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a  b  s  t  r  a  c  t

It is  generally  accepted  that  the nitrogen  (N) dilution  curves  relating  shoot  nitrogen  concentration  (%N)
and  shoot  biomass  (W)  are  similar  among  genotypes  from  the  same  species.  However,  differences  in the
pattern  of  biomass  ratio between  lamina  and  stem  (Wlam:Wste)  with  increasing  biomass  would  change
the  curve.  Shoot  biomass  at flowering  also  affect  biomass  and  N  allocation  in  legumes  and  would  affects
the N  dilution.  In  soybean,  maturity  groups  (MG)  or sowing  dates  can  lead  to  differences  in  Wlam:Wste

and  in  time  from  sown  to  flowering  and  hence  the  parameters  of  N dilution  curves  could  be  affected.  The
aims of  this  study  were:  (i)  to  determine  the  growth  and  allocation  patterns  of  soybean  as affected  by
maturity  group  (MG  IV  vs  II)  and  sowing  date  and  (ii)  to establish  allometric  relations  between  growth
and  nitrogen,  including  N  dilution  curves.  Our  working  hypothesis  is  that  the  reference  N  dilution  curve
in soybean  is similar  to  the  critical  N dilution  curve  of  non-legume  C3  crops.

Four  experiments  were  performed  at Balcarce,  Argentina  during  three  growing  seasons  with  the  aim
to  generate  a wide  range  of  growing  conditions.  Two  soybean  cultivars  were  evaluated:  DM2200  (MG  II)
and DM4970  (MG  IV),  sown  in  optimum  dates  for the region  (mid-November).  DM2200  was  also  sown
late  (early  January).  We  sampled  crops  between  W ≈  1  Mg  ha−1 and  R5. Shoots  were  separated  in  three
compartments:  lamina  (Wlam),  stem  and  petiole  (Wste) and  pod  (Wpod).

Despite the  marked  decrease  in  Wlam:Wste with  increasing  biomass,  the  N dilution  curve  was  attenuated
in  soybean,  with  no  differences  among  cultivars  of maturity  groups  II and  IV,  and  sowing  dates  from
November  to January.  We  propose  that  early  pod  onset  and  the  constant%N  in lamina  and  stem  between

R1  and R5  attenuated  the  N  dilution  curve  in  all MG and  sowing  date.  Timely-sown  MGIV  showed  a
greater  Wlam:Wste ratio at W  = 1 Mg  ha−1 and  a more  pronounced  depletion  of  the  ratio  with  increasing
biomass.  However,  the N  dilution  curves  were  similar  between  maturity  groups  II and  IV,  and  sowing
dates  from  November  to January.  This  could  be attributed  to the  lower%N  in lamina  at V6  in comparison
to  R1 in  timely-sown  MGIV.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nitrogen concentration (%N) in shoots decreases during the
rowth cycle in dense canopies as the result of two  processes: (i)
he remobilization of N from shaded leaves at the bottom of the
anopy to leaves at the top, assuming that N uptake rate is lower
han crop growth rate (Field, 1983; Hirose and Werger, 1987; Pons

nd Pearcy, 1994; Sinclair and Horie, 1989) and (ii) the increase in
he proportion of plant structural tissues with low nitrogen concen-
ration in comparison with metabolic tissues with higher nitrogen

∗ Corresponding author at: Ruta 226 km 73.5, CC 276, CP 7620, Balcarce, Argentina.
E-mail address: guillermodivito@yahoo.com.ar (G.A. Divito).

ttp://dx.doi.org/10.1016/j.fcr.2015.11.004
378-4290/© 2015 Elsevier B.V. All rights reserved.
concentration (Caloin and Yu, 1984). Stem (Wste) and lamina (Wlam)
are mainly composed by structural and metabolic tissues, respec-
tively (Gastal et al., 2015).

Nitrogen dilution curves have been evaluated for several major
crops. Comparing a range of cultivated species, Greenwood et al.
(1990) concluded that the plant metabolic type, C3 or C4, is the main
factor that discriminates the N dilution curves. At a given shoot
mass (W), C4 crops have a lower%N than C3 species, presumably due
to a lower content of photosynthetic proteins. Legumes including
lucerne (Lemaire et al., 1985), french beans (Greenwood et al., 1990)

and pea (Ney et al., 1997) have N dilution curves similar to other C3
species. In these crops, however, growth of pods and seeds with a
high%N could partially or totally compensate the decline in shoot%N

dx.doi.org/10.1016/j.fcr.2015.11.004
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fcr.2015.11.004&domain=pdf
mailto:guillermodivito@yahoo.com.ar
dx.doi.org/10.1016/j.fcr.2015.11.004
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aused by the decrease in Wlam:Wste ratio and the remobilization
f N (Ney et al., 1997).

Worldwide, soybean [Glycine max (L.) Merrill] is the most impor-
ant grain legume crop, providing more than half of the world’s
egetable oils and two-thirds of the world’s protein meal. Soybean
lants absorb inorganic N (NO3

− and NH4
+) from the soil and can

btain reduced N from the symbiosis with Bradyrhizobium japon-
cum bacteria. Under a range of agronomic conditions, soybean
rops derive between 25 and 75% of their total nitrogen from N2
xation (Deibert et al., 1979; Salvagiotti et al., 2008; Collino et al.,
015).

Combining maturity types and sowing dates growers manip-
late the timing of critical periods and accommodate crops in
ropping sequences. Soybean cultivars span thirteen maturity
roups (MG), from the earliest “000” adapted to long days and short
ummers to the latest “X” adapted to short days (Poehlman, 1987).
n the south-eastern Argentinean Pampas (38 ◦S) cultivars from MG
I to IV are commonly sown. Sowing dates that maximize soybean
ield in this area range from early to mid-November (Andrade,
995). In double crops with cereals or oilseed rape, soybean is sown
uring December or in early January.

Variations in MG and sowing date modify plant size and archi-
ecture. Late maturity groups have an extended crop cycle in
elation to early ones, mainly during the vegetative stages (Egli,
993). This increases the number of nodes per plant, shoot mass and

eaf area index (Bastidas et al., 2008). By contrast, delaying sowing
ith respect to the optimum reduces the duration of the vegetative
eriod (Ball et al., 2000; Kantolic and Slafer, 2001), which reduces
hoot mass, node number and modifies plant architecture (Calviño
t al., 2003a,b). These differences in crop phenology and morphol-
gy caused by variations in MG or sowing date also influence the
ccumulation of shoot biomass from crop emergence to flowering.

It is generally accepted that the N dilution curves are similar
mong genotypes from the same species. However, we  hypoth-
sized that the extended vegetative period of late MG  or timely
owing date would affect the parameters of nitrogen dilution curves
y affecting the pattern of Wlam:Wste ratio and the shoot biomass
t flowering.

The aims of this study were: (i) to determine the growth and
llocation patterns of soybeans as affected by maturity group (MG
V vs II) and sowing date and (ii) to establish allometric rela-
ions between growth and nitrogen, including reference N dilution
urves. Our working hypothesis is that the N dilution curve in soy-
ean is similar to the critical N dilution curve of non-legume C3
rops on the assumption that, in our environment, the combined
upply of soil mineral N and symbiotic N fixation fully satisfy crop

 requirement.

. Materials and methods

.1. Crop husbandry, treatments and experimental design

The study was carried out at INTA Research Station, Balcarce,
rgentina (37.5◦S, 58.2◦W,  130 m above sea level). Sources of vari-
tion include seasons, water regimes, varieties (maturity groups)
nd sowing dates. The aim was to generate a wide range of grow-
ng conditions rather than assess the effects of individual sources of
ariation and their interactions, which would have required a full
actorial experiment with some agronomically meaningless treat-

ents, e.g. late sowing of MG IV.
Crops were grown during three growing seasons: 2010/11 (S1),
011/12 (S2) and 2012/13 (S3). During S1 and S2 crops were rain-
ed and in 2012/13 one experiment was rainfed (S3-RF) and another
eceived complementary irrigation (S3-IR). In the irrigated experi-
ent, water was supplemented to maintain the soil water content
esearch 186 (2016) 1–9

(SWC) above 80% of the plant available water (PAW) during all the
growing season. The rainfed experiments were under no-tillage
and the irrigated experiment was  under conventional tillage, which
comprised moldboard plowing, disking and field cultivation with
the least tillage operations necessary to get an appropriate seedbed.

Crops were grown on a fine, mixed, thermic Typic Argiu-
doll with a minimum effective depth of 1.5 m.  Top-soil (0–0.2 m)
pH was  6.2 ± 0.7 and soil organic matter was  51.0 ± 0.6 mg kg−1.
Soil N–NO3

− in the 0–60 cm depth was 12.4, 40.3, 56.0 and
124.9 kg ha−1 for S1, S2, S3-RF and S3-IR, respectively. Inter-row
spacing was 0.35 m and the plant density was about 45 pl m−2 for
all treatments and seasons. Soybean was inoculated with B. japon-
icum before sowing. Phosphorus and sulfur were applied at sowing
as triple superphosphate (0–46–0) and gypsum (SO4Ca2H2O, 16%
S, 20% Ca), respectively. The application rates were 40 kg ha−1 for
both nutrients. Weeds were controlled with two  applications of
glyphosate (1.4 kg a.i. ha−1) at ≈V1 and V4. Diseases and insects
were chemically controlled when required.

Two indeterminate soybean cultivars were evaluated: DM2200
(MG  II) and DM4970 (MG  IV). These cultivars represent the phe-
nological extremes for the region. Both cultivars were sown in
optimum dates for the area (November 20th, 24th and 10th for
S1, S2 and S3, respectively). DM2200 was  also sown on January
10th in all three seasons. This combination allows the study of the
effect of MG and sowing date on the patterns of biomass and N
accumulation and partitioning. Hereafter, DM4970 and DM2200
sown in November are called GIV-Nov and GII-Nov, respectively
and DM2200 sown in January GII-Jan. Both cultivars are genetically
modified (glyphosate-tolerant)

The experimental design was  a randomized complete blocks
with three replicates. The experimental unit was  12 m × 5 m.

2.2. Measurements

2.2.1. Phenology, growth and nitrogen
Crop phenology was monitored every three days using the scale

of Fehr and Caviness (1977).
The theory underlying the N dilution curve is restricted to the

window between W ≈ 1 Mg  ha−1 because crops behave as isolated
plants at lower biomass (Lemaire et al., 2007) and the end of the
vegetative period (Greenwood et al., 1990; Lemaire and Gastal,
1997) because during reproductive growth, seeds conform an extra
compartment in addition to Wlam and Wste and translocation pro-
cesses take place (Sadras and Lemaire, 2014). We  thus sampled
crops between W ≈ 1 Mg  ha−1 and R5. At R5 grain weight was neg-
ligible. Initial sampling coincided with the V6 stage for GIV-Nov and
R1 for GII-Nov and GII-Jan. Samples were also taken at R1, R3 and
R5 for GIV-Nov and at R3 and R5 for GII-Nov and GII-Jan.

At each sampling, plants were collected from central rows in
a 0.7 m2 area. Plant height, growth and development stages were
determined from a sub-sample of ten plants randomly collected
from the sampled section. These plants were separated into stem
and petiole (Wste), lamina (Wlam) and pod (Wpod). Few if any senes-
cent leaves were lost during the sampling period, and were not
considered in the analysis.

Plant samples were oven dried at 65 ◦C until a constant weight
was reached, weighed, and ground (0.5 mm mesh). Nitrogen con-
tent in the samples was determined by dry combustion at 950 ◦C
and N thermo-conductivity detection with a TruSpec CN analyzer
(LECO, St. Joseph, MI,  USA).

2.2.2. Complementary measurements: PAR interception, LAI and

soil water content

Canopy closure and leaf shadowing have implications for the
vertical distribution of N in the canopy (Lemaire et al., 2007). To
capture these effects, we measured the intercepted photosynthet-
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ig. 1. Solar radiation and photoperiod (top) and daily mean temperature (bottom)
6-R1,  R1-R3 and R3-R5 respectively (average of four experiments). Data from Seas

cally active radiation (iPAR) and LAI. iPAR was measured in clear
ays around noon. For each plot and stage, five pairs of readings
bove the canopy (I0) and just below the lowest layer of leaves
It) were made. The percentage radiation interception (iPAR) was
alculated as [1-(It/I0)]/100. Measurements were made with Li-Cor
91 SB sensor (Licor Inc., Lincoln, Nebraska, USA).

Soil available water is the main source of interannual variation
n soybean growth and yield in the region. So, soil water con-
ent was estimated using the locally-calibrated model by Della

aggiora et al. (2002). For the model parameterization, volumet-
ic water content at field capacity was set at 0.360 m3 m−3 and the
olumetric water content for permanent wilting point was  set at
.192 m3 m−3 (Della Maggiora et al., 2002). PAW was  calculated
s the difference between field capacity and permanent wilting
oint. Crop evapotranspiration (ET) was determined as the prod-
ct between potential evapotranspiration (ET0) and crop coefficient
Kc). The ET0 was calculated according to Penman (1948) and the
c (ET/ET0) values were those reported for the region by Della
aggiora et al. (2000). Actual ET was assumed to be equal to ET0
hen SWC  > 0.6 PAW, and to decline linearly with PAW between

 and 0.6 (Sadras and Milroy, 1996). Weather data were obtained
rom INTAı́s weather station, located 500 m from the experimental
ite.

.3. Calculations
Allometric increase in lamina and stem mass was  represented
y the functions proposed by Gastal et al. (2015):

(Iam or ste) = cWd (1)
red bars at the bottom of the lower panel indicate the periods between sowing-V6,
S1), Season 2(S2), Season 3 (S3) and median (1989/2009).

where W represents shoot biomass (Mg  ha−1), c is Wlam or Wste at
W = 1 Mg  ha−1 and d the ratio between the relative increase in these
tissues and the relative crop grow rate.

The decrease of the Wlam:Wste ratio was represented by:

Wlam : Wste = eW−f (2)

where e is the Wlam:Wste at W = 1 Mg  ha−1 and –f the proportion
between the relative decrease in the ratio and the relative crop
grow rate.

Shoot%N was calculated as:

%N =
(

%NlamWlam + %NsteWste + %NpodWpod

)
1

(
Wlam + Wste + Wpod

) (3)

where%Nlam, %Nste and%Npod is the N concentration (%) in lamina,
stem and pod, respectively.

The decline in plant%N was  described empirically by a negative
power function relating shoot%N to W (Lemaire and Salette, 1984):

%N = aW−b (4)

coefficient a represents the%N at W = 1 Mg ha−1. Coefficient b is
dimensionless and represents the ratio between the relative decline
in%N and the relative crop growth rate.

The critical N dilution curve indicates the minimum nitrogen
concentration required at a given crop W for maximum shoot
growth. It allows the distinction between crops under either supra-

optimal or sub-optimal nitrogen supply (Greenwood et al., 1990;
Sadras and Lemaire, 2014). In legumes it is necessary to perform
experiments with non-fixing plants under a gradient of N availabil-
ity. Thus, in this work we described the “reference” N dilution curve
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Fig. 2. Simulated soil water content (SWC) (Della Maggiora et al., 2002) for cultivar DM4970 (MG  IV) sown in November (GIV-Nov), DM2200 (MG II) sown in November
(GII-Nov) and DM2200 sown in January (GII-Jan) in Season 1 (S1), Season 2 (S2) and Season 3 rainfed (S3-RF). Max  and Min  indicate soil water-holding upper and lower limits
according with Della Maggiora et al. (2003). CT indicates the limit for physiological water stress (Sadras and Milroy, 1996). Colored bars at the bottom of each Figure indicate
the  periods between sowing-V6, V6-R1, R1-R3 and R3-R5 respectively (average of four experiments).

Table 1
Phenological development, plant height, shoot biomass (W) and intercepted photosynthetically active radiation (iPAR) for cultivar DM4970 (MG  IV) sown in November
(GIV-Nov), DM2200 (MG II) sown in November (GII-Nov) and DM2200 sown in January (GII-Jan) in Season 1 (S1), Season 2 (S2), Season 3 rainfed (S3-RF) and Season 3 irrigated
(SR-IR).  Days after emergence (DAE) show the timing of key stages from V6 to R5. For each season, different letters indicate differences between phenological stages (capital
letters) and variety-sowing date (lower case letters) at P < 0.05 using Tukey test.

Season Variety-sowing date Stage DAE Height (cm) W (Mg  ha−1) iPAR (%)

S1 GIV-Nov V6 43 26 D - 1.2 D - 75.0 B –
R1  56 55 C a 3.0 C a 98.1 A a
R3  71 73 B a 4.9 B a 99.0 A a
R5  85 86 A a 6.7 A a 99.1 A a

GII-Nov R1 46 27 B b 1.1 C b 75.1 B c
R3  63 65 A b 3.7 B a 98.5 A a
R5  73 71 A b 5.4 A b 98.7 A a

GII-Jan R1 41 38 B c 2.2 B b 88.1 B b
R3  52 43 A c 2.8 B b 90.3 A b
R5  59 47 A c 3.8 A c 98.5 A a

S2  GIV-Nov V6 48 32 D - 1.3 D - 84.8C -
R1  58 51 C a 3.1 C a 90.3 B a
R3  68 56 B a 3.5 B a 98.6 A a
R5  80 60 A a 5.2 A a 98.4 A a

GII-Nov R1 45 28 C b 1.0 C b 85.2 B b
R3  57 39 B b 2.0 B b 96.3 A a
R5  70 45 A b 3.4 A b 98.3 A a

GII-Jan R1 36 31 C b 1.2 C b 72.5C c
R3  45 38 B b 2.2 B b 91.6 B b
R5  56 44 A b 3.9 A b 98.3 A a

S3-RF GIV-Nov V6 47 30 C - 1.6 D - 60.4 C –
R1  61 63 B a 3.2 C a 87.0 B a
R3  75 65 B a 4.6 B a 97.3 A a
R5  88 95 A a 7.1 A a 96.5 A

GII-Nov R1 51 38 C b 1.5 C b 72.1 B b
R3  65 65 B a 3.7 B b 94.7 A ab
R5  76 79 A b 4.8 A b 97.3 A a

GII-Jan R1 40 31 B c 1.9 C c 75.3C b
R3  49 42 A b 3.0 B c 91.0 B b
R5  63 42 A c 3.9 A c 97.3 A a

S3-IR GIV-Nov V6 47 36 D - 1.6 D - 90.8 B –
R1  61 65 C a 3.8 C a 96.1 A a
R3  75 95 B a 5.9 B a 96.9 A a
R5  88 110 A a 8.2 A a 97.9 A a

GII-Nov R1 51 51 C b 1.9 C b 87.6 B b
R3  65 61 B b 3.7 B b 97.3 A a
R5  77 85 A b 5.3 A b 97.4 A a

GII-Jan R1 40 50 B b 2.5 C c 85.2 B c
R3  49 62 A b 4.1 B c 98.2 A a
R5  63 63 A c 5.8 A c 97.6 A a

Season* Variety-sowing date* Stage <0.01 <0.01 <0.01

S1 Variety-sowing date* Stage <0.01 <0.01 <0.01
Variety-sowing date <0.01 <0.01 <0.01
Stage  <0.01 <0.01 <0.01

S2 Variety-sowing date* Stage 0.15 0.78 <0.01
Variety-sowing date <0.01 <0.01 <0.01
Stage  <0.01 <0.01 <0.01

S3-RF Variety-sowing date* Stage <0.01 0.07 <0.01
Variety-sowing date <0.01 <0.01 <0.01
Stage  <0.01 <0.01 <0.01

S3-IR Variety-sowing date* Stage <0.01 0.38 <0.01
Variety-sowing date <0.01 <0.01 <0.01
Stage  <0.01 <0.01 <0.01
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Table 2
Probability values for the comparison of variety-sowing date for intercept (Inte) and
parallelism (Para) of the ln–ln regression lines. Comparisons are total aboveground
mass (W) vs lamina (Wlam), stem (Wste) and lamina:stem (Wlam:Wste). Variety-
sowing date are cultivar DM4970 (MG  IV) sown in November (GIV-Nov), DM2200
(MG  II) sown in November (GII-Nov) and DM2200 sown in January (GII-Jan).

W vs Wlam W vs Wste W vs Wlam:Wste

Inte Para Inte Para Inte Para
G.A. Divito et al. / Field C

or soybean on the assumption that the combined supply of soil
ineral N and symbiotic N fixation fully satisfy crop N requirement.

.4. Statistical analysis

ANOVA was used to assess the effect of experimental sources of
ariation, i.e. season, variety, sowing date, and phenological stage
n response variables using the Proc Mixed procedure

in SAS (Littell et al., 1996). Tukey tests were performed when
reatment effects were significant (P value <0.05).

Parameters of the equations were calculated by non-linear
quations using NLIN procedure of SAS computer software. Com-
arisons among variety-sowing date treatments of growth and%N
ith increasing W were performed from linearized models (log-

ransformation) (Niklas, 2006). Intercept and parallelism tests were
erformed by using ANOVA with SAS PROC MIXED. All analysis con-
idered a repeated measure model to incorporate the correlations
or the errors arising from measurements on the same experimental
nit through sampling dates.

. Results

.1. Growing conditions

The long-term median for solar radiation in Balcarce increased
% from November to December, when it peaked at 22.4 MJ  m−2

ay−1. From December, radiation fell 2% in January, 12% in February,
3% in March and 52% in April (Fig. 1A). Mean seasonal (November
o April) solar radiation followed a similar pattern to and was 6.7%,
.1%, and 3.6% higher than the long-term median for S1, S2 and
3, respectively. Photoperiod reaches a maximum in the summer
olstice, and falls 0.1, 0.6, 1.8 and 3.5 h in January, February, March
nd April, respectively (Fig. 1A).

Long-term daily mean temperature increased from November,
eaked on January (20.8 ◦C) and diminished on February (4%),
arch (13%) and April (30%). Mean seasonal (November to April)

emperatures were slightly higher than historical in the three
xperimental seasons. During S3, however, temperatures of the last
ecade of February and the first and second decades of March were
ooler than the long-term median.

The evolution of SWC  in GIV-Nov and GII-Nov was similar in sea-
ons 1 and 2. SWC  was  above the critical threshold of PAW = 0.6
rom crop emergence to V4 but below the threshold from V4
nwards (Fig. 2). However, water deficit was more severe from
5 to R3 during S2. In the rain-fed crops in season 3, SWC  was
lightly below threshold from R3 for GIV-Nov and from R5 for GII-
ov. GII-Jan did not suffer severe water deficit during the period
nder study, with exception of S3, where SWC  was  slightly under
he critical threshold during the vegetative period (Fig. 2). In S3-IR,
WC  was above 80% PAW in all treatments and during all season
data not shown).

.2. Development, growth and dry matter allocation

The duration of the emergence-R1 period ranked GIV-Nov > GII-
ov > GII-Jan (Table 1). The length of the R1-R5 period was  similar
etween GIV-Nov and GII-Nov but it was shorter in GII-Jan (Table 1).

The longer duration of the emergence-R1 period in GIV-Nov
ompared to GII-Nov and GII-Jan resulted in higher plants, more
hoot biomass and higher iPAR when comparisons were done at
he same phenological stage (Table 1). Differences in those variables

etween GII-Nov and GII-Jan were lower. Particularly, GIV-Nov and
II-Nov accumulated less biomass during S2 in comparison with
1 and S3 (P < 0.01). On average, GIV-Nov and GII-Nov reached 95%
PAR at ≈R3 but GII-Jan reached this interception at ≈R5 (Table 1).
GIV-Nov vs GII-Nov 0.04 0.04 0.05 0.11 0.04 0.01
GIV-Nov vs GII-Jan 0.10 0.03 0.03 0.001 0.05 <0.01
GII-Nov vs GII-Jan 0.60 0.59 0.59 0.33 0.95 0.38

Lamina represented the majority of shoot biomass at
W = 1 Mg  ha−1 (Fig. 3) (0.64, 0.59 and 0.58 Mg  ha−1 for GIV-Nov,
GII-Nov and GII-Jan, respectively). The proportion was higher in
GIV-Nov than GII-Nov (P < 0.05) (Table 2). The rate of lamina accu-
mulation with W was lower in GIV-Nov than the other treatment
(Table 2). Contrarily, stem accumulation at W = 1 Mg ha−1 was
lower in GIV-Nov and the rate of stem accumulation as W increased
was higher in this treatment than GII-Jan (Table 2). Pod onset was
at W ≈ 5.0, 3.5 and 3.0 for GIV-Nov, GII-Nov and GII-Jan, respec-
tively. No allometric functions were proposed for pod accumulation
because only two  samples were taken for this compartment (R3 and
R5) (Fig. 3).

As W increased, the pattern of Wlam:Wste ratio (Fig. 4) was  sim-
ilar between GII-Nov and GII-Jan (Table 2). However, this ratio was
higher for GIV-Nov than for GII-Nov and GII-Jan at W = 1 Mg  ha−1

(Table 2). In addition, GIV-Nov showed a more pronounced deple-
tion of the ratio Wlam:Wste with increasing W than the other
treatments (Table 2).

3.3. Nitrogen concentration, accumulation and allocation

N concentration in lamina was  constant as soybean developed in
8 out of 12 combinations of growing conditions, varieties and sow-
ing dates (Table 3). Interestingly, GIV-Nov had a lower%N in lamina
at V6 than at R1, R3 and R5 in 3 out of 4 experiments (Table 3).%N
in stems was  constant with growing crops in 6 combinations and
decreased in the others (Table 3). Finally, %N in pods was  higher at
R5 (4.2% on average) than at R3 (3.3% on average) (Table 3).

Nitrogen dilution curves (Fig. 5) were similar among varieties
and sowing dates (P > 0.3 and P > 0.6 for intercept and parallelism,
respectively). Thus, we propose a common empirical model for all
combinations of cultivar and sowing date:

%N = 3.7W−0.08 (5)

4. Discussion

4.1. Growth and development

Fig. 1 shows the marked reductions in radiation, photope-
riod and temperature after the summer solstice that constrain
soybean production, especially in late-sown crops (Calviño and
Sadras, 1999). Particularly, the cooler temperatures of the last
decade of February and the first and second decades of March
during S3 reduced crop growth rate and delayed crop develop-
ment, especially for GII-Jan. Despite some differences in radiation
and temperature among seasons, soil water content was  the main
environmental factor that constrained soybean growth and devel-
opment across experiments (Fig. 2). Accordingly, Calviño and
Sadras (1999) reported for the south-eastern Argentinean Pam-

pas that rainfall was the main source of interannual variation in
soybean yield in farmer’s fields.

The longer duration of the emergence-R1 period in GIV-Nov
compared to GII-Nov was  related to the greater developmental
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Table  3
Nitrogen concentration (%) in lamina, stem and pod for cultivar DM4970 (MG  IV)
sown in November (GIV-Nov), DM2200 (MG  II) sown in November (GII-Nov) and
DM2200 sown in January (GII-Jan) in Season 1 (S1), Season 2 (S2), Season 3 rainfed
(S3-RF) and Season 3 irrigated (SR-IR). For each experiment, different letters indicate
differences between phenological stages (capital letters) and variety-sowing date
(lower case letters) at P < 0.05 using Tukey.

Season Variety-sowing date Stage N lamina (%) N stem (%) N pod (%)

S1 GIV-Nov V6 4.3 C - 1.8 AB - –
R1 5.3 B b 1.8 AB a –
R3  5.6 B b 1.6 B b 3.0 B b
R5  5.9 A a 2.0 A a 3.9 A b

GII-Nov R1 6.0 A a 2.0 AB a –
R3 5.9 A a 2.2 A a 3.8 B a
R5  5.7 A ab 1.7 B b 4.4 A a

GII-Jan R1 5.8 AB a 2.0 A a –
R3 6.0 A a 2.0 A a 3.9 B a
R5  5.5C b 2.1 A a 4.2 A a

S2 GIV-Nov V6 4.7 A - 1.8 A - –
R1 4.8 A b 1.6 A c –
R3 4.7 A b 1.8 A a 3.0 B c
R5  4.8 A b 1.4 B c 3.9 A c

GII-Nov R1 4.8 A b 1.9 A b –
R3 4.8 A b 1.9 A a 3.8 B b
R5  4.6 A b 1.7 A b 4.4 A a

GII-Jan R1 5.4 A a 2.3 A a –
R3 5.6 A a 2.0 B a 3.9 B a
R5  5.6 A a 2.0 A a 4.2 A b

S3-RF GIV-Nov V6 3.8 B - 1.6 A - –
R1 5.1 A a 1.8 A b –
R3 4.9 A a 1.6 A b 3.0 B a
R5  5.1 A a 1.5 A b 3.6 A b

GII-Nov R1 4.7 A a 1.7 A b –
R3 4.8 A a 1.7 A b 3.1 B a
R5  4.9 A a 1.6 A b 3.7 A b

GII-Jan R1 4.9 A a 1.9 A a –
R3 4.8 A a 1.8 A a 3.0 B a
R5  4.7 A a 1.9 A a 4.8 A a

S3-IR GIV-Nov V6 5.0 B - 2.1 A - –
R1 5.7 A a 2.2 A a –
R3 5.1 B b 1.8 B b 2.9 B a
R5  5.8 A a 1.7 B b 4.1 A b

GII-Nov R1 5.1 A b 2.1 A a –
R3 5.6 A a 2.0 A b 3.0 B a
R5  5.6 A a 1.6 B b 3.9 A c

GII-Jan R1 5.5 A a 2.3 A a –
R3 5.8 A ab 2.2 A a 3.1 B a
R5  4.9 B b 2.4 A a 5.0 A a

Season *Variety-sowing date* Stage <0.01 <0.01 <0.01

S1 Variety-sowing date* Stage <0.01 0.01 <0.01
Variety-sowing date <0.01 0.04 <0.01
Stage <0.01 0.99 <0.01

S2 Variety-sowing date* Stage 0.14 0.05 <0.01
Variety-sowing date <0.01 <0.01 <0.01
Stage 0.83 <0.01 <0.01

S3-RF Variety-sowing date* Stage 0.73 0.4 <0.01
Variety-sowing date 0.09 <0.01 <0.01
Stage <0.01 0.49 <0.01

S3-IR Variety-sowing date* Stage <0.01 0.04 <0.01

r
r
p
(
a
t
d
o
t
s

s

Variety-sowing date 0.85 <0.01 <0.01
Stage 0.05 0.04 <0.01

ate of earlier MG varieties when exposed to the same photope-
iod (Cregan and Hartwig, 1984; Setiyono et al., 2007). The shorter
eriod of GII-Jan was mainly associated with higher temperatures
Fig. 1) (Ball et al., 2000). In accordance with our results, Kantolic
nd Slafer (2001) and Calviño et al. (2003) reported that the dura-
ion of the R1-R5 period was shorter in cultivars of lower MG,  and
ifferences were less marked than the observed in the duration
f the emergence-R1 period. These authors also determined that

he period R1-R5 was shorter with delayed sowing in response to
horter photoperiod (Fig. 1).

Canopy closure and maximum canopy photosynthesis corre-
pond to iPAR ≥ 95% (Westgate et al., 1999). For soybean, this
esearch 186 (2016) 1–9 7

condition should be achieved during early reproductive stages to
maximize grain yield (Yusuf et al., 1999; Malone et al., 2002).
Remarkably, canopy closure has several implications for the pat-
terns of N accumulation and dilution because it affects leaf
shadowing, Wlam:Wste ratio and vertical N distribution in canopy
(Lemaire et al., 2007). In the present study, row spacing was con-
stant among treatments with the objective of comparing MG  and
sowing date under equal conditions. However, the small plant size
of GII-Jan indicates the convenience of reducing row space in late
sown soybean crops (Calviño et al., 2003a,b).

4.2. Dry matter allocation

Older plants with similar W could have lower Wlam:Wste ratio
(Coleman et al., 1994). Thus, the greater ratio of GIV-Nov at
W = 1 Mg  ha−1 could be explained because this crop was  at V6 while
GII-Nov and GII-Jan were at R1 (Table 1). However, GIV-Nov reached
the successive reproductive stages with greater biomass and taller
plants than GII-Nov and GII-Jan (Table 1). Both, biomass accumu-
lation and plant height are mentioned as responsible of decreases
in the Wlam:Wste ratio because plants invest a greater proportion
of biomass in structural tissues to support the increasing leaf area
(Lemaire and Gastal, 1997). Based on these results, we  propose that
the interaction between growth and development was  the main
cause of the differences between treatments in the patterns of the
Wlam:Wste ratio.

Time from crop emergence to flowering ranked GIV-Nov > GII-
Nov > GII-Jan and affected shoot biomass at R1, that followed the
same ranking (Table 1). Ney et al., (1997) stated that flowering and
pod onset attenuated the decrease in shoot%N. So MG or sowing
date would affect the N dilution curve.

4.3. Nitrogen allocation and nitrogen dilution curve

Our results for%N in lamina were similar to those assumed in the
model of Sinclair et al. (2003). They proposed a constant specific N
content in leaves (SLN) of approximately 2.5 g N m−2 during vegeta-
tive stages, based on the reports of Hanway and Weber (1971) and
Lugg and Sinclair (1981). This value is similar to the one obtained
in our work after proper conversion (2.2 ± 0.2 g N m−2). Moreover,
Sinclair et al. (2003) proposed a value of 2% for stem N concentra-
tion, which is also similar to our determination (Table 3).

Most of our experiments showed a constant%N in lamina with
increasing W,  which is associated with a low reallocation of N from
shaded leaves at the bottom of the canopy to those at the top.
Reallocation is associated with a lower N uptake rate than lamina
growth rate which results in a reduction of%N in Wlam with increas-
ing biomass (Gastal and Lemaire, 2002). Accordingly, Shiraiwa and
Sinclair (1993) reported a low linear decrease of specific leaf N (SLN,
g N m−2) from leaves at the top of the canopy to those at the bot-
tom in soybean, which is different from the exponential decline
described for non-legume species (Anten et al., 1995). This indicates
low N reallocation in soybean.

The lower%N in lamina at V6 in comparison with R1 for GIV-
Nov was unexpected. The use of glyphosate for weed control at
early soybean stages may  have caused a temporary N deficiency
because the N2-fixing symbiont, B. japonicum,  is not resistant to
the herbicide (Moorman et al., 1992). Lower nodulation, N fixa-
tion activity (King et al., 2001) and soybean chlorophyll content
(Reddy et al., 2000; Reddy and Zablotowicz, 2003) were reported
as a consequence of glyphosate applications at early stages. The
available data precluded to assert that the lower%N in lamina at V6

was consequence of a slight N deficiency. However, this hypothesis
is not supported by the fact that the lower%N in lamina at V6 was
observed also in the S3-IR experiment, where soil N–NO3

− content
(124.9 kg ha−1) was much higher than crop uptake (60.2 kg ha−1).
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A common empirical model for the N dilution with increasing
 is proposed for soybean cultivars of contrasting MG  and sowing

ates. Remarkably, the coefficients a and b of the model (Eq. (5))
ere lower than those reported for other legumes such as lucerne

%N = 5.08 W−0.32; Lemaire et al., 1985) and pea (%N = 4.8 W−0.33;
ey et al., 1997) (Fig. 5) and also than the generic parameters pro-
osed by Greenwood et al. (1990) for C3 species (%N = 5.67 W−0.5).
owever, the attenuated N dilution curve is in agreement with

he pattern of shoot%N with increasing W reported by Ney et al.,
1997) for soybean, although no equations where proposed by these
uthors. Interestingly, our results also coincide with a recent report
bout N accumulation in modern soybean cultivars (Bender et al.,
015). Calculations we made based on their data indicate that these
rops had a low depletion of%N from V7 to R5 (3.7–3.1%). Our data,
herefore, do not support the working hypothesis that soybean
ilution curve is similar to non-legume C3 crops.

The attenuated N dilution curve in soybean can be attributed to
he early accumulation of N in pods. Ney et al., (1997) highlighted
he difference among legumes crops in the pattern of%N dilution
ased on differences in W at flowering. Thus, when cultivated as
orage, lucerne does not produce pods and seeds, and therefore
hoot%N follows the general pattern described for C3 crops. Pea
ould show and intermediate situation since this crop flowers with
igher shoot biomass than soybean.

Fig. 6 summarized our results for the phenological and mor-
hological characteristics that are proposed to affect the pattern
f%N dilution in legumes (Ney et al., 1997). As discussed previously,
IV-Nov showed higher Wlam:Wste at W = 1 Mg  ha−1 and reached

he subsequent reproductive stages at higher W and with lower
lam:Wste. Additionally, pod onset occurred at higher W in GIV-Nov.

hese patterns were similar between GII-Nov and GII-Jan. Despite
he differences between GIV-Nov and the other treatments, N dilu-
ion curves were similar among MG and sowing date. Lower%N in
amina at V6 in comparison to R1 in GIV-Nov was an important
ause of the similarity among the curves.

The phenological and morphological characteristics that gener-
te differences in the pattern of%N dilution among legumes crops

Ney et al., 1997) would also cause differences among soybean crops
ith high contrast in sowing date or, more probably in MG.  It would

e interesting, therefore, to test this hypothesis in future research.
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4.4. Agronomic implications

The determination of the critical N dilution curves has been use-
ful for diagnosing the N status of various species (Greenwood et
al.,1990; Justes et al., 1994; Lemaire and Gastal, 1997; Lemaire et al.,
2008). In soybean, this is biologically interesting and agronomically
important given the interes t in increasing crop yield with N fer-
tilization (Salvagiotti et al., 2008; Wingeyer et al., 2014). However,
based on our results, some considerations arise for the use of the
critical curve in soybean:

i) Despite the similar N dilution curve among MG  or sowing date,
differences among treatments in the pattern of Wlam:Wste and
the earliness of pod onset add variability to shoot%N, which
negatively affect the accuracy of the method.

ii) Stresses that lead to flower or pod abortion, such as water deficit
(Calviño et al., 2003a,b) or low temperature (Gibson and Mullen,
1996) would increase variability in shoot%N.

Therefore, diagnosing the N status of the crop by using indexes
based on critical dilution curve (i.e. nitrogen nutrition index, NNI)
would be less accurate for soybean than for other crops.

Finally, developing the critical N dilution curve in soybean is
more complex than for non-fixing crops, because it should involve
experiments with non-fixing lines under a gradient of soil N avail-
ability and a comparison with well nodulated lines.

5. Concluding remarks

Despite the marked decrease in Wlam:Wste, the N dilution curve
was attenuated in soybean, with no differences among cultivars
of maturity groups II and IV, and sowing dates from November to
January. We propose that early pod onset and the constant%N in
lamina and stem between R1 and R5 attenuated the N dilution curve
in all MG  and sowing date. In addition, GIV-Nov showed a greater
Wlam:Wste ratio at W = 1 Mg  ha−1 and a more pronounced depletion
of the ratio with increasing biomass. However, the N dilution curves
were similar between maturity groups II and IV, and sowing dates
from November to January.
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