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Abstract

Soybean [ Glycine max (L.) Merrill] seed yields in the northern United States
may increase with the application of fertilizers; however Nitrogen (N) may
decrease root nodulation. This study was conducted to understand the impact
of N and sulfur (S) fertilization on soybean nodulation, plant, shoot and root
biomass. Two cultivars were planted in experiments across ten site-years
during 2015-2016. Plant observations took place at the V4 and R4 soybean
growth stages. There were 41% more nodules per plant at R4 compared to V4
(38.3 vs 27.2 nodules, respectively). Cultivars responded differently to N and
S fertilizer. The nodules per plant between the cultivars (30.3 vs 24.4) were
different as well as the percent medium and large-sized nodules, which indi-
cates the need to evaluate additional genotypes. Adding N decreased root
nodulation (from 31.8 to 23.7 nodules per plant) and decreased nodule size
but had no effect on plant, shoot or root mass. Averaged across N rates total
plant mass was 2.26 and 11.36 g per plant at V4 and R4, respectively. Shoot
mass, average across N rates was 1.77 and 9.65 g per plant at V4 and R4, re-
spectively, and root mass, average across N rates was 0.49 and 1.71 g per plant
at V4 and R4, respectively. Sulfur did not have an effect on nodules per plant
but increased the percent medium size nodules at the R4 observation. There
was no N by S interaction observed for nodule number, size of the nodules,
and plant, root and shoot mass. As cultivars differed in their nodulation re-
sponse to N and S, additional research would be helpful to screen other culti-

vars.
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1. Introduction

Over the last two decades soybean [ Glycine max (L.) Merrill] cultivars have been
developed, which are adapted to be planted in the northern soybean-growing re-
gion of the United States. Soybean yields have increased due to new cultivars,
application of fertilizers and pesticides, and more intensive crop management
practices. For example, the average North Dakota and Minnesota soybean yields
have increased by 23.5 and 28.1 kg-ha™-yr™!, respectively, from 1970 through
2019 [1].

In Minnesota and the northern Great Plains (NGP), which includes eastern
Montana, northeastern Wyoming, North Dakota and South Dakota, soybean is
planted in mid-May and harvested in late September or early October. Improv-
ing fertilization practices could increase Minnesota and NGP average soybean
yield. Presently, no N application is recommended for North Dakota and north-
ern Minnesota, except as a rescue treatment [2].

As newly developed soybean cultivars with higher yield potentials are being
grown, there are concerns to whether or not biological N, fixation is capable of
meeting increased plant N demands [3] [4]. Current knowledge states that soy-
beans acquire about 44% - 72% of their N from N, fixation and the remainder
from residual soil fertilizer and N mineralization [5].

Based on a meta-analysis using peer-reviewed papers, N fertilized soybean
field experiments had 44% lower biological N, fixation compared to the unferti-
lized control [6]. Fertilizer N decreased soybean nodulation and increased ab-
oveground plant dry matter [7]. Additionally, Heatherly [8] concluded that the
application of 35 kg-N-ha™' in the form of granular ammonium nitrate applied
before V2 [9] did not increase yield. However, low rates of N at seeding have in-
creased soybean yield and nodulation in some regions [7] [10] [11], possibly due
to limited N fixation at the beginning of the season. The main source of N dur-
ing early vegetative development is the utilization of NO,;-N from the soil,
which can be from soil mineralization or application of fertilizer [12]. However,
N as incorporated ammonium sulfate (AMS) and broadcast incorporated urea at
planting may not increase soybean yield in certain environments [13] [14]. Thus,
identifying soil limiting environments and targeting those for N application may
provide some increase in yield potential.

Sulfur is becoming deficient in soils due to the introduction of high yielding
crop cultivars, the use of high-grade S free fertilizers, and the reduced emission
of S from industrial processes [15]. Soil S levels have decreased as S removal and
yields of all major agricultural crops have increased, and deposition of SO,-S via
rainfall, fertilizer, and pesticides has decreased [16] [17]. Although dry and wet S
deposition rates in the northern United States have remained fairly steady [18],
above normal precipitation since 1993 has caused some S deficiencies in corn
(Zea mays L.) in North Dakota [19]. Soils typically at risk for S deficiency in-
clude coarse-textured soils, soils low in organic matter, soils experiencing large

amounts of rainfall in the fall or spring, and soils located on higher landscape
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positions [20]. Since many of the soils and parent materials in the NGP have
gypsum (CaSO,2H,0) within them, S deficiencies, if they occur, will not likely
be widespread [21]. Between deposition, soil-derived S from secondary minerals,
and mineralization of soil organic matter, there has not previously been a need
to apply S to row crops within the NGP. However, not unlike N, if supply of soil
S is not keeping up with plant demands there is a likelihood of deficiency and
reduction in yield potential.

It is difficult to accurately measure soil S levels because of highly variable soil
test results [2] [19] [22] [23]. Kaiser and Lamb [22] determined that fertilizing
soybean in Minnesota with S increased plant growth but not yield, except under
low S plant availability [23]. However, trials conducted in 2011 and 2012 across
various soil types in northern Minnesota reported a soybean yield increase of
approximately 134 kg-ha™ across S fertilizer rates of 0 to 56 kg-S-ha™" [24]. In
Tennessee 11, 23, and 34 kg-S-ha™' as AMS, were applied to soybean in an S defi-
cient soil. Soybean seed S content was significantly increased, but not yield [25].

The application of gypsum in Ohio, (where S deposition has greatly declined
since 1990) at rates of 16 kg S and 67 kg-S-ha™, increased soybean yield by 4.8%
and 11.6%, respectively [20]. In India, application of gypsum alone, up to a rate
of 40 kg-S-ha™" 30 d after planting, increased the yield of soybean nearly 40%, and
yield continued to increase with the additional application of farm yard manure
which, also contains N [26]

In other legumes, additions of S have shown positive responses to nodulation.
Fertilizing with S increased average nodule number and average nodule mass of
white clover (7rifolium repens L.) compared to white clover grown under S de-
ficient conditions [27]. Application of S in the form of CaSO, significantly in-
creased dry mass (10%) and nodule number (45%) of garden pea (Pisum sati-
vum L.) [28]. Ammonium sulfate depressed nodulation but addition of S in-
creased nodules plant™ by 36% in soybean [29]. Although S fertilization may not
be necessary for all soils, its need has been well documented and thus warrants
more investigation for some regions.

Given the dominance of soybeans within farmers’ rotations in Minnesota and
the NGP and the genetic potential for higher yields, the objectives of this study
were to determine the effect of N and S fertilization on soybean nodulation, no-
dule size, above ground plant mass, and root growth. No previous regional re-
search has evaluated a potential interaction of fertilizer N and S on nodulation
and plant mass. The null hypothesis for this study is that the application of N

and S do not influence these metrics.

2. Materials and Methods

There were five-site years each for 2015 and 2016, all of which were within sou-
theastern North Dakota. Sites included the North Dakota State University (NDSU)
experiment station located in Fargo, with 2 experiments (under controlled tile

drainage and naturally drained conditions) each, in 2015 and 2016; near Moore-
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ton, Lisbon and Gwinner in 2015; and near Lisbon, Gwinner, and Hope in 2016.
Except the Fargo location, all experiments were conducted on farmers’ fields.
Sites were selected to represent a normal farm condition and none of the expe-
riments had known N or § limitations.

Each experiment at the Fargo site had four replications and each other site
had two replications, each year. The site, soil and previous crop information are
provided in Table 1. Soil samples were taken prior to the fertilizer application,
and analyzed at the NDSU Soil Testing Laboratory (Table 2).

At each site, there were two cultivar by six fertilizer treatments observation

Table 1. Site (and GPS coordinate), soil series, taxonomy, and previous crop at Fargo,
Lisbon, Mooreton, Gwinner and Hope, ND, in 2015 and 2016.

Site/GPS  Soil Series* Soil Taxonomy* Prev. Crop®
Fargo Fargo-Ryan Fine, smectitic, frigid Typic Epiaquerts Wheat/Corn
46.932N, 96.859W Fine, smectitic, frigid Typic Natraquerts
Lisbon Barnes-Svea  Fine-loamy, mixed, superactive, frigid Calcic Hapludolls Corn

46.443N, 97.834W Fine-loamy, mixed, superactive, frigid Pachic Hapludolls

Mooreton Fargo-Enloe Fine, smectitic, frigid Typic Epiaquerts Sugarbeet
46.261N, 96.816W Fine, smectitic, frigid Argiaquic Argialbolls
Gwinner Hamerly-Tonka Fine-loamy, mixed, superactive, frigid Aeric Calciaquolls Corn
46.212N, 97.654W Fine, smectitic, frigid Argiaquic Argialbolls
Hope Brantford Fine-loamy over sandy or sandy-skeletal, mixed, Soybean
47.440N, 97.653W Superactive, frigid Typic Hapludolls

*Soil data obtained from USDA [30]. "Prev. Crop = Previous Crop. Fargo, in 2014 wheat [ Triticum aestivum
(L.) emend. Thell.] and in 2015 corn (Zea maysL.), and in Mooreton 2014 sugarbeet (Beta vulgarisL.).

Table 2. Soil test results at all site-years in 2015 and 2016.

Year Location Depth NOS_Ij ’ £ 504_?1 pit oM
cm kg-ha mgkg! kg-ha %
2015 Lisbon 0-30 16 6 180 511 7.4 3.2
Mooreton 0-30 9 3 240 25 7.8 4.0
Gwinner 0-30 4 6 180 34 7.5 4.3
Fargo NAD* 0-30 17 12 425 67 8.1 4.7
Fargo CTD® 0-30 19 14 428 53 8.0 4.8
2016 Lisbon 0-30 40 11 146 20 7.0 4.0
Gwinner 0-30 53 12 174 258 7.6 4.6
Hope 0-30 29 12 126 13 6.8 2.9
Fargo NAD 0-31 36 10 473 83 7.7 5.6
Fargo CTD 0-32 38 13 416 61 7.6 5.9

*OM = Organic matter. NAD = Naturally drained, CTD = Controlled tile drained.
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plots. These plots were used for destructive sampling and collecting data on no-
dule number and size, as well as above ground plant and root biomass. No yield
data was obtained from observational plots. Each whole plot (1.5 x 14.2 m) was
planted with one cultivar and split into six subplots with fertilizer treatment (1.5
x 1.8 m), with 0.45 m between subplots and 1 m border at each end of the main
plot.

Two indeterminate soybean cultivars were used: Peterson Farm Seed 15R07
(PFS 15R07) and Proseed 30-80 (PS 30-80). Cultivar PFS15R07 is a 0.7 maturity
group, bushy plant type with medium height and has a 1.8 iron deficiency toler-
ance score (1 = green, 5 = yellow). Cultivar PS 30 - 80 is a 0.8 maturity group,
erect plant type with medium-tall plant height and has a 2.4 iron deficiency to-
lerance score (less tolerant than PFS 15R07). Both cultivars’ seeds were treated
with ApronMaxx RTA fungicide (Mefenoxam [(R)-2-[(2, 6-dimethylphenyl)
methoxyacetylamino]propionic acid methyl ester] and Fludioxonil [4-(2,2-Difluoro-
1,3-benzodioxol-4-yl)-1H-pyrrole-3-carbonitrile]) (Syngenta Crop Protection,
LLC, Basel, Switzerland) prior to planting at a rate of 3.26 mL-kg™' of seed in or-
der to limit early disease pressure. Just before planting seed was inoculated, as
many growers in Minnesota and the GNP do, with Vault SP (Bradyrhizobium
japonicum) inoculum (BASF, Ludwigshafen, Germany) at a rate of 1.8 g Vault
per kg soybean seed, the day of planting. The NDSU recommended soybean live
seeding rate of 370,500 seeds-ha™' was used. Soybean was planted with a Hege
1000, 4-row no-till planter (Hege Company, Waldenberg, Germany) with 35.6
cm row spacing. Seeds were sown to a depth of approximately 3 cm.

Each subplot received different rates of N and S (Table 3). Nitrogen was ap-
plied in the form of urea (46-0-0) and S was applied in the form of gypsum
(0-0-0-17) (SuperCal SO, pelletized agricultural gypsum, Calcium Products, Inc.,
Ames, IA). Treatments were randomized and applied shortly after VE (emer-
gence, cotyledons above the soil surface) [9] by using a hoe to create a small fur-
row approximately 2.5 to 3.5 cm deep next to each plant row and applying ferti-
lizer to the furrow by hand and then covering the furrow with soil.

Weeds were controlled using Roundup WeatherMAX (ie. 48.8% glyphosate,
N (phosphonomethyl) glycine, in the form of its potassium salt) (Monsanto Co.,
St. Louis, MO). Insect pressure was monitored throughout the season and foliar

Table 3. Fertilizer treatments applied to observational plots.

Fertilizer kg:N-ha™ kg-Sha™!
Check 0 0
Urea 140 0
Urea 280 0
Urea + gypsum 140 112
Urea + gypsum 280 112
Gypsum 0 112
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insecticide was applied as needed.

Plants from 1 m of one of the inner two rows in each sub-plot were removed
using a shovel. The number of plants taken varied between eight and twen-
ty-two, depending on the plant density of the randomly selected area. The roots
of each plant were rinsed in a bucket with water to remove soil particles. No-
dules on each plant were counted and rated for size. The nodule size on each
plant was rated in percentages of small (<1 mm), medium (1 - 4 mm), and large
(>4 mm). Size ratings and nodule counts were averaged over observed plants.
Plant samples from plots were collected in cloth bags and dried for 10 d at ap-
proximately 50°C.

After drying, the samples were weighed. The roots were then removed from
the samples, and the samples were reweighed without roots. Average total plant
mass, shoot mass, and root mass per plant were determined. This process was
done at the vegetative stage, approximately V4, and again at the R4 [9] (full pod)
stage, using 1 m of the not yet sampled inside row.

The V4 observation timing was selected to represent nodulation at the vegeta-
tive stage (V4) when the plants transition to the reproductive phase. The first
root dig took place about one week before the first flowers (R1) appeared. The
second root dig was at R4 when the pods were formed, and around the time of
maximum N fixation as reports indicate that N fixation starts to reduce between
the R5 and R7 stages [5].

Dates of field operation and measurement are provided in Table 4. Statistical
analysis was conducted using standard procedures according to Carmer et al
[31] for a randomized complete block design with a two-factor factorial ar-
rangement within a split plot, with cultivar being the main plot. All dependent
variables were analyzed with a mixed model (PROC MIXED) on SAS 9.3 (SAS

Table 4. Dates of important measurements and field operations at Fargo, Lisbon, Moo-
reton, Gwinner, and Hope, ND, in 2015 and 2016.

Fargo Lisbon Mooreton  Gwinner Hope
Measurement/Operation
Date
2015
Planting 4 May 5 May 5 May 5 May -
Fertilize 5 June 4 June 4 June 4 June -
First root dig 1 July 2 July 2 July 2 July -
Second root dig 29 July 28 July 28 July 28 July -
2016
Planting 6 May 12 May - 9 May 16 May
Fertilize 1 June 2 June - 2 June 3 June
First root dig 718 July" 29 June - 29 June 30 June
Second root dig 1 Aug 29 July - 29 July 29 July
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Institute Inc., Cary, NC). Cultivar and fertilizer treatment were considered fixed
variables, replicates and site-year were considered random variables. The data
were analyzed for each site in 2015 and 2016 separately. After confirming ho-
mogeneity of variance according to Bartlett’s Chi-Square test, data was then
combined and analyzed over all site-years of the study. Treatment means were
separated using Fisher’s protected least significant difference (LSD) at the 95%
level of confidence (a = 0.05). Weather data for the Fargo location was collected
from the North Dakota Agricultural Weather Network (NDAWN) station in
Fargo, ND. Weather data for the Lisbon, Mooreton, Gwinner, and Hope sites
were collected from the NDAWN weather station located near Lisbon, Wahpe-
ton, Oakes, and Finley, ND, respectively.

3. Results and Discussion
3.1. Weather

In 2015, May precipitation at all locations was 2 to 2.8 times more compared
with the long-term normal precipitation. However, precipitation in June through
September tended to be below normal, which greatly reduced the cumulative
seasonal precipitation and was below the long-term average in Lisbon, Moore-
ton, and Gwinner (Table 5). The seasonal precipitation in 2016 was near average
in Fargo and Lisbon and slightly above average for Gwinner and Hope. The
growing conditions in 2016 were more conducive to soybean growth and the
highest yielding environments in the study were Lisbon and Hope in 2016 with
average yields of 4.49 and 4.15 Mg-ha™', respectively, based on yield studies ad-

jacent to this fertilizer study.

3.2. Nodulation

Levels of significance for cultivar, N, S and interactions for the first (V4) and
second (R4) nodulation observations are presented in Table 6 and Table 7, re-

spectively.

Table 5. Precipitation for each month during the growing season Fargo, Lisbon, Mooreton, Gwinner and Hope 2015 and 2016.

Precipitation
Fargo Fargo Fargo Lisbon Lisbon Lisbon Mooreton Mooreton Gwinner Gwinner Gwinner Hope Hope
2015 2016 Norm.* 2015 2016 Norm. 2015 Norm. 2015 2016 Norm. 2016 Norm.
mm

May 200 33 71 154 67 75 153 81 152 51 75 70 68
June 64 69 99 91 39 80 62 83 81 66 96 93 95
July 71 132 71 35 81 80 70 81 20 140 82 112 79
Aug 54 48 65 43 128 54 26 62 33 129 60 54 69
Sept 41 80 65 7 44 65 11 74 20 26 64 73 46
Total 430 362 371 330 359 354 322 381 306 412 377 402 357

“Norm. is normal, which represents a 30-yr average from 1981-2010. Data obtained from North Dakota Agricultural Weather Network.
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Table 6. Significance levels for the ANOVA for root characteristics at V4, combined
across all site-years.

sov? df AN Sm M L PM SM RM
Site [Site-year] 9
Rep (Site) 18
CT [Cultivar] 1 el ns ns ns ns ns *
CT by Site 9
N [Nitrogen] 2 el el ns el ns ns ns
CTbyN 2 ns ns ns ns ns ns ns
S [Sulfur] 1 ns ns ns ns ns ns ns
CTbyS 1 * ns ns ns ns ns ns
N by S 2 ns ns ns ns ns ns ns
CTbyNbyS 2 ns ns ns ns ns ns ns
Residual Error 180

ns, ¥, **, ¥** = not significant, significant at (p < 0.05), (p < 0.01), and (p < 0.001), respectively. SOV* =
source of variation, df = degrees of freedom, AN = average nodules per plant, Sm = average small nodules
per plant, M = average medium nodules per plant, L = average large nodules per plant, PM = average plant
mass, SM = average shoot mass per pant, RM = average root mass per plant.

Table 7. Significance levels for the ANOVA for root characteristics at R4, combined across
all site-years.

Sov* DF AN SM M L PM SM RM
Site [Site-year] 9
Rep (Site) 18
CT [Cultivar] 1 ns ns * * ns ns ns
CT by Site 9
N [Nitrogen] 2 el el ns il ns ns ns
CTbyN 2 ns ns * ns * * *
S [Sulfur] 1 ns ns * ns ns ns ns
CTbyS 1 ns * ns * ns ns ns
NbyS 2 ns ns ns ns ns ns ns
CTbyNbyS 2 ns ns ns ns ns ns ns
Residual Error 180

ns, *, **, ¥** = not significant, significant at (p < 0.05), (p < 0.01), and (p < 0.001), respectively. SOV* =
source of variation, df = degrees of freedom, AN = average nodules per plant, Sm = average small nodules
per plant, M = average medium nodules per plant, L = average large nodules per plant, PM = average plant
mass, SM = average shoot mass per plant, RM = average root mass per plant.

Nodule count per plant during R4, at each site year, was higher than at V4,
except at 2016 Lisbon and 2015 Mooreton. Across all site years, the number of
nodules at R4 was higher than at V4. The average nodule number per plant was

highly variable between site-years (Figure 1). In addition, the percent increase in
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average nodule number between V4 and R4 was different between site-years. In
2016, the average nodule number per plant increased 5% and 73% in Lisbon and
Hope, respectively (Figure 1). Possible explanations for differential environ-
mental response include factors such soil type, previous crop (Table 1), precipi-
tation (Table 5), and level of soil N at the start of the experiment (Table 2).

3.3. Cultivar

Average nodule number per plant was significantly different at the V4 stage be-
tween cultivars. However, by the R4 stage cultivar had no significant impact on
average nodule number per plant (Table 8). A significant difference in root mass
between cultivars was also observed at the V4 growth stage, but evened out by
the R4 growth stage (Table 8). Cultivars differed in average percent medium and
large nodules at the R4 stage. PFS 15R07 had an average of 5.2% more large no-
dules per plant than PS 30 - 80 at the R4 stage (Table 9).

3.4. Nitrogen

As the N rate increased at both observed growth stages, average nodule number
per plant decreased and average nodule size decreased (Table 10). The average
60
mV4
m R4
&

50

Nodules per plant
—_ [ ) w b
(=] [=} o o f=}
o —

SR S &
Nl ol < & s 0 \.o Q'Q, cb.qa
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All comparisons of nodules per plant at V4 and R4 at each site-year are significantly different at (p <
0.05), including the average, except at 2016 Lisbon and 2015 Mooreton.

Figure 1. Average nodules per plant at V4 and R4 in each site-year.

Table 8. Cultivar effect on average nodule number and root mass per plant across all
site-years at V4 and R4.

AN? RM
Cultivar V4 R4 V4 R4
nodule-plant™ g
PS 30 - 80 30.3a 39.8a 0.49a 1.68a
PFS 15R07 24.4b 36.9a 0.47b 1.74a

Means in a column followed by a different letter are significantly different at (p < 0.05). "AN = average no-
dule number, RM = average root mass per plant.
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Table 9. Cultivar effect on percent small, medium, and large nodules per plant across all
site-years at V4 and R4.

Sm* M L
Cultivar V4 R4 V4 R4 V4 R4
%
PS 30 - 80 29.7a 27.6a 51.1a 60.6a 19.5a 11.8a
PFS 15R07 28.0a 26.2a 49.6a 57.1b 22.6a 17.0b

Means in a column followed by a different letter are significantly different at (p < 0.05). *Sm = average small
(<1 mm) nodules per plant, M = average medium (1 - 4 mm) nodules per plant, L = average large (>4 mm)
nodules per plant.

Table 10. Nitrogen effect on average nodules per plant, and percent small, medium, and
large nodules per plant across all site-years at V4 and R4.

AN® Sm M L
Rate
” V4 R4 V4 R4 V4 R4 V4 R4
kg-N-ha
Nodule-plant™ %

0 31.8a 44.3a 19.8b 22.0c 47.9a 56.7a 32.4a 21.4a

140 26.5b 37.3b 30.5a 26.8b 51.9a 59.9a 17.9b 13.7b

280 23.7b 33.5b 36.3a 32.0a 51.1a 60.0a 12.8b 8.0c

Means in a column followed by a different letter are significantly different at (p < 0.05). “AN = average no-
dule number, Sm = average number of small (<1 mm) nodules per plant, M = average medium (1 - 4 mm)
nodules per plant, L = average number of large (>4 mm) nodules per plant.

nodule number per plant was significantly lower than the control for the 140 and
280 Kg-ha™ N rate, at both observation stages. The average number of nodules
per plant was not significantly different between the rates of 140 kg and 280
kg:N-ha™ at either stage.

As N rate increased, the average percent of small nodules per plant increased
at both stages and the average percent of large nodules decreased. Results agree
with other researchers [25] [32] [33] [34] who indicated a strong inhibition of
nodulation and N, fixation activity under high nitrate conditions. The results of
this study confirm those reported by Hungria et al [35] and Mendes et al. [36]
who conclude that N fertilization at rates of 30 to 400 kg-N-ha™' decreased nodu-
lation and the contribution of biological N fixation. However, Mendes et al. [36]
reported that average nodule number was 50% lower for plants treated with 40
kg:N-ha™' compared to the control 15 d after emergence, but these significant
differences in average nodule number per plant had disappeared by the R1 stage.
The significant difference between average nodule number at R4 with and with-
out N fertilizer reported in this study could be attributed to the higher rates of N
fertilizer used compared with Mendes et al. [36].

Our results also agree with those of Salvagiotti et al [37], who showed a nega-
tive N fixation response as N fertilizer was added to the soil surface or incorpo-

rated in the topmost layers. Specifically, nitrate has been shown to decrease no-
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dule number, nodule mass, and N fixation activity, and accelerate nodule senes-
cence. Results of this study show the same trend of decreased average nodule
number and decreased average nodule mass. Saito et al [38] concluded that
rapid inhibition of nodule activity was attributed to a decrease in transport of
photosynthate to nodules from the shoot. Ohyama et al [39] reported that soy-
bean nodule growth completely stopped after 1 d of application of 0.005 mol-L™
NO, solution. Many hypotheses have been proposed as the cause of nodulation
inhibition by nitrate including carbohydrate-deprivation in nodules [32], feed-
back inhibition by a product of nitrate metabolism [40] [41], and decreased oxy-
gen diffusion into nodules [42] [43].

Nitrogen application was expected to increase the average plant, shoot and
root mass of the soybean plant. However in this study, N rate of 0, 140 and 280
kg-ha™ did not significantly influence plant mass. Averaged across N rates total
plant mass was 2.26 and 11.36 g per plant at V4 and R4, respectively. Shoot
mass, average across N rates was 1.77 and 9.65 g per plant at V4 and R4, respec-
tively, and root mass, average across N rates was 0.49 and 1.71.g per plant at V4

and R4, respectively.

3.5. Sulfur

At the V4 and R4 growth stage, S had no significant effect on nodules per plant,
percent small or large nodules. However, at the R4 growth stage S significantly
influenced medium nodule size with 57.2 and 60.5% of the total nodules being
medium sized for the 0 and 112 kg-S-ha™, respectively. Results reported by Varin
et al. [27] indicated that S significantly increased nodule size of white clover.
However, in our study the average percent of small and large sized nodules per

plant did not change in response to S application.

3.6. Cultivar by Sulfur

The Anova showed a cultivar by S interaction at the V4 growth stage for the
number of nodules per plant (Table 6). The cultivar PS 30 - 80 had 30.5 and 30.1
nodules with 0 and 112 kg-S-ha™, respectively (not significantly different). The
cultivar PFS 15R07 had significantly lower number of nodules, 23.5 and 25.2
with 0 and 112 kg-S-ha™, respectively, compared with PS 30 - 80 but nodules per
plant for PS 30 - 80 were not different between the two rates. The significant dif-
ference in the interaction may be the result of a difference in magnitude between
cultivars and not a true interaction.

For PS 30 - 80 the average percent large nodules per plant increased when 112
kg-S-ha™" was applied compared with 0 kg-S-ha™. Conversely, the average large
nodules per plant decreased compared to the control for PES 15R07 when 112
kg-S-ha™' was applied (data not presented).

3.7. Nitrogen by Sulfur Interaction

The experiment was set up as a factorial to explore the interaction of N and S.
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However, there were no significant differences for the interaction at the V4 or
R4 growth stages for nodules per plant, small, medium or large nodules per plant,

plant mass, shoot mass, or root mass per plant (Table 6 and Table 7).

4. Conclusions

Cultivar differences existed between average nodule numbers per plant at the V4
stage. PS 30 - 80 averaged 30.3 nodules per plant while PFS 15R07 averaged 24.4
nodules per plant. Root mass also differed between cultivars at the R4 stage. The
average root mass of PS 30-80 and PFS 15R07 was 0.49 g per root and 0.47 g per
root, respectively, at R4. A relationship was expected between average nodule
number and root mass. Overall there was no linear regression relationship at the
V4 observation between average nodules per plant and average root mass per
plant (r* = 0.0055; p = 0.175). There was a weak positive linear regression rela-
tionship at the R4 observation between average nodules per plant and average
root mass per plant (r* = 0.032; p = 0.001).

Nitrogen influenced a number of plant characteristics related to nodulation
including average nodules per plant and nodule size. The average number of
nodules per plant was significantly lower than the control at both growth stages
when plants were treated with 140 and 280 kg-N-ha™’, but the average number of
nodules per plant was not different between the 140 and 280 kg-N-ha™' treat-
ments at either stage. The general trend indicated that average nodule size be-
came smaller as N application rate increased. At R4, the interaction of cultivar
and N influenced the average percent medium nodules per plant, average plant
mass and average shoot mass. Cultivars responded differently to N rate with re-
gard to plant mass and shoot mass. The interaction of cultivar and N for average
percent medium nodules per plant indicates that average percent medium no-
dules per plant of PES 15R07 increased as N rate increased, while PS 30 - 80 in-
itially increased but then decreased. However, the average percent medium no-
dules per plant of PFS 15R07 appeared to respond more to N than PS 30 - 80.
Overall, N fertilizer was a more dominant factor for influencing nodulation than
S fertilizer.

Sulfur influenced nodule size at the R4 stage. However, the relationship re-
mains unclear and more research is necessary to establish how S influences no-
dule size. Additionally, the interaction of cultivar and S influenced average no-
dule number at the V4 stage. The relationship indicates that the significance was
due to a difference in magnitude for average nodules between cultivars and was
not a true interaction. More research is needed to determine how S influences
different soybean cultivars.

Nodulation and plant vegetation were more effected by fertilizer in early ve-
getative growth than reproductive growth, indicating that plant growth through-
out the season made up for early differences between treatments and control.
Soil types varied by site-year and likely influenced the results of the study; how-

ever, in this study no interaction between N and S was observed.
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Environments played a key role in response to treatments; however, the expe-

rimental sites in this study were not specifically selected for limiting N and S

conditions. Future research should focus on understanding genotypic variations

in response to N and S fertilizer, soil-specific response to N and S application,

and different forms of N and S fertilizer at various application timings to max-

imize the sustainability of soybean production practices in Minnesota and the
NGP States.
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