2009)
suggested that rhizobial symbiosis stimulates photosynthesis due to
increased carbon sink demand compensating any extra energy cost.

Physiological NUE may be defined as the production of biomass at
physiological maturity per unit of accumulated N (Xu et al., 2012).
High yielding cultivars from Argentina and the USA ranged from 28 to
35 kg of biomass produced per kg of N uptake (Rotundo et al., 2014).
However, biomass production is dynamic, interacting with N uptake
during the crop cycle, thus affecting NUE. Therefore, an approach re-
lating plant N status to crop development is needed for analyzing dif-
ferential energy cost on biomass production and NUE (Sadras and
Lemaire, 2014). One such approximation is the concept of N dilution
curve which relates aboveground N concentration to biomass accu-
mulation, based on the equation proposed by Lemaire and Salette
(1984):

=N aW% b (1)

where W is total aboveground biomass (Mg ha−1), parameter “a” is
crop %N when W=1 Mg ha−1 and parameter “b” is a dimensionless
coefficient, than when takes negative values, represents the rate of
decline in %N as biomass accumulation progresses.

The critical N dilution is further defined as the N dilution curve for
the minimum N concentration that maximizes biomass production
(Gastal and Lemaire, 2002). This framework was used for comparing N
capture dynamics and fertilization needs in the C4 crop maize (Plénet
and Lemaire, 1999), and C3 crops wheat (Ziadi et al., 2010) and rice
(Sheehy et al., 1998). The critical N dilution curve for non-legume
species is determined by increasing levels of N fertilization to find the
minimum N concentration that maximizes crop biomass. However, the
construction of this critical curve is not possible for N-fixing species
under normal conditions (Ney et al., 1997; Divito et al., 2016). Studies
using non-fixing pea mutants and N fertilization show that N-fixing
crops usually dilute N close to the critical dilution curve (Ney et al.,
1997). Previous research in soybean showed no changes in the total N
uptake dilution curve among genotypes and planting dates (Divito
et al., 2016). However, no attempts were made to analyze if reliance
more on BNF or soil mineral N absorption would modify N dilution
curve parameters.

This study had two main objectives. The first objective was to
evaluate whether BNF modifies the pattern of soybean N dilution
during crop development and how this impacts NUE at maturity. Our
working hypothesis was that BNF entails an extra-energy cost, and
therefore it will lead to a more attenuated N dilution curve when
compared to a full N fertilized treatment, expressing a reduced phy-
siological NUE at maturity. The second objective was to establish, for
the first time, individual N dilution curves for both soil and atmospheric

Fig. 1. Solar radiation 10-day average and daily photoperiod (a) and daily mean temperature 10-day average and daily accumulated rainfall (b) for the November-
April period. Dashed lines show historic (1996–2016) solar radiation (a) and daily mean temperature (b).
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N. The hypothesis for this objective was that both N sources will dilute
following a common pattern.

2. Materials and methods

2.1. Experimental conditions, treatments, and design

Two rainfed experiments were conducted during 2014/15 and
2015/16 growing seasons at Campo Experimental Villarino, located in
Zavalla, Santa Fe, Argentina (33°1′ S, 60°53′ W; elevation 24.6 m). Soil
was a silty clay loam Vertic Argiudoll, Roldán series and soybean was
the previous crop in both years. Available soil water content at planting
at 200-cm depth was 134mm and 157mm for the 2014/15 and 2015/
16 growing seasons, respectively. Total rainfall for the November-April
period was 529mm and 781mm for 2014/15 and 2015/16 growing
seasons, respectively. A detailed description of mean daily temperature,
accumulated rainfall, solar radiation, and photoperiod dynamics is in-
cluded in Fig. 1. Soil N content (as nitrate) at 0–30 cm depth at planting
and before N fertilizer application was 28.8 kg ha−1 and 67.6 kg ha−1

for 2014/15 and 2015/16 growing seasons, respectively.
Treatments consisted of a non-fertilized control (0 kg N ha−1) and

an N fertilized treatment which received 600 kg N ha−1 applied at five
growth stages at a rate of 125 kg N ha−1: V2, V6, R1, R2, and R4 (Fehr
and Caviness, 1977). Fertilizer was granulated urea (grade: 46-0-0) and
was hand-broadcast between rows. Four cultivars (MG III: T2137,
SPS3900 and MG V: DM5.1i, RA532) were evaluated in both seasons at
40 plants m−2 plant population. Plots were over-seeded and hand-
thinned to reach the target plant population. Each plot was twelve di-
rect-drilled rows, 0.52m apart, and 5.5 m long. Planting date was No-
vember 13th in 2014 and December 3rd in 2015. Weeds and pests were
chemically controlled whenever necessary through the season. Seeds
were inoculated at recommended rates with RizoLiq LLI® (Rizobacter
Company, Argentina) containing both Bradyrhizobium japonicum (strain
E109) and an osmo-protector to sustain the viability of the bacteria
after seed pesticide applications. Compatible seed insecticide and fun-
gicide Cruiser Advanced® (Syngenta Company, Argentina) were applied
at a rate of 1 cm3 seed kg−1 for both treatments.

Experimental design was a complete block design with N fertiliza-
tion treatments and cultivars randomized within blocks. There were six
blocks in 2014/15 and four blocks in 2015/16.

2.2. Biomass sampling and tissue N determination

Aboveground biomass was sampled weekly (starting at V6 and
ending at R7) from a 1.04m2 area. This area corresponded to 1 linear
meter from two adjacent rows. Since plots were hand-thinned, plant
population was accurate and plots were homogenous. This relatively
small sampled surface provided precise biomass estimation while al-
lowed accommodating a large number of samples within each plot. In
addition, border effects were prevented by a 0.25m of non-sampled
section per row. This approximation was successfully followed in
Santachiara et al. (2017). Plants were hand-cut at the soil surface,
bagged, and oven-dried at 60 °C before weighing. Seed yield was de-
termined at physiological maturity in a 1.04m2 area of the two central
rows. After biomass weighing, samples were milled, and passed through
a 1-mm mesh. Seed and vegetative fractions at R7 were separated
employing a thresher. Nitrogen concentration was determined in both
vegetative and seed fractions using a Kjeldahl procedure (McKenzie and
Wallace, 1954). Nitrogen use efficiency at R7 was defined as the ratio
between total aboveground biomass and total N uptake (Xu et al.,
2012). Nitrogen harvest index (NHI) was calculated as the ratio be-
tween seed N content and total N uptake.

2.3. Biological N fixation determination

Biological nitrogen fixation was determined using the xylem-sap

relative ureide abundance method (Peoples et al., 1989). The ureide
method is based on the abundance of ureides (allantoin and allantoic
acid) relative to amino acids (asparagine and glutamine) and nitrates in
the xylem sap. Xylem sap was extracted from two to five additional
plants every other biomass sampling date. Sap was extracted using a
vacuum pump following Herridge et al. (1990). After extraction, sap
samples were refrigerated in the field and conserved at −22 °C until
laboratory determinations. Ureides, nitrate, and amino acid N con-
centrations were estimated colorimetrically following Young and
Conway (1942), Cataldo et al. (1975), and Yemm and Cocking (1955),
respectively. Relative ureide abundance was calculated as:

⎜ ⎟= ⎛
⎝ + +

⎞
⎠

×Relative ureide-N(%) 4U
(4 U AA N)

100
(2)

where U, AA, and N are the molar concentration of ureides, amino
acids, and nitrates, respectively (Herridge and Peoples, 1990). At each
sampling date, Relative ureide-N (%) was multiplied by aboveground
total N (kg N ha−1) to estimate the amount of biologically-fixed N
(kg ha−1) following Herridge et al. (1990). Total BNF at physiological
maturity (kg ha−1) was calculated by adding the amount of biological N
fixed at each sampling date. Percent BNF was calculated as the ratio
between the amount of biologically fixed N (kg N ha−1) and total N
uptake at maturity. Finally, soil mineral N absorption was calculated as
the difference between aboveground total N (kg N ha−1) and the
amount of biologically fixed N (kg N ha−1). Soil mineral N included N
derived from both organic matter mineralization and fertilizer appli-
cations, depending on the treatment.

2.4. Nitrogen dilution curve determination

Nitrogen concentration was estimated across cultivars, treatments,
and sampling dates as the ratio between total N uptake (kg ha−1) and
aerial biomass (kg ha−1). Tissue N concentration declines through the
growth cycle following a negative power function (Lemaire and Salette,
1984; Eq. (1)). This function was fit for three plant N components: (i)
total aboveground N including both atmospheric and soil mineral N, (ii)
aboveground N derived only from soil mineral N absorption, and (iii)
aboveground N derived only from the atmosphere via biological fixa-
tion. Parameter b takes negative values if there is a dilution pattern
while values are positive if there is a concentration pattern. The model
has two general assumptions (Lemaire and Salette, 1984). First, data
points with biomass below 1 Mg ha−1 need to be discarded to ensure
full canopy cover. Second, the analysis cannot include data points after
the seed-filling period (R5) since N remobilization and leaf senescence
can alter the dilution patterns.

2.5. Data analysis

A mixed model ANOVA was conducted for seed yield (dry matter
basis), N uptake at R7, NUE, NHI and percent BNF at R7. The model
included year and blocks nested within year as random factors, while
cultivar and fertilization treatment were considered fixed factors.
Mixed model analyses were performed with the nlme package (Pinheiro
et al., 2017) in R software (R-Core Team, 2013). Normality and residual
homogeneity were tested using the Shapiro–Wilks test and the Brown
and Forsythe test. The homogeneity of variances was confirmed with
the folded F-test (P < 0.05). Fisher’s protected LSD (least significant
difference) was calculated for significant (P < 0.05) effects.

Power functions were fitted individually for each cultivar using
GraphPad Prism 6.00 (GraphPad Software, La Jolla, California USA).
For each cultivar, curves for the fertilization treatments were compared
by an extra sum-of-squares F-test using GraphPad Prism 6.00
(GraphPad Software, La Jolla, California USA).
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3. Results

3.1. Seed yield, N uptake, biological n fixation, NUE, and NHI across
cultivars and N fertilization

Average seed yield across years, cultivars, and N fertilization was
∼5000 kg ha−1 (Table 1). It was not affected by cultivar, fertilization,
or the interaction between those factors (P > 0.05, Table 1). Total N
uptake at physiological maturity was slightly increased by N fertiliza-
tion (365 vs. 389 kg N ha−1). Cumulative BNF at maturity was strongly
inhibited by N fertilization. On average across cultivars, BNF was
∼70% and ∼16% for the control and fertilized treatments, respec-
tively. No cultivar or interaction effect was detected. Nitrogen use ef-
ficiency was on average 36 kg biomass kg N−1, and was not affected by
any experimental factor. Nitrogen harvest index was ∼5% significant
reduced by N fertilization (Table 1).

3.2. Total aboveground N dilution across cultivars and N fertilization
treatments

Nitrogen dilution curves were significant (P < 0.05) and explained
39–56% of variation across cultivars and N fertilization treatments
(Table 2). The dilution curves differed between the non-fertilized con-
trol and the fertilized treatment for the cultivars evaluated (P < 0.05,
Table 2). For all cultivars but T2137, N fertilization had a less negative
dilution parameter “b”. Parameter “a” was only slightly modified by
fertilization, without a clear pattern associated with the increase in N
availability. For cultivar T2137, the main difference associated with N
fertilization was the increase in parameter “a”. Overall, for all cultivars,
the dilution curve was only slightly modified by N fertilization (Fig. 2).
At any value of aboveground biomass, fertilization treatment increased
total aboveground N concentration, although this effect was rather
small.

3.3. Dilution pattern of aboveground soil and atmospheric derived N

Nitrogen derived from soil mineral absorption followed the typical
dilution curve as expected from a negative power function (Fig. 3).

Aboveground biomass explained 26–56% of variation in aboveground
soil-derived N (Table 3). Consistently, N fertilization treatment mod-
ified soil-derived N dilution curves across cultivars. Nitrogen fertiliza-
tion treatment increased parameters “a” and “b” (less negative value)
(Table 3, P < 0.05). Both effects on curve parameters, as related to N
fertilization, were visualized as a strongly attenuated dilution curve for
soil-derived N (Fig. 3). On average across cultivars, soil-derived N di-
lution equations were %N=3.467W −0.648 and %N=4.211W −0.244

for the unfertilized and fertilized treatments, respectively.
The relationship between aboveground N concentration derived

from the atmosphere and total aboveground biomass did not follow a
dilution pattern (Fig. 4, Table 4). Contrary to N derived from the soil, N
derived from the atmosphere increased as crop aboveground biomass

Table 1
Seed yield, total aboveground N uptake, biological N fixation (BNF), N use efficiency (NUE) and N harvest index (NHI) at physiological maturity (R7) for two
contrasting N fertilization treatments (0 and 600 kg N ha−1, respectively) and four soybean cultivars (DM5.1i, RA532, SPS3900 and T2137). Values are averages from
two experiments (n=6 in 2014/2015 and n=4 in 2015/16). Different letters indicated significant differences at P < 0.05 within each source of variation.

Treatment Cultivar Seed yield N uptake BNF NUE NHI
(kg ha−1) (kg ha−1) (%) (kg kg−1) (%)

0 kg N ha−1 4968 364.8 a 69.3 a 35.9 85.9 a
600 kg N ha−1 5081 388.6 b 15.7 b 36.2 81.3 b

DM5.1i 4923 384.5 45.3 35.2 86.2
RA532 4912 368.5 41.3 36.0 83.5
SPS3900 4962 385.1 41.2 37.3 82.9
T2137 5302 368.7 42.3 35.6 83.5

0 kg N ha−1 DM5.1i 4746 354.9 72.4 34.3 89.3
RA532 5061 364.7 68.7 36.3 83.4
SPS3900 4954 372.3 65.9 36.0 86.4
T2137 5112 367.2 70.2 36.9 84.6

600 kg N ha−1 DM5.1i 5100 414.1 18.1 36.1 83.1
RA532 4762 372.2 13.8 35.7 83.6
SPS3900 4970 397.8 16.5 38.6 79.4
T2137 5492 370.2 14.3 34.3 82.5

Source of variation P value

(Intercept) < 0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Treatment 0.5285 0.0458 0.0001 0.8467 0.0064
Cultivar 0.3604 0.5862 0.1375 0.7332 0.2941
Treatment x Cultivar 0.4924 0.3122 0.3362 0.5417 0.1821

Table 2
Parameters of the total N dilution curve (%N=a W b) corresponding to four
cultivars (DM5.1i, RA532, SPS3900 and T2137) and two N fertilization treat-
ments (0 and 600 kg N ha−1). Parameter “a” indicates tissue N concentration at
1Mg ha−1 of total aboveground biomass. Parameter “b” indicates the degree of
N dilution at increasing aboveground biomass. The regression coefficient (R2)
indicates the fit of each function. P value compares regression curves between
fertilization treatments within each cultivar.

N fertilization treatment Parameter R2 P value treatment
comparison

a b

Cultivar DM5.1i
0 kg N ha−1 4.049 −0.218 0.54 * 0.0082
600 kg N ha−1 3.771 −0.132 0.42 *

Cultivar RA532
0 kg N ha−1 3.687 −0.169 0.56 * 0.0065
600 kg N ha−1 3.694 −0.128 0.40 *

Cultivar SPS3900
0 kg N ha−1 3.919 −0.207 0.50 * 0.0015
600 kg N ha−1 4.049 −0.156 0.44 *

Cultivar T2137
0 kg N ha−1 3.75 −0.146 0.50 * 0.0067
600 kg N ha−1 4.029 −0.146 0.39 *

* Indicates significant function fitting at P < 0.05.
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increases (Fig. 4). This response was captured by a positive parameter
“b”. Curves associated with this N fraction differed between N fertili-
zation treatments (P < 0.05, Table 4). Although the relationship was
not significant for the fertilized treatment in three cultivars, this
treatment always reduced concentration of atmospheric-derived N, and
parameter “b” was always positive denoting an increasing trend. Ni-
trogen derived from BNF showed the following equations: %
N=0.914W 0.341, and%N=0.109W 0.686 for the unfertilized and
fertilized treatments, respectively.

4. Discussion

Nitrogen fertilization reduced BNF ∼80% relative to the control

treatment. However, the impact of N fertilization on other variables
associated with crop growth was negligible (i.e. seed yield, N uptake,
and NUE). However, some studies (Lamb et al., 1990; Scharf and
Wiebold, 2003) have shown small increases in soybean yield when
initial soil N was very low, constraining the development of a com-
pletely functional nodule system (van Kessel and Hartley, 2000). In the
present study, early-season soil N availability in the control treatments
was high enough to fulfill this requirement. These results are in
agreement with previous observations where a lack of soybean response
to N fertilization was observed (Semu and Hume, 1979; Herridge and
Brockwell, 1988). Broadcast N fertilization usually promotes a N source
replacement in detriment of BNF (Salvagiotti et al., 2009); our experi-
ment modified N sources rather than total N uptake. Recent studies

Fig. 2. Relationship between aboveground
total N concentration and biomass for four
cultivars evaluated in two experiments (2014/
15 and 2015/16). Black dots and triangles
correspond to a non-fertilized control and red
dots and triangles correspond to a fertilized
treatment. Each symbol is a single observation.
Best-fit parameter values for these curves are in
Table 2. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 3. Relationship between aboveground soil-
derived N concentration and biomass for four
cultivars evaluated in two experiments (2014/
15 and 2015/16). Black dots and triangles
correspond to a non-fertilized control and red
dots and triangles correspond to a fertilized
treatment. Each symbol is a single observation.
Best-fit parameter values for these curves are in
Table 3. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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(Cafaro La Menza et al., 2017) showed an increase in seed yield and N
uptake in response to N fertilization, with seed yields above
6000 kg ha−1. It is likely that the lack of response to N fertilization in
our study is the result of a combination of a less than potential N de-
mand and an adequate N supply from the combination of soil N+BNF
(in the control treatment) or soil N+ fertilizer N that replaced BNF in
the fertilized treatment.

Models of N uptake in soybean assume that BNF acts as the primary
N source only after soil mineral N is depleted (Sinclair et al., 2003). This
observation is compatible with similar observed yields and N uptake in
cultivars with contrasting contribution from BNF (Santachiara et al.,
2017) and with a small effect of N fertilization on soybean yields
(Salvagiotti et al., 2009). Soil mineral N absorption follows a pulse
cycle depending on soil nitrate concentration, which is affected by N

fertilization, organic matter mineralization, and/or leaching processes
(Johnsson et al., 1987). Soybean canopies may accumulate soil-derived
N during periods of high soil nitrate supply. A dilution of N begins as a
result of biomass accumulation until another pulse of nitrate supply
occurs. However, Fig. 2 clearly shows that as the crop cycle advances to
physiological maturity, crop growth rate was progressively higher than
soil N supply, and thus, a dilution process occurred. In contrast, BNF
represents a continuous N flux. The intensity of which varied depending
on soil nitrate concentration (Arrese-Igor et al., 1997) and crop biomass
production (Collino et al., 2015). Therefore, the larger crop production,
the larger the BNF contribution, and thus, a concentration pattern is
observed. This finding indicates that BNF is crucial for accumulating N
in tissues even in situations where crop growth rate is high. As opposed,
crop species that do not receive N via BNF, where soil or fertilizer are

Table 3
Parameters of the N dilution curve for soil-derived N (%N=a W b) corre-
sponding to four cultivars (DM5.1i, RA532, SPS3900 and T2137) and two N
fertilization treatments (0 and 600 kg N ha−1). Parameter “a” indicates tissue
soil-derived N concentration at 1 Mg ha−1 of total aboveground biomass.
Parameter “b” indicates the degree of soil-derived N dilution across increasing
amount of aboveground biomass. The regression coefficient (R2) indicates the
fit of each function. P value compares regression curves between fertilization
treatments within each cultivar.

N fertilization treatment Parameter R2 P value treatment
comparison

a b

Cultivar DM5.1i
0 kg N ha−1 4.087 −0.841 0.44 * < 0.0001
600 kg N ha−1 4.227 −0.269 0.28 *

Cultivar RA532
0 kg N ha−1 3.252 −0.590 0.58 * < 0.0001
600 kg N ha−1 3.650 −0.164 0.26 *

Cultivar SPS3900
0 kg N ha−1 3.056 −0.482 0.37 * < 0.0001
600 kg N ha−1 4.718 −0.287 0.51 *

Cultivar T2137
0 kg N ha−1 3.474 −0.678 0.46 * < 0.0001
600 kg N ha−1 4.250 −0.258 0.28 *

* Indicates significant function fitting at P < 0.05.

Fig. 4. Relationship between aboveground at-
mosphere-derived N concentration and biomass
for four cultivars evaluated in two experiments
(2014/15 and 2015/16). Black dots and trian-
gles correspond to a non-fertilized control and
red dots and triangles correspond to a fertilized
treatment. Each symbol is a single observation.
Best-fit parameter values for these curves are in
Table 4. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Table 4
Parameters of the N dilution curves for atmosphere-derived N (%N=a W b)
corresponding to four cultivars (DM5.1i, RA532, SPS3900 and T2137) and two
N fertilization treatments (0 and 600 kg N ha−1). Parameter “a” indicates tissue
soil-derived N concentration at 1 Mg ha−1 of total aboveground biomass.
Parameter “b” indicates the degree of soil-derived N dilution across increasing
amount of aboveground biomass. The regression coefficient (R2) indicates the
fit of each function. P value compares regression curves between fertilization
treatments within each cultivar.

N fertilization treatment Parameter R2 P value treatment comparison

a b

Cultivar DM5.1i
0 kg N ha−1 0.975 0.357 0.25 * < 0.0001
600 kg N ha−1 0.152 0.591 0.20ns

Cultivar RA532
0 kg N ha−1 1.007 0.242 0.23 * < 0.0001
600 kg N ha−1 0.102 0.528 0.20ns

Cultivar SPS3900
0 kg N ha−1 0.802 0.349 0.26 * < 0.0001
600 kg N ha−1 0.100 0.815 0.14ns

Cultivar T2137
0 kg N ha−1 0.871 0.416 0.39 * < 0.0001
600 kg N ha−1 0.082 0.811 0.23 *

* Indicates significant function fitting at P < 0.05.
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the only sources of N, show a sharper dilution curve (Lemaire, 1997).
The critical N dilution curve approximates the minimum N con-

centration that maximizes growth (Gastal and Lemaire, 2002). Ni-
trogen-fixing species like soybean usually dilute N close to this critical
curve because N is usually not limiting growth since N is acquired via
direct soil absorption or from atmospheric fixation (Ney et al., 1997).
On average, across fertilization treatments and cultivars, total N con-
centration at 1Mg ha−1 biomass was 3.87 (parameter “a”). Parameter
“b”, which is associated with the dilution pattern when taking negative
values, was −0.163. These values are in agreement with other values
found for soybean in the literature (Table 5). As previously described by
Divito et al. (2016), soybean shows a more attenuated dilution curve
compared to other legumes like pea (b=−0.33; Ney et al., 1997) or
lucerne (b=−0.32; Lemaire et al., 1985), suggesting a lower NUE in
the case of soybean. Divito et al. (2016) attributed this behavior to
soybean early pod onset and constant leaf lamina and stem N con-
centration during the early reproductive period.

Relying more on BNF (i.e. comparing fertilized vs. control treat-
ments) resulted in a slightly more pronounced N dilution pattern across
the evaluated cultivars. Even though the dilution parameter “b” was
more negative (i.e. more pronounced decline) for the control treatment,
supporting a higher biomass production per unit of N, this has no major
implications for seed yield, N uptake, or NUE. This implies that there is
no apparent extra energy cost of relying on atmospheric N or that any
extra cost is compensated by carbon assimilation stimulation (Kaschuk
et al., 2009). Rhizobial symbiosis is a large carbon sink, consuming a
significant proportion of recently assimilated photosynthates in soy-
bean (Kaschuk et al., 2009). However, this demand may stimulate ad-
ditional photosynthetic carbon assimilation via larger N fixation
(Kaschuk et al., 2009). This extra photosynthesis could compensate for
the theoretical extra energy cost of relying on atmospheric N, then, no
major changes at the crop level would be observed regardless of the
relative contribution of BNF vs. mineral soil N absorption. In fact, the
more attenuated dilution observed in the N fertilization treatment also
could be the result of luxury N uptake as was described by Salvagiotti
et al. (2008), considering that identical seed yield can be attained by a
wide range of N uptake. This agrees with the finding of reduced NHI in
the N fertilized treatment. In any case, our working hypothesis was
rejected because, despite a potential extra energy cost (Silsbury, 1977;
Andrews et al., 2009), relying more on BNF did not substantially
modify the N dilution curve, and had no influence on NUE, N uptake, or
yield. Results suggest that under high soil N concentration there is
substitution of BNF with soil N absorption (Arrese-Igor et al., 1997).

The second objective of our work was to establish individual dilu-
tion curves for soil mineral N and atmospheric N. Soil N fertilization
strongly affected the dilution pattern of soil N and atmospheric N. Our
work established for the first time the contrasting pattern of N con-
centration changes as related to biomass increase depending on the N

source. While soil mineral N concentration followed the expected di-
lution pattern, atmospheric N followed a concentrating curve as crop
development progressed. The latter may have three immediate im-
plications. First, this curve can indicate an upper benchmark for eval-
uating symbiosis performance during crop development (upper black
curves in Fig. 4), and also a minimum benchmark indicating the
minimum N derived from BNF because of inhibition from N fertilization
(lower red curves, Fig. 4). This might be relevant, for example, for
comparing the response to inoculants and/or fertilizer applications
across biomass accumulation. Second, this concentration pattern sheds
light on processes that may reverse the observed seed protein con-
centration decline in modern high-yielding soybean cultivars (de Felipe
et al., 2016). It is expected that reducing N dilution in soybean canopies
may result in increased seed N (and protein) concentration at maturity.
The N concentration pattern of atmospheric N observed in the present
study suggests that increasing BNF, and therefore N concentration at
later reproductive stages, might result in less total N dilution and
therefore increased seed N concentration. There is some empirical
evidence suggesting that increasing BNF is related to increased seed
protein concentration (Egli and Bruening, 2007). Third, currently BNF
is modelled as the difference between crop N demand and soil N
availability (Boote et al., 2008). Once soil mineral N is depleted, BNF is
activated to match crop N demand. Then, N dilution/concentration
curves for individual N sources, as determined in the present study,
could potentially be incorporated in crop models to estimate BNF at
different crop biomass during soybean development.

5. Conclusions

We found no evidence suggesting that relying more on BNF con-
stitutes an extra energy cost affecting crop level performance or N di-
lution patterns in soybeans. Our results show, for the first time, the
contrasting concentration changes of soil mineral N and atmospheric N
sources along a biomass gradient. Soil mineral N followed a typical
dilution pattern as biomass increased during development, as opposed
to atmospheric N concentration which increased during crop develop-
ment. This finding suggests that a continuous flux of atmospheric N
from biological fixation is closely associated to N demand during crop
development. Our results provide a benchmark to assess BNF perfor-
mance, at any crop developmental stage, which is positively associated
to biomass accumulation.
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