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 Diagnosis

a  b  s  t  r  a  c  t

Information  regarding  the  pattern  of  sulphur  (S)  accumulation  in  shoots  is scarce  for  field  crops  and
few  comprehensive  analysis  were  performed  on N:S  stoichiometry.  Particularly,  the  need  to  study  the
patterns  of  uptake,  allocation  and  stoichiometry  of S and  N in soybean  is  two-fold.  First,  the  main  areas
for  soybean  production  in the  world  have  been  recently  reported  as S-deficient.  Second,  S concentration
(%S)  and N:S  ratios  are  relevant  for diagnosing  S deficiency.

The  aim  of  this  work  was  to analyze,  in a gradient  of S  availability,  the  dynamics  of  nitrogen  concentra-
tion  (%N),  %S  and  N:S  ratio  in  soybean  lamina,  stem  and  shoots  during  vegetative  growth.  Experiments
were  performed  at Balcarce,  Argentina  during  two  growing  seasons.  Two  soybean  cultivars  were  eval-
uated:  DM2200  (maturity  group  II) and  DM4970  (maturity  group  IV),  sown  in optimum  dates  for
the  region  (mid-November).  DM2200  was  also  sown  late (early  January).  We  sampled  crops  between
biomass  ≈ 1 Mg  ha−1 and  R5. Shoots  were  separated  in lamina,  stem  and  petiole,  and  pod.

The adjusted  S dilution  curve  for S-sufficient  treatments  was  attenuated  in  soybean  (S =  2.8  W−0.11),
with  no  differences  among  cultivars  of  maturity  groups  II and  IV,  and  sowing  dates  from  November  to
January.  For  the  same  treatments,  the  N:S  ratio  was  stable  in  shoots  during  vegetative  growth  (N:S  = 12.2),

supporting  the  use  of  a unique  threshold  for diagnosing  the  S status  during  this  period.  Sulphur  concentra-
tion  in  stems  was  more  responsive  to the  availability  of  S than%S  in lamina.  In  addition,  the concentration
of  N in  stem  tended  to  be  constant  with  variation  in %S  while  %N  and  %S  correlated  in  lamina.  This  pro-
duced  a greater  response  of  N:S  in stem  than  in lamina.  Thus,  the  determination  of%S and  N:S  in  stem  are
good  candidates  as indicators  of S status  of  soybean.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The pattern of nitrogen (N) accumulation and allocation in
lants has been evaluated for several major crops. Despite some dis-
repancies, the concentration of N (%N) in shoots decreases during
he growth cycle in dense canopies as the result of two  processes:
i) the 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 and (ii) the increase in the proportion of plant
tructural tissues with low nitrogen concentration in comparison

ith metabolic tissues with higher %N (Lemaire and Gastal, 2009).

However, Divito et al. (2016) have shown that the N dilu-
ion curve during vegetative growth is much more attenuated in

∗ 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.2016.08.018
378-4290/© 2016 Elsevier B.V. All rights reserved.
soybean [Glycine max (L.) Merrill] than in other crops. In an environ-
ment where the phenological extremes span from maturity groups
(MG) II to IV, the flat dilution curve resulted from the constant %N
in lamina and stem and the early onset of pod formation.

Information regarding the pattern of sulphur (S) accumulation
in shoots is scarce for field crops and few comprehensive analysis
were performed on the N:S stoichiometry. Ciampitti et al. (2013)
showed tight associations between N and S concentration in maize
during the entire growing season, with a 1.14 faster dilution rate for
N than for S. This coincides with the determinations of Vong et al.
(2007) in oilseed rape and barley and Reussi Calvo et al. (2011)
in wheat. Bender et al. (2015) recently described the patterns of
nutrient accumulation in modern soybean cultivars, including N
and S. However, this analysis focused on nutrient requirements

for high yielding production and did not explicitly account for the
stoichiometry of these nutrients.

dx.doi.org/10.1016/j.fcr.2016.08.018
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fcr.2016.08.018&domain=pdf
mailto:guillermodivito@yahoo.com.ar
dx.doi.org/10.1016/j.fcr.2016.08.018
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G.A. Divito et al. / Field Cro

The main areas for soybean production in the world have been
ecently reported as S-deficient (Salvagiotti et al., 2012; Lucheta
nd Lambais, 2012) and S concentration (%S) and N:S ratio are rel-
vant for diagnosing S deficiency (Salvagiotti et al., 2012; Kaiser
nd Kim, 2013; Divito et al., 2015). Consequently, it is necessary to
tudy the patterns of uptake, allocation and stoichiometry of S and

 in soybean.
We  previously studied the dynamic of N dilution in soybean

rops well supplied with sulphur (Divito et al., 2016). We  also
eported a good performance of %S and N:S for diagnosing the S
tatus of soybean, based on information from 15 trials (Divito et al.,
015). However, data from these experiments precluded the anal-
sis of the dynamics of %S and N:S during the vegetative growth.
hus, here we analyze data from two experiments previously pre-
ented in Divito et al. (2016) including S-deficient and S-sufficient
rops. Our objective was to analyze, in a gradient of S availability,
he dynamics of %N, %S and N:S ratio in soybean lamina, stem and
hoots during vegetative growth.

. Materials and methods

.1. Crop husbandry, treatments and experimental design

The study was carried out at INTA Research Station, Balcarce,
rgentina (37.5◦, 58.2◦ W,  130 m above sea level) during two grow-

ng seasons: 2010/11 (Se1) and 2012/13 (Se2). Rainfed crops were
stablished under no-till on a fine, mixed, thermic Typic Argiudoll
ith a minimum effective depth of 1.5 m.  Top-soil (0–0.2m) pH
as 6.5 (Se1) and 5.9 (Se2), soil organic matter was 56.0 (Se1) and

4.0 g kg−1 (Se2) and P-Bray was 28.3 (Se1) and 26.8 mg  kg−1 (Se2).
oil N-NO3

− in the 0–60 cm depth was 12.4 and 56.0 kg N ha−1 for
e1 and Se2, respectively and soil S-SO4

−2 in the same depth was
.9 and 32.9 kg S ha−1 for Se1 and Se2, respectively.

Experimental sources of variation were seasons, S rates, culti-
ars, and sowing dates. Gypsum (SO4Ca2H2O, 16% S, 20% Ca) was
roadcasted at crop emergence at rates of 0, 10 and 40 kg S ha−1

treatments S0, S10 and S40, respectively). Two indeterminate soy-
ean cultivars were evaluated: DM2200 (MG  II) and DM4970 (MG
V). These cultivars represent the phenological extremes for the
egion. Both cultivars were sown in optimum dates for the region
November 20th and 10th for Se1 and Se2, respectively). DM2200
as also sown on January 10th in both seasons. This combination

llows the study of the effect of MG  and sowing date on the pat-
erns of biomass, N and S accumulation and partitioning. Seasons
nd combination of cultivars and sowing dates aimed at generating

 wide range of growing conditions rather than assess the effects
f individual sources of variation and their interactions. Hereafter,
M4970 and DM2200 sown in November are called GIV-Nov and
II-Nov, respectively and DM2200 sown in January is called GII-Jan.
oth are transgenic cultivars (glyphosate tolerant). The experimen-
al design was a randomized complete blocks with three replicates.
he experimental unit was 12 × 5 m.  Further information about
rop husbandry can be found in Divito et al. (2016).

.2. Measurements

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

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

indow between shoot biomass (W)  ≈ 1 Mg  ha−1 and the end of

he vegetative period (Greenwood et al., 1990; Lemaire and Gastal,
997). For W < 1 Mg  ha−1 crops behave as isolated plants (Lemaire
t al., 2007a,b) and during reproductive growth seeds conform an
xtra compartment in addition to metabolic and structural tissues
arch 198 (2016) 140–147 141

and translocation processes take place (Sadras and Lemaire, 2014).
These concepts also apply for S dilution. We  thus sampled crops
between W ≈ 1 Mg  ha−1 and R5, when grain weight was negligible.
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, shoots were collected from central rows in
a 0.7 m2 area and were separated into stem and petiole (here-
after called stem), lamina and pods. Samples were oven dried at
65 ◦C until a constant weight was  reached, weighed, and ground
(0.5 mm mesh). Nitrogen and S content in the samples were deter-
mined by dry combustion at 950 ◦C and 1350 ◦C, respectively and
thermo-conductivity detection with a TruSpec CNS analyzer (LECO,
St. Joseph, MI,  USA).

2.2.2. Complementary measurements: soil water content
Soil water content (SWC) was estimated using the locally-

calibrated model by Della Maggiora et al. (2002). Further
information about the model can be found in Divito et al. (2016).
Weather data were obtained from a weather station located 500 m
from the experimental site.

2.3. Calculations

The decline in plant %N and %S was  described using the negative
power function proposed by Lemaire and Salette (1984) for N:

%N or %S = aW−b (1)

The coefficient a represents the %N or %S at W = 1 Mg  ha−1. Coef-
ficient b is dimensionless and represents the ratio between the
relative decline in %N or %S and the relative crop growth rate.

The S dilution curve of S-sufficient treatments was calculated
following the procedure proposed by Justes et al. (1994). For each
combination of cultivar and sowing date, this method consider the
minimum %S observed at a given date among all S treatments that
produced the maximum amount of W up to that date. It corresponds
to a %S at which W does not significantly increase with increasing
S rate despite the increase in %S.

2.4. Statistical analysis

ANOVA was used to assess the effect of experimental sources of
variation, i.e. S rate, variety, sowing date, and phenological stage
on response variables using SAS PROC MIXED (SAS Institute, 1988).
Least-squares mean tests were performed when treatment effects
were significant (P value < 0.05).

Intercept and parallelism of the patterns of %N and N:S with
%S were compared. All the equations were linearized by ln-
transformation for the study of N and S patterns (Niklas, 2006).
Parameters of the equations were calculated from transformed data
using model II of SAS PROC REG (SAS Institute, 1988) as proposed
by Niklas (2006). Intercept and parallelism among variety-sowing
date treatments were also compared from transformed data using
ANOVA with SAS PROC MIXED (SAS Institute, 1988). All analyses
considered a repeated measure model to incorporate the corre-
lations for the errors arising from measurements on the same
experimental unit through sampling dates.

3. Results

3.1. Growing conditions
Mean seasonal (November–April) solar radiation was  6.7% and
3.6% higher than the long-term median for Se1 and Se2, respectively
(Fig. 1A). Photoperiod reaches a maximum in the summer solstice,
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nd  R3–R5 respectively (average of two seasons). Data from season 1 (Se1), season

 (Se2) and median (1989/2009).

nd falls 0.1, 0.6, 1.8 and 3.5 h in January, February, March and April,
espectively (Fig. 1A). Mean seasonal temperatures were slightly
igher than historical in both experimental seasons. During Se2,
owever, temperatures from end of February to mid-March were
ooler than the long-term median (Fig. 1B).

During season 1, the soil water content of treatments GIV-Nov
nd GII-Nov was above the critical threshold of plant available
ater (=0.6) from crop emergence to V4, but it fluctuated between

his threshold and 0.4 PAW during most of the period under study
Fig. 2A and B). During season 2, SWC  was slightly below threshold
rom R3 for GIV-Nov and from R5 for GII-Nov. GII-Jan did not suffer
evere water deficit during the period under study, with exception
f Se2, where SWC  was slightly under the critical threshold during
he vegetative period (Fig. 2C). Further information can be found in
ivito et al. (2016).

.2. Development, growth and dry matter allocation

The duration of the period emergence-R1 decreased following
IV-Nov > GII-Nov > GII-Jan (Fig. 1B). The length of the R1-R5 period
as similar between GIV-Nov and GII-Nov but it was shorter in
II-Jan (Fig. 1B). On average for each cultivar-sowing date com-
ination GIV-Nov produced more shoot biomass than GII-Nov and
II-Jan when comparisons were done at the same phenological
tage (P < 0.01). Differences between GII-Nov and GII-Jan were also
ignificant (P < 0.01) but smaller.

Sulphur fertilization increased shoot biomass at R5 in 3 out
f 6 combinations of treatments and season (P < 0.05). Responses
anged from 0.87 to 1.31 Mg  ha−1 (Table 1).

.3. N and S concentration in plant parts
Nitrogen concentration in lamina and stem was constant among
 rates at all crop stages for each cultivar-sowing date combination
Table 1). On average for each combination, the %N in lamina was
onstant as soybean developed in GII-Nov in season 2 and GII-Jan in
earch 198 (2016) 140–147

both seasons (Table 1). Contrarily, %N in lamina was lower (P > 0.01)
at V6 than at R1, R3 and R5 in GIV-Nov at both seasons and also at R1
than at R3 and R5 in GII-Nov in season 1 (Table 1). %N in stem was
constant with growing crops in five combinations and decreased in
the first season for GII-Nov (Table 1). %N in pods was higher at R5
than at R3 in all cultivar-sowing date combinations during season 1
and GIV-Nov during season 2 whereas similar in GII-Nov and GII-Jan
(Se2) with no differences among S rates (Table 1).

Sulphur concentration in lamina was  constant with increasing S
rates in most of the cultivar-sowing date combinations (Table 1). By
contrast, stems %S increased with S fertilization in GIV-Nov and GII-
Nov during both seasons (Table 1) and most phenological stages.
Similar to %N, GIV-Nov had a lower %S in lamina at V6 than at R1,
R3 and R5 in both seasons (Table 1) and GII-Nov had a lower %S in
lamina at R1 than at R3 and R5 in season 1. Sulphur concentration
in stems was constant with growing crops in most combinations
and decreased in the second season for GIV-Nov. Remarkably, the
concentration of S in stems was more responsive to S rate than %S
in lamina (Table 1). Sulphur concentration in pods was  higher at R5
than at R3 in GIV and GII sown in November and similar between
stages in GII-Jan with no differences among S rates (Table 1).

The N:S ratio in lamina was  similar among cultivar-sowing
dates and S rates and slightly increased with increasing biomass
(P > 0.01). The N:S was  constant (14.1) (P = 0.31) for treatments with
the minimum %S required to maximize shoot biomass (Fig. 3A). The
N:S ratio in stem increased with increasing biomass in S0 treat-
ments and decreased in S40. It was  constant in S10. The critical
threshold was 12.5 (Fig. 3B). N:S in stems was more responsive to
S availability than in lamina.

The concentration of N in lamina increased with increasing %S
(P < 0.01) (Fig. 4A). The pattern was  similar among S rates (P > 0.20).
Stem %N increased with %S in the non S-fertilized treatment but was
less responsive than lamina %N (P < 0.01). Interestingly, stem %N
was unresponsive to %S in S10 and S40 treatments (Fig. 4A). Thus,
concomitant variation of %N and %S in lamina caused low variation
of the N:S ratio with variable %S (Fig. 4B). In contrast, the decrease
of N:S in stem was more pronounced as %S increased (Fig. 4B). These
patterns were also evident in the low dispersion of N:S in lamina
in comparison with N:S in stem (Fig. 3A and B). For each S rate,
variations in %N, %S and N:S shown in Fig. 4 can be attributed to
season, cultivar, sowing date and phenological stage at sampling
(Table 1).

3.4. N and S dilution curves

Nitrogen dilution curves were attenuated and similar (P > 0.47)
among S rates in all the combinations of cultivar and sowing date
(Fig. 5A). Moreover, there were no differences among cultivar-
sowing dates in the pattern of %N with increasing W (P > 0.13), so a
unique function is proposed for treatments with the minimum %S
required to maximize shoot biomass (%N = 35.3 W−0.08).

The concentration of S in shoot decreased with increasing
biomass in the non S-fertilized treatments in all cultivar-sowing
date combinations. The pattern of treatments S10 and S40 were
similar to S0 in GII-Nov (P > 0.31). Contrarily, %S in shoot was con-
stant with increasing biomass in crops fertilized with 10 and 40 kg
S ha−1 for GIV-Nov and GII-Jan. Considering all cultivar-sowing date
combinations the dilution curve of treatments S10 and S40 were
similar (P = 0.28) and attenuated in comparison to the more pro-
nounced dilution of S for treatment S0. The %S dilution curve of
S-sufficient treatments was  unique for all cultivar-sowing date

combinations: 2.8 W−0.11 (P < 0.01) (Fig. 5B) and was parallel to the
N dilution curve (P = 0.28). Parallelism between curves resulted in
a constant N:S ratio (12.2) for S-sufficient treatments during the
vegetative growth of soybean (P = 0.12) (Fig. 5C).



G.A. Divito et al. / Field Crops Research 198 (2016) 140–147 143

Table  1
Shoot mass (W), nitrogen (N) and sulphur (S) 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 and Season 2 under three rates of S fertilization. For each cultivar-sowing date (C-SD) and season combination
different letters indicate differences between S rates (lower case letters) and phenological stages (PS) (capital letters) at P < 0.05 using Tukey.

S rate W N (g kg−1) S (g kg−1)

C-SD PS (kg ha−1) (Mg  ha−1) lamina stem pod lamina stem pod

Season 1
GIV-Nov V6 0 1.15 a C 41.0 b B 18.3 a A 3.01 a B 1.51 a A

10  1.23 a D 43.6 a B 18.0 a A 3.44 a B 1.60 a A
40  1.16 a D 42.6 a B 18.4 a A 3.36 a B 1.69 a B

R1  0 2.88 a B 52.0 b A 17.0 a A 3.82 a A 1.52 a A
10  2.87 a C 52.8 a A 18.4 a A 4.12 a AB 2.01 a A
40  3.06 a C 53.4 a A 17.5 a A 4.00 a AB 2.19 a AB

R3  0 4.73 a A 54.6 b A 15.9 a A 30.2 a B 3.73 a AB 1.56 b A 1.97 a B
10  4.72 a B 54.8 a A 16.4 a A 30.0 a B 3.89 a AB 1.91 ab A 1.87 a B
40  4.64 a B 56.4 a A 16.4 a A 30.4 a B 4.03 a AB 2.41 a A 1.97 a B

R5  0 5.78 b A 56.3 b A 19.1 a A 38.1 a A 3.70 a AB 1.13 b B 2.50 a A
10  6.72 a A 59.0 a A 19.6 a A 39.7 a A 4.32 a A 1.70 ab A 2.47 a A
40  6.14 a A 58.6 a A 19.7 a A 38.6 a A 4.16 a A 1.97 a AB 2.53 a A

GII-Nov  R1 0 1.29 a B 47.1 a B 22.2 a A 3.49 a B 1.56 a A
10  1.26 a C 47.7 a B 24.1 a A 4.08 a B 1.60 a A
40  1.14 a C 45.3 a B 20.4 a A 3.50 a B 1.49 a B

R3  0 3.79 a A 58.3 a A 22.0 a A 38.0 a A 4.08 a BB 1.78 b A 2.65 a A
10  3.86 a B 59.2 a A 21.9 a A 38.0 a B 4.59 a A 1.75 b A 2.33 a B
40  3.74 a B 58.8 a A 21.5 a A 38.3 aB 4.15 a A 2.29 a A 2.65 a B

R5  0 5.16 a A 55.7 a A 17.7 a B 42.8 a A 4.44 a A 1.58 ab A 2.99 a A
10  5.31 a A 59.1 a A 18.1 a B 43.9 a A 4.67 a A 1.48 b A 2.70 a A
40  5.45 a A 56.5 a A 16.5 a B 44.8 a A 4.24 a A 1.77 a AB 3.10 a A

GII-Jan  R1 0 2.24 a B 56.8 a A 19.7 a A 4.52 a A 1.40 a A
10  2.26 a B 58.2 a A 20.1 a A 4.58 a A 1.81 a A
40  2.23 a B 58.1 a A 20.3 a A 4.49 a A 1.90 a A

R3  0 2.61 a AB 57.4 a A 18.2 a A 34.7 a B 3.91 a A 1.49 a A 2.17 a A
10  2.81 a AB 59.3 a A 21.4 a A 38.4 a B 4.71 a A 1.67 a A 2.09 a A
40  2.84 a AB 59.6 a A 20.4 a A 38.9 a B 4.25 a A 1.96 a A 2.19 a A

R5  0 3.39 a A 55.5 a A 21.1 a A 41.6 a A 4.30 a A 1.26 a A 2.46 a A
10  3.49 a A 55.6 a A 20.8 a A 42.9 a A 4.52 a A 1.27 a A 2.40 a A
40  3.83 a A 55.0 a A 20.8 a A 41.6 a A 4.80 a A 1.73 a A 2.57 a A

Season 2
GIV-Nov V6 0 1.66 a D 38.6 b B 14.9 a A 2.72 aB 1.70 b A

10  1.61 a D 37.8 a B 15.9 a A 2.87 a B 2.08 ab A
40  1.59 a D 38.1 a B 15.7 a A 3.07 a A 2.20 a AB

R1  0 3.55 a C 48.8 b A 16.5 a A 3.06 a A 1.43 b AB
10  3.50 a C 51.0 a A 17.6 a A 3.53 a A 1.80 ab A
40  3.24 a C 50.5 a A 17.8 a A 3.53 a A 2.33 a A

R3  0 4.81 a B 45.6 b AB 14.7 a A 27.8 a B 3.08 a A 1.19 b B 1.58 a B
10  4.97 a B 49.2 a A 16.5 a A 27.2 a B 3.33 a AB 1.67 a A 1.57 a B
40  4.64 a B 48.6 a A 15.6 a A 29.6 a B 3.39 a A 1.79 a BC 1.77 a B

R5  0 6.11 b A 44.0 b AB 15.3 a A 35.3 a A 2.77 b A 1.01 b B 2.00 a A
10  7.42 a A 51.2 a A 14.9 a A 35.9 a A 3.55 a A 1.09 b B 2.07 a A
40  7.14 a A 51.4 a A 15.4 a A 36.3 a A 3.56 a A 1.60 a C 2.27 a A

GII-Nov  R1 0 1.57 a B 40.4 a B 15.1 a A 2.74 b B 1.31 b A
10  1.56 a B 45.7 a A 16.6 a A 3.27 ab A 1.59 ab A
40  1.45 a C 46.5 a A 16.8 a A 3.43 a A 1.88 a A

R3  0 3.67 a AB 50.1 a A 17.7 a A 33.8 a A 3.04 a AB 1.23 b A 2.67 a A
10  4.15 a AB 48.0 a A 17.5 a A 32.7 a A 2.98 a A 1.46 ab A 2.60 a B
40  3.74 a B 47.9 a A 17.4 a A 31.2 a A 3.09 a A 1.69 a A 2.56 a B

R5  0 3.97 b A 48.9 a A 15.4 a A 38.0 a A 3.35 a A 0.90 b A 3.10 a A
10  4.43 ab A 49.0 a A 15.7 a A 37.6 a A 3.42 a A 1.26 ab A 3.19 a A
40  4.84 a A 49.4 a A 16.0 a A 36.9 a A 3.60 a A 1.48 a A 3.14 a A

GII-Jan  R1 0 1.81 a B 50.8 a A 19.8 a A 3.72 a A 1.77 a A
10  1.81 a B 48.7 a A 19.5 a A 3.50 a A 1.40 a A
40  1.90 a B 49.4 a A 19.2 a A 3.72 a A 1.65 a A

R3  0 3.17 a A 50.1 a A 19.1 a A 42.0 a A 3.56 a A 1.38 a A 2.63 a A
10  2.78 a B 49.2 a A 18.4 a A 41.8 a A 3.51 a A 1.30 a A 2.64 a A
40  2.99 a A 47.6 a A 18.4 a A 39.3 a A 3.59 a A 1.51 a A 2.59 a B

R5  0 4.19 a A 48.3 a A 20.2 a A 47.1 a A 3.34 a A 1.38 a A 2.96 a A
10  3.99 a A 47.5 a A 19.3 a A 48.1 a A 3.49 a A 1.40 a A 3.04 a A
40  3.86 a A 46.6 a A 18.7 a A 47.9 a A 3.35 a A 1.71 a A 3.05 a A

ANOVA
Season 1

C-SD <0.001 0.0347 0.0192 0.0018 <0.0001 0.0345 0.0021
PS  <.001 <0.0001 0.0077 <0.0001 <0.0001 <0.0001 <0.0001
S  rate 0.212 0.0156 0.2779 0.9555 <0.0001 <0.0001 0.0042
C-SD  * PS <0.001 <0.0001 <0.0001 0.0621 <0.0001 0.0231 0.0955
C-SD  * S rate 0.083 0.0315 0.8394 0.8939 0.0453 0.0008 0.2386
PS  * S rate 0.030 0.6746 0.666 0.7144 0.9014 0.0021 0.7278
C-SD  * PS * S rate 0.074 0.6623 0.7742 0.9982 0.1039 0.6652 0.9917
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Table 1 (Continued)

S rate W N (g kg−1) S (g kg−1)

C-SD PS (kg ha−1) (Mg  ha−1) lamina stem pod lamina stem pod

Season 2
C-SD <0.001 0.4225 0.0392 0.0002 0.0051 0.355 <0.0001
PS  <0.001 <0.0001 0.111 <0.0001 <0.0001 <0.0001 <0.0001
S  rate 0.011 0.6127 0.7007 0.4829 <0.0001 <0.0001 0.4877
C-SD  * PS <0.001 <0.0001 0.0014 0.1318 <0.0001 <0.0001 0.655
C-SD  * S rate 0.010 0.0096 0.1597 0.1816 0.0002 <0.0001 0.1053
PS  * S rate 0.004 0.1191 0.9686 0.707 0.0961 0.3324 0.5214
C-SD  * PS * S rate 0.001 0.1264 0.6549 0.9942 0.0343 0.0215 0.9975
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Fig. 2. Simulated soil water content (SWC) for cultivar DM4970 (MG  IV) sown in November (GIV-Nov) (A), DM2200 (MG  II) sown in November (GII-Nov) (B) and DM2200
sown  in January (GII-Jan) (C) in season 1 (Se1) and season 2 (Se2). Horizontal lines are upper (Lmax) and lower limits (Lmin) (Della Maggiora et al., 2000) and the limit
for  physiological water stress CT (Sadras and Milroy, 1996). Colored bars at the bottom of each panel indicate the periods between sowing-V6, V6-R1, R1-R3 and R3-R5,
respectively (average of two  seasons).
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Fig. 3. N:S ratio in lamina (A) and stem (B) as a function of shoot biomass (W). Data from 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 seasons 1 and 2 under three rates of S fertilization: 0 (S0), 10 (S10) and 40 (S40) kg S ha−1. P indicates significance
of  regression. Yellow triangles indicate S deficient crops. Red dashed line represents the N:S function adjusted for treatment with the minimum shoot S concentration required
to  maximize shoot biomass. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. N concentration (A) and N:S ratio (B) as a function of S concentration in lamina and stem. Data from 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 seasons 1 and 2 under three rates of S fertilization: 0 (S0), 10 (S10) and 40 (S40) kg S ha−1.
P  indicates significance of regression. Yellow triangles indicate S deficient crops. Red dashed line represents the N:S adjusted for treatment with the minimum shoot S
concentration required to maximize shoot biomass. (14.1 for lamina and 12.5 for stem). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web  version of this article.)
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. Discussion

.1. Growth and development

During season 1, GIV-Nov and GII-Nov suffered moderate water
eficiencies (Fig. 2). These did not significantly affect crop growth
s shoot biomass of each cultivar-sowing date was  similar between
easons.

Greater shoot biomass of GIV-Nov compared to GII-Nov and GII-
an at the same phenological stage was consequence of the longer
uration of the emergence-R1 period (Fig. 1B) (Divito et al., 2016).
ifferences in biomass accumulation between GII-Nov and GII-Jan
ere smaller. The longer emergence-R1 period in GIV-Nov com-
ared to GII-Nov was related to the greater developmental rate
f lower MG  varieties when exposed to the same photoperiod
Setiyono et al., 2007). However, the shorter period of GII-Jan was

ainly associated with higher temperatures (Fig. 1B) (Ball et al.,
000). Divito et al. (2016) further discussed differences in shoot
rowt among cultivars and sowing dates.

Shoot biomass responses to S fertilization were low and evident
n 3 out of 6 cultivar-sowing date-season combinations (Table 1).
his is in accordance with previous investigations performed in the
outhern Pampas, which indicate that the relative high organic
atter content of soils (≈40–55 g kg−1) attenuate S deficiencies

Reussi Calvo et al., 2011; Pagani and Echeverría, 2011). Responses
o S fertilization are more frequent in this region when soybean
s planted in a double crop following a winter cereal (Divito et al.,
015) or oilseed rape as a consequence of the removal of available
O4

−2 from the soil by the preceding winter crop and the absence
f a fallow period for S mineralization to restore soluble S in soil.

.2. N and S concentration in plant parts

The lower %N and %S in lamina at V6 in comparison with R1 for
IV-Nov was unexpected. In our previous work we  proposed that

he use of glyphosate for weed control at early soybean stages may
ave caused a temporary N deficiency (Divito et al., 2016). Lower
odulation and N fixation activity (King et al., 2001) and soybean
hlorophyll content (Reddy et al., 2000; Reddy and Zablotowicz,
003) were reported as a consequence of glyphosate applications
t early stages. However, the similar pattern observed for %S and
N between V6 and R1 do not support this hypothesis and provide
vidence that other mechanisms are involved. Interestingly, lower
S in lamina at V6 was also observed in S-fertilized treatments, so

e dismissed that this pattern is caused by a temporary nutrient
eficiency.

Constancy of %N in lamina with variations in S rate may  be
elated to the mild S deficiency of crops in these experiments.
te S deficient crops. Red dashed line represents the N, S and N:S functions adjusted
ass. (For interpretation of the references to colour in this figure legend, the reader

Accordingly, we  previously determined that N concentration in
leaves from the uppermost developed nodes were unresponsive
to S in trials with low or no seed yield response to S fertilization
(Divito et al., 2015). By contrast, we  observed increases in leaf %N
when S was  applied to crops with pronounced deficiencies.

The low response of %S and N:S in lamina partially contradicts
the good performance we reported for leaf %S and N:S for diag-
nosis of S deficiencies in soybean (Divito et al., 2015). However,
in the former investigation leaf (with petiole) was  sampled from
the uppermost fully developed nodes which are more likely to be
S-deficient given the low remobilization of S from bottom to top
leaves (Anderson, 1996; Hitsuda et al., 2004).

Greater responsiveness to S addition of %S in stems than in lam-
ina is in agreement with reports by Sexton et al. (1998) in pot and
field grown soybean.

4.3. Stoichiometry between nitrogen and sulphur

N and S vary concomitantly because both nutrients are mainly
related to protein content in plants (Schnug, 1997). Interestingly,
concomitant variations were determined in all S rates in lamina,
which indicates that both nutrients were in similar forms under
the gradient of S supply. In stems, however, %N and %S were related
only in S0, but not in S10 and S40, indicating that the excess of S in
stems was  allocated to alternative, non-protein structures.

Various physiological mechanisms support the observed pat-
terns of %N with variations in %S in plant parts. When S becomes
limiting for vegetative growth a slight decrease of S-containing
amino acids in proteins is observed which generally leads to the
accumulation of non-S-containing amino acids and O-acetylserine
(Prosser et al., 2001; Nikiforova et al., 2003; Saito, 2004). When S
deficiency increases, total protein content is reduced because the
amino acid composition is genetically determined (Schnug, 1997).
This decrease in total protein involves diminutions in N content,
wich supports the concomitant variations of %N and %S in lam-
ina (all S rates) and stem (treatment S0). Contrarily, the excess
of S is accumulated as nonprotein amino acid S-methylcysteine
(Randall and Wrigley, 1986), sulfolipids (Benning, 1998; Harwood
and Okanenko, 2003; Frentzen, 2004) and sulfate (Randall and
Wrigley, 1986). Particularly, Sexton et al. (1998) determined that
excess of S in soybean was  accumulated in stems as sulfate, which
agree with the high responsiveness of %S to S rate (Table 1) and
the independence of %N and %S in stems (treatment S10 and S40)
(Fig. 4B).
Interestingly, concomitant variation of %N and %S in lamina
caused low differences in the N:S ratio among S rates (Fig. 3A).
By contrast, independence of the patterns of both nutrients in
stem caused greater differences in the N:S ratio (Fig. 3B). This is in
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greement with Sexton et al. (1998), who documented that stems
ccumulated sulfate and showed wider variability in N:S ratio in
esponse to S availability than other plant parts.

.4. N and S dilution in shoot

The parameters of the N dilution curve adjusted for treat-
ent with the minimum %S required to maximize shoot biomass

%N = 35.1 W−0.07) is similar to that we previously documented
%N = 37.0 W−0.08) (Divito et al., 2016). Interestingly, the N dilu-
ion curve is much more attenuated in soybean than in other crops
Lemaire and Gastal, 2007). We  proposed that early pod onset and
he constant %N in lamina and stem between R1 and R5 attenuated
he N dilution curve (Divito et al., 2016). This is in line with Ney et al.
1997), who indicated that early flowering in legumes attenuated
he N dilution.

As far as we know, there are no other published studies regard-
ng the dilution of N in shoot under different S rates. The inverse
omparison in maize i.e. S dilution curves for different N rates,
howed steeper S dilutions in crops fertilized with increasing N
ates (Ciampitti et al., 2013). A similar effect was expected for the

 dilution curves of crops under increasing S supply based on the
ollowing two processes: i) S-sufficient crops reach each pheno-
ogical stage with greater biomass accumulation than S-deficient
rops, which implies younger plants with higher lamina:stem ratio
t a given W in the former crops, and (ii) the enhancement of
rop growth rate by S availability increases de facto the N uptake
apacity of the crop (Sadras and Lemaire, 2014). For soybean, we
emonstrated that the ratio lamina:stem has a low effect on the

 dilution curve (Divito et al., 2016) so changes in the N dilution
urve would occur if S fertilization increases W and N uptake rate
ncreases proportionally. However, this was not observed in our
xperiments probably because of a low response of shoot growth
o S fertilization.

Sulphur concentration in shoot also showed a low depletion
ith increasing biomass in the non-fertilized crops (Fig. 5B). A sim-

lar pattern was calculated for the S dilution curve of S-sufficient
reatments. Of interest, the increase in shoot %S caused by S fertil-
zation resulted in an absence of S dilution as the crop developed
Fig. 5B). This was observed in GIV-Nov and GII-Jan. The causes of the
ttenuated S dilution curve were similar to the previously exposed
or N (early pod onset and constant%S in lamina and stem with
rowing crop). These results are in accordance with those published
y Bender et al. (2015). From their data we calculated a low deple-
ion of %N and %S from V7 to R5 (36.9–30.9 for %N and 2.6–2.1 g kg−1

or %S).
Remarkably, when W was lower than ≈3 Mg  ha−1, the %S thresh-

ld calculated from the dilution curve was above the thresholds we
efine with data from 15 experiments and crops sampled between
1 and R3 (confidence interval 1.8–2.3 g S kg−1) (Divito et al., 2015).
his highlights that sampling date introduces variation to %S that
ust be considered for S diagnosis.
The parallelism between N and S dilution curves did not coin-

ide with the faster dilution rate of %N reported for wheat, oilseed
ape and maize by Reussi Calvo et al. (2011), Vong et al. (2007)
nd Ciampitti et al. (2013), respectively. However, our results were
imilar to those reported by Bender et al. (2015) in soybean. Cal-
ulations from their paper showed that N:S slightly increased from

4.1 to 15.0 from V7 to R5. This indicates that the slopes of the N
nd S dilution curves were similar. The threshold we  propose for
he period of vegetative growth (12.2) is between the confidence
nterval we reported previously from 15 experiments (10.6–13.6).
earch 198 (2016) 140–147

4.2. Implications for S diagnosis and concluding remarks

We  previously defined a critical threshold for %S in shoots, for
crops sampled between R1 and R3 without considering above-
ground biomass at sampling (Divito et al., 2015). The results
presented in the current paper demonstrate that, although the S
dilution curve is attenuated in soybean, sampling date introduces
variation to %S. Thus, is it imperative to consider W when using %S
for S diagnosis.

In contrast, the stability of N:S ratio in shoots during vegeta-
tive growth (N:S = 12.2) supports the use of a unique threshold for
diagnosing the S status during this period which is two-fold. First,
it increases diagnosis accuracy. Second, it avoids the consideration
of W,  which is time consuming and is also an important source of
variation.

Finally, the high responsiveness of %S and N:S in stem to S level
makes these variables good candidates for diagnosing the S status
of soybean. However, it must be considered that the supply of S
in our experiments covered a range from moderate S deficiency
to excess S. A better evaluation of the performance of %S and N:S
in stems as indexes of the S status should involve more severe S
deficiency.
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