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ABSTRACT
The United States is a world leader of soybean [Glycine max (L.) Merr.]
production, but to maintain quality production at this level, soybean management needs
to be continually monitored and improved. Sulfur (S) deficiencies in soybean have
become more frequent in the U.S. due to fertilizer purity, emissions regulations, and
higher yields. We completed a study for soybean grown in sandy loam soils in the mid-
Atlantic coastal plain system to determine proper S fertilizer rate and application timing.
Yields ranged from 1,236-4,051 kg ha. Neither S rate nor application timing influenced
yield. S treatments increased methionine concentration (methionine = -0.0001 S rate? +
0.002 S rate + 5.60). Sulfur fertilization can improve soybean quality and may impact
marketability. Another study was conducted to determine optimal source and rate of S
application for soybeans in the Mid-Atlantic coastal plain system. Yields ranged from
1,316-4,914 kg ha*. While sulfur rate did not influence yield and fertilizer source
responses were site-specific. Sulfur leaf tissue concentrations were directly related to S
rate (S concentration = 0.004S rate + 2.103). Nutrient uptake responses to S fertility
indicate the potential for S yield responses in the future when soils become S depleted
and contain less available S. Soybean producers and retailers in the United States are
interested in capitalizing on new edamame markets to provide a domestic product. To aid
the shift from oilseed production to vegetable production, a study was conducted to
determine the optimal N rate and N application timing for edamame yield and quality in

the Mid-Atlantic coastal plain system. Nitrogen rate significantly increased yield one out



of three years (Yield = 29.9N Rate + 3387) when all N was applied at planting but was
not significant with split applications. Fertilizer rate and timing did not impact edamame
maturity or final pod/bean quality. N fertilizer applied at-planting may aid edamame yield
and profit for sandy loam soils in the mid-Atlantic, USA. Currently, mid-Atlantic coastal
plain soils, coupled with S deposition, are able to supply enough S for soybean growth
and development, but without fertilization soybean soils are being mined of S and will
eventually become depleted. Sulfur must be monitored if future deficiencies are to be
avoided. Nitrogen fertilizers may improve yield in vegetable soybean production. Both
oilseed and vegetable soybean farmers should continue to monitor soil nutrient levels to

ensure proper nutrition for soybean growth and development.
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GENERAL AUDIENCE ABSTRACT

Soybean (Glycine max L. [Merr.]) is a diverse crop used across various industries:
from vegetables for human consumption to protein for animal feed or even additives for
roofing sealants. The U.S. is a world leader in soybean production. To maintain quality
production at this level, soybean management needs to be continually monitored and
improved. Sulfur (S) and nitrogen (N) fertilizers are one current area of interest in
soybean production and management. This dissertation will discuss both. Historically,
acid rain, which contained high levels of S, provided all the necessary S for proper
soybean growth and development. In recent years, industry emissions regulations have
decreased the amount of S entering the air, thereby decreasing S deposits in acid rain. At
the same time, soybean yields are increasing, and higher production requires higher
amounts of inputs. Therefore, because S is a necessary input, it is being taken from the
soil to meet the needs of high yielding soybean. Less and less S remains in the soil for
future soybean crops. This study was conducted to determine proper sulfur fertilizer
applications, to ensure quality and quantity soybean production for Virginia farmers.
Yields ranged from 1,236-4,914 kg ha*. Currently, soils contain sufficient S levels for
proper growth and development, but if current trends persist sulfur deficiencies will
become apparent in the future.

Although the U.S. soybean production is abundant, most of the vegetable
soybean, also called edamame, consumed in U.S. is imported. The interest in providing a

domestic edamame product has led soybean farmers to reevaluate and adapt soybean



production strategies to fit a vegetable crop. Edamame is the same species as oilseed
soybeans commonly grown throughout the US, but instead of waiting until the seed is
dry, edamame is harvested when the seed is still green. This study also was conducted to
provide nitrogen fertilizer recommendations for Virginia soybean farmers hoping to
adjust their farms to produce quality vegetable soybean. Nitrogen fertilizer improved
edamame gross production one out of three years.

Continual observation of soil nutrient levels and soybean health is necessary to

ensure quality growth and production for both oilseed and vegetable soybean.



Acknowledgements:

All praise and honor from this work should be given to the Creator of all things
visible and invisible. To the One who made the plants we study and the intellect we use
to research them, to the One who takes my failures upon Himself so | can be in His
presence, Jesus, to you belongs all the praise.

My sincerest gratitude to my research advisor Dr. Mark Reiter, and my teaching
mentor Dr. Ozzie Abaye for the opportunity, continual support, and exemplary model
through my graduate program. Additional thanks to the members of my committee for
their expertise and encouragement: Dr. Hunter Frame, Dr. Fawzy Hashem, and Dr. Bo
Zhang. Thank you to all my fellow graduate students both at Virginia Tech, and at other
universities, for comradery and empathy. Thank you to John Mason and the Virginia
Tech ESAREC soil team without your help this work might never have been complete.
Thank you to the Graduate Teaching Scholars Program which provided invaluable
experience to aid me through graduate school and beyond.

Thank you to my family, who has pushed me to become the hardworking,
inquisitive individually I am today. Thank you to my brother, Benjamin Duerksen, who
first encouraged me to pursue graduate school and become a “soil midwife.” Lastly, my
deepest thanks to my biggest supporter, the one who is always in my corner, my husband,

Josh Brooks.

Vi



Table of Contents

Chapter 1: Introduction and Literature REVIEW ..........ccceiiieiirenenisieeeeee s 1
Commercial Significance of SOYDEAN..........cccccviii i 1
Edamame in the UNited STAeS .........cooiiiiiiieie e 1
SUITUT ettt bbbt e et e bbbt 2
AN T =] o TSR TP TP UTPTPTPRPRUROON 3
RETEIENICES ...ttt bbbttt bt bbb 5

Chapter 2: Sulfur Source, Rate, and Application Timing Effects on Soybean Growth and

(@ T 111 2SSOSR 8
N o1 Tod PSP TRR P 8
INEFOAUCTION ...t bbbttt bbb b 9

National Soybean SIgNIfiCaNCE ...........ccooiiiiiiiiicc s 9
SOYbEaAN SUITUN NEEAS .......oveeie e 10
QUATTEY et 11
NULFIENt SEEWAIASNID ...cvveeeiiece e 12
Materials and MEtNOUS..........voiieieiie e 14
SItE DESCIIPLION. ....eiiieie ettt re e e e b e reesra e teenne e 14
EXPErimental DESION........ceiiiieieieiee e 16
SAMPIE COHECHION ... 19
SEAISTICAI ANAIYSIS ... s 19
RESUILS N DISCUSSION .....vviieiieiieiieie sttt ettt b e et sbe e nne e 20
Primary ANGIYSIS.......ccoiiiiiiiieie e 20
Treatment EFfECT .......coii i 20
Rate and Timing EFfeCt........cccooiiiiii e 24
SECONAANY ANAIYSIS ....c.veiviiiiecie ettt et et sra e 36
TIMING (2020) ... 36
SoUrce KaSO4 (2019) ...t 40
SOUICE BIO-AMS ...ttt nae e nteeeeenee e 42

(O] 0103 11 o] 2 1SRRI 47
e L= (T oL PR RR 48

Chapter 3: Sulfur Source and Application Rate for Soybean Production in the Virginia

C0BSEAL PIAIN ... ettt e renre s 54
N o111 - Tod PSSR 54
L oo [0ox o] o TSRS 55

National Soybean SIgNIfiCANCE ...........ccooiiiiiiieee e 55
Sulfur NULFItioN IN SOYDEAN .........coveicicce e 55
NULFIENT SEEWATASNID ..o e 58
Materials and MEtNOUS..........vi i e 59
STEE DESCIIPTION ...ttt bbb b e bbb 59
EXPerimental DESIGN........ccouiiiii ettt 63
SAMPIE COHECLION ... s 64
SEAtISICAl ANGIYSIS ....cvviiiiece et 64
RESUILS aNd DISCUSSION ......vevieiieeiesiiesieesie et e e ssee e sae e e e e e eneesnaesseenaesneesseeneesneeneas 65
Treatment EffECT.........oooi i 65
RALE EFfECT.. . et ns 71



SOUICE BT OO . .ottt e e e e e e e et eeneeeaaaans 78

SUITUr EFFECE IN AMS ... e 78
Nitrogen EffeCt iN AMS ........ovi i 83
Sulfur Form and Availability Analysis..........ccccceeveiiiiiiie e 87
Soil Microbial RESPIFAtION. ..........cccveiiiieiieie e 90
(000 0 0d 111 [ SRR 93
Chapter 4: Edamame Yield and Quality Response to Nitrogen and Sulfur Fertilizers .... 99
N oL = Tod RSP RP USRS 99
T i oo 0o o] o TSSO PRUP PPN 100
Edamame REIEVANCE ...........ooeeiiei e 100
NITFOGEN NEEBAS. ....ecvviitieiie et e e re e e e s reeee s 101
SUITUE INBEUS ...ttt sree e 106
IVTAEUTTLY . ...ve ettt e b e te e e s te e be e st e sneesreennesreenreeneeas 108
Materials and MEtNOUS.........cueiieiiie e 109
SItE DESCIIPLIONS ...ttt ettt te e e sreennas 109
EXPErimental DESION........cviiiieieiese st 110
IN-SEASON SAMPIING ....ccueiiiieii e 110
MALUTTEY ANBIYSIS ...ttt 111
POSt-HArVESt ANAIYSIS......ccviiiieiiieie it s re e 111

R3] £= L] ok TSRS 112
RESUILS N DISCUSSION .....veviivieiieieie sttt sttt st ens 112
YIEIA RESPONSE ...ttt 112
THSSUE ANAIYSIS....cveeieeie ettt sre e eeenee e 116
Plant NULFENT UPLAKE ........ooveiiieieieeerese et 120
MALUFILY ANGIYSIS ....viivieiiicie e ae e re e e e reenee s 122
BEAN QUANILY ...eee e 123
Physical QUANILY.........cooviiieiice e 123
Chemical QUALILY .......coeiuieice e 123
SUIFUT ¢ ettt ettt e ettt besneeneas 125
o0 ] 110 ]34 ot USSR 126
(O] T[S o] OSSPSR 127
Chapter 5: CONCIUSIONS ........oviiiiisieeeee bbb 136

viii



Table of Figures
Figure 2-1. Average annual yield in Virginia versus annual sulfate wet deposition for
Virginia between 1989-2021. Deposition averaged across three sites in Virginia (U.S.
Environmental Protection Agency Clean Air Markets Division, n.d.; USDA National
Agricultural Statistics SErvice, 2022). ......ccvcieiieieiie e 10
Figure 2-2. Map for study locations for soybean grown on sandy loams soils in the mid-
Atlantic, USA from 2019-2020. Red circles indicate 2019 sites and orange plus signs
INAICALE 2020 SITES. ...evveiteeieeieetie ettt sttt e e b e neesreesbeeneesreenbeenneas 16
Figure 2-3. Methionine content as impacted by S rate and S application timing for
soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020. .... 24
Figure 2-4. SO4-S annual balance in Virginia coastal plain soils, assuming yield of 3,148
kg hal, mineralization rate of 17 g SO4-S kg S and 142 mg S kg soil™.................. 29
Figure 2-5. Soybean oil concentration as impacted by S rate and application timing for
soybean grown on sandy loams soils in the mid-Atlantic, USA in 2020. Lines
followed by * are statistically significant. ...............cccooeviieii i, 38
Figure 3-1. Average annual yield in Virginia versus annual sulfate wet deposition for
Virginia between 1989-2021. Deposition averaged across three sites in Virginia (U.S.
Environmental Protection Agency Clean Air Markets Division, n.d.; USDA National
Agricultural Statistics Service, 2022). ......cccvcveiieiecese e 56
Figure 3-2. Map for study locations for soybean grown on sandy loams soils in the mid-
Atlantic, USA from 2019-2021. Red circles indicate 2019 sites and orange plus signs

indicate 2020 sites and green “x” indicate 2021 SIteS. ........cecvvrvvereeriirieinieiiieeneee 60
Figure 3-3. SO4-S annual balance in Virginia coastal plain soils, assuming yield of 3,227
kg ha, mineralization rate of 17 g SO4-S kg S™ and 142 mg S kg soil™................... 74

Figure 4-1. Edamame yield as impacted by growing season, N rate, N application timing,
and year for edamame grown on sandy loams soils in the mid-Atlantic, USA from

2009-2021. ...ttt et nre e 116
Figure 4-2. Yield correlated to C (A), N (B), and S (C) R1 concentration for edamame
grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021. .................. 118

Figure 4-3. Yield correlated to C (A), N (B), and S (C) whole plant concentration at
harvest (R6) for edamame grown on sandy loams soils in the mid-Atlantic, USA from

200192021, ..ottt ettt re e renreenes 119
Figure 4-4. Yield correlated to total C (A), N (B), and S (C) uptake for edamame grown
on sandy loams soils in the mid-Atlantic, USA from 2019-2021.........c..cccccevurennnne. 121

Figure 4-5. R1 (A), whole plant (B), and bean (C) N% correlated to total N uptake for
edamame grown on sandy loams soils in the mid-Atlantic, USA from 2019-2021. 122

Figure 4-6. Yield correlated to C (A), N (B), and S (C) bean concentration for edamame
grown on sandy loams soils in the mid-Atlantic, USA from 2019-2021. ................ 125



Table of Tables
Table 2-1. Site-year soil physical and chemical properties for soybean grown on sandy
loams soils in the mid-Atlantic, USA from 2019-2020. .........c.ccooviviireieneninesenes 15
Table 2-2. Sulfur (S), nitrogen (N), and potassium (K) source, rate and application timing
treatments for soybean grown on sandy loams soils in the mid-Atlantic, USA from
200192020, ..ottt ettt et reereene e 18
Table 2-3. Mixed model analyzing yield, moisture, test weight, protein, and oil as
impacted by treatment and site-year for soybean grown on sandy loams soils in the
mid-Atlantic, USA from 2019-2020. ..........ccccuririririiienie e 20
Table 2-4. Yield, moisture, test weight, protein, oil as impacted by treatment for soybean
grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020. No significant
difference was found between treatments for yield, test weight, moisture, protein, or
oil. Values with different letters show trends of being significantly different. .......... 21
Table 2-5. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N
and N:S ratio as impacted by treatment and site-year for soybean grown on sandy
loams soils in the mid-Atlantic, USA from 2019-2020. ...........cooovvveeiiiiieee e 22
Table 2-6. Leaf tissue at R1 and R4 N, C, and S content as impacted by treatment for
soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020. .... 23
Table 2-7. Mixed model analyzing fatty acids and amino acids as impacted by treatment
and site-year for soybean grown on sandy loams soils in the mid-Atlantic, USA from
200192020, ...ttt bbb b nne e 23
Table 2-8. Mixed model analyzing yield, moisture, test weight, protein, oil as impacted
by S rate, application timing, and site-year for soybean grown on sandy loams soils in
the mid-Atlantic, USA from 2019-2020. ........ccuuiiiiiiiiiie et 26
Table 2-9. Mixed model analyzing protein as impacted by S rate and application
individually by site-year for soybean grown on sandy loam soils in the mid-Atlantic,
USA from 2019-2020. ......ceeieiieieiesie ettt sttt nre e ens 26
Table 2-10. Mixed model analyzing oil as impacted by S rate and application individually
by site-year for soybean grown on sandy loam soils in the mid-Atlantic, USA from
20192020, ..ot ettt et e naenrenrenreene e 27
Table 2-11. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N
and N:S ratio as impacted by S rate, application timing, and site-year for soybean
grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020. .................. 32
Table 2-12. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N
and N:S ratio as impacted by S rate and application timing by site-year for soybean
grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020. .................. 33
Table 2-13. Mixed model analyzing fatty acids and amino acids as impacted by S rate,
application timing, and site-year for soybean grown on sandy loams soils in the mid-
Atlantic, USA from 2019-2020.........ccceiieriiieiienieeie e e e 35
Table 2-14. Mixed model analyzing cysteine, histidine, lysine, threonine, and valine
individually by site-year as impacted by S for soybean grown on sandy loams soils in
the mid-Atlantic, USA from 2019-2020. When significant p-values are listed.......... 35
Table 2-15. Mixed model analyzing yield, moisture, test weight, protein, oil as impacted
by S rate, and application timing for soybean grown on sandy loams soils in the mid-
Atlantic, USA from 2020. ... e 36



Table 2-16. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N
and N:S ratio as impacted by S rate, and application timing for soybean grown on
sandy loams soils in the mid-Atlantic, USA from 2020. ..........cccccoevveveiiieseeie s 38

Table 2-17. Mixed model analyzing amino acids and fatty acids as impacted by S rate,
and application timing for soybean grown on sandy loams soils in the mid-Atlantic,
USA TIrOM 2020, ....ueeieieeieeieee ettt ettt e e sreenbeeneesreenneenneas 39

Table 2-18. Mixed model analyzing yield, moisture, test weight, protein, oil comparing
the AMS vs. K>SOg as the source for R1 application of split applications as impacted
by S rate and source for soybean grown on sandy loams soils in the mid-Atlantic,
USA TrOM 2019, ...ttt ettt reenreenne s 40

Table 2-19. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N
and N:S ratio as impacted by S rate, and source for soybean grown on sandy loams
soils in the mid-Atlantic, USA from 2019. ........cccceieiiiiiiieiceeeee e 41

Table 2-20. Mixed model analyzing amino acids and fatty acids as impacted by S rate and
source (AMS/K2S04) for soybean grown on sandy loams soils in the mid-Atlantic,
USA TrOM 2019, ...ttt ettt esneesteeneesreenneenne s 42

Table 2-21. Mixed model comparing AMS to Bio-AMS analyzing yield, moisture, test
weight, protein, oil as impacted by S rate and source for soybean grown on sandy
loams soils in the mid-Atlantic, USA from 2019. ........ccccooviiiinininieee e 42

Table 2-22. Fisher’s LSD multiple comparison results analyzing yield and soybean
quality factors as impacted by AMS source averaged across S rate for soybean grown
on sandy loams soils in the mid-Atlantic, USA in 2019.........ccccvvveviiniiiiieneenin s 43

Table 2-23. Mixed model comparing AMS to Bio-AMS analyzing R1 and R4 leaf N, C,
and S concentration and C:N and N:S ratio as impacted by S rate and source for
soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019............... 44

Table 2-24. Mixed model comparing AMS to Bio-AMS analyzing amino acids and fatty
acids as impacted by S rate and source for soybean grown on sandy loams soils in the
Mid-Atlantic, USA from 2019, ......ooiiiiiii et 46

Table 2-25. Fisher’s LSD multiple comparison results analyzing amino acids and fatty
acids as impacted by AMS source averaged across S rate for soybean grown on sandy

loams soils in the mid-Atlantic, USA in 2019. .........cccooieii e 46
Table 3-1. Soil physical and chemical properties for soybean grown on sandy loams soils

in the mid-Atlantic, USA from 2019-2020. .........ccceiieiieii e 61
Table 3-2. Fertilizer treatments with nutrient amounts supplied and cost per hectare.

tAmmonium sulfate fAmmonium thiosulfate .............ccocooeiiniiiii 63

Table 3-3. Mixed model analysis of yield, test weight, protein, and oil as impacted by
treatment for soybean grown on sandy loam soils in the mid-Atlantic, USA from

200192021, ...ttt et e naenre st reene e 65
Table 3-4. Yield, test weight, protein, and oil site-year means for soybean grown on
sandy loam soils in the mid-Atlantic, USA from 2019-2021. .......c..ccceccvvvvvvveviernene 66

Table 3-5. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and
C:N and N:S ratio as impacted by treatment for soybean grown on sandy loam soils in
the mid-Atlantic, USA from 2019-2021. ........cccceiiiiiiieie e 68

Table 3-6. R1 and R4 leaf tissue N, C, and S concentration and C:N and N:S ratio means
for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021.
Values followed by different letters are statistically different............ccccococeviinnnnns 68

Xi



Table 3-7. R1 and R4 leaf tissue N, C, and S concentration and C:N and N:S ratio means
for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021.
Values followed by different letters are statistically different.............c.ccccoeveenennnn. 70

Table 3-8. Mixed model analysis of yield, test weight, protein, and oil as impacted by S
rate, N rate, and site-year for soybean grown on sandy loam soils in the mid-Atlantic,
USA From 2019-2021. .....cveeeeieieieiie sttt srenneereens 72

Table 3-9. Individual site-year mixed model analysis of test weight impacted by S rate
and N Rate for soybean grown on sandy loam soils in the mid-Atlantic, USA from
200192021, ...t bbb bbb 72

Table 3-10. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and
C:N and N:S ratio as impacted by S rate, N rate, and site-year for soybean grown on
sandy loam soils in the mid-Atlantic, USA from 2019-2021. .........c.cccooeevvevveciveennn. 77

Table 3-11. Mixed model analysis of yield, test weight, protein, and oil as impacted by
source (ammonium sulfate or urea), N rate, and site-year for soybean grown on sandy
loam soils in the mid-Atlantic, USA from 2019-2021...........cccccvvriirnneneneniniesenes 79

Table 3-12. Individual site-year mixed model analysis of protein impacted by source
(ammonium sulfate or urea) and N rate for soybean grown on sandy loam soils in the
mid-Atlantic, USA from 2019-2021. .........ooouiiiiiiiie et 80

Table 3-13. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and
C:N and N:S ratio as impacted by source (ammonium sulfate or urea), N rate, and
site-year for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-
L0 PP 82

Table 3-14. Mixed model analysis of yield, test weight, protein, and oil as impacted by
source (AMS or CaS0Og), S rate, and site-year for soybean grown on sandy loam soils
in the mid-Atlantic, USA from 2019-2021. ........cceoereiireiiniiineeiee e 83

Table 3-15. Individual site-year mixed model analysis of protein impacted by Source
(AMS or CaS0Qg), S Rate, for soybean grown on sandy loam soils in the mid-Atlantic,
USA From 2019-2021L. .....coeeeieieieiesie ettt sttt srenreereens 83

Table 3-16. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and
C:N and N:S ratio as impacted by source (ammonium sulfate or CaSOa), S rate, and
site-year for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-
L0 PP 86

Table 3-17. Mixed model analysis of yield, test weight, protein, and oil as impacted by
source (CaSO4 or Elemental S), S rate, and site-year for soybean grown on sandy
loam soils in the mid-Atlantic, USA from 2019-2021...........cccceveivieieieneneseeenes 87

Table 3-18. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and
C:N and N:S ratio as impacted by source (CaSOa4 or Elemental S), S rate, and site-
year for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-

Table 3-19. Soil-test biological activity (STBA) analysis by site-year for soil post-
soybean crop on sandy loam soils in the mid-Atlantic, USA from 2019-2021. Values
followed by differing letters are statistically different............cccccooevievieiieieincee, 90

Table 3-20. T-test results comparing site-years with positively related yield and STBA
against other site-years and site-years with negatively related yield and STBA against
(01T YL (R =T L TSP PP PRSP 92

Xii



Table 4-1. Soil physical and chemical properties for edamame grown on sandy loams
soils in the mid-Atlantic, USA from 2019-2021..........cccoocviiiiiiiiiee e 109
Table 4-2. Mixed model analyzing yield as impacted by N rate, N application timing, and
year for edamame grown on sandy loams soils in the mid-Atlantic, USA from 2019-
202, bbbt bbb b bt enes 114
Table 4-3. Mixed model results of R1 leaf tissue and whole plant tissue N, C, S
concentration and C:N, N:S ratios as impacted by growing season, and N and S
treatments for edamame grown on sandy loams soils in the mid-Atlantic, USA from
200192021, ...ttt bbb 116
Table 4-4. Mixed model results of total N, C, and S uptake concentration as impacted by
growing season, and N and S treatments for edamame grown on sandy loams soils in
the mid-Atlantic, USA from 2019-2021. ........ccouvieiiiiiiee e 120
Table 4-5. Mixed model results of NDVI and percent yellow pods as impacted by
growing season, and N and S treatments for edamame grown on sandy loams soils in
the mid-Atlantic, USA from 2019-2021. ........cccceeiiiiiiiiie e 122
Table 4-6. Mixed model results of physical pod components as impacted by growing
season, and N and S treatments for edamame grown on sandy loams soils in the mid-
Atlantic, USA from 2019-2021........ccuiieiiiiiiee ettt tbee e s sbaae e 123
Table 4-7. Mixed model results of bean N, C, S concentration C:N, N:S ratios and protein
concentration as impacted by growing season, and N and S treatments for edamame
grown on sandy loams soils in the mid-Atlantic, USA from 2019-2021. ................ 124
Table 4-8. Sulfur t-test comparing split application of 22.4 kg S ha'* with ammonium
sulfate to treatments of similar N rates without S for edamame grown on sandy loam
soils in the mid-Atlantic, USA from 2019-2021..........cccoocvieeeiiiiiie e 125

Xiii



Chapter 1: Introduction and Literature Review
Commercial Significance of Soybean

Originally from China, soybean production in the U.S. became popular in the 1950s and
the U.S. is now the second largest soybean producer in the world (USDA-FAS, 2022). Soybean
has become an extremely popular cultivated crop because compared to all other cultivated crops
it contains the highest protein content and produces the most gross oil making it versatile for
multiple end uses (Singh, 2010). The pressing prosses separates the soybean oil from the
protein. Soybean oil has many uses from vegetable oil for human consumption to biodiesel to
additives across industries, but soybean protein is mainly used in livestock feed because it
contains all nine essential ammino acids (Dei, 2011; Singh, 2010). The U.S. soybean production
averaged 106 billion kilograms while Virginia production averaged 580 million kilograms
between 2019 and 2020 (USDA-NASS, 2021). National production has averaged 38 billion $US

and Virginia production averaged 224 million $US (USDA-NASS, 2021).

Edamame in the United States

Although records of edamame have been found as far back as the 7" century, edamame
in the U.S. has only become popular in the last century. The word “edamame” comes from the
Japanese language and means “beans on a branch.” This is not surprising as edamame has been
popular in Asian cultures for centuries.

Edamame, is the Japanese name for vegetable soybeans, is the same species as
commercial grain soybean (Glycine max (L.) Merr.) grown for oilseed production. Historically,
edamame consumption has been popular in many Asian countries such as China, Japan, and
Korea (Benziger & Shanmugasundaram, 1995). In the U.S, consumption has gradually increased

as consumers have sought alternative protein sources (Edamame Production Facts, 2012).



Conversely, U.S. edamame production has not matched demand, with approximately 70% of

edamame consumed in the U.S. being imported (Yu et al., 2021).

Sulfur

Making up approximately 0.1% of the earth’s crust, S is in great abundance, and
practically defined as limitless (Beaton et al., 1985; Comiskey et al., 1969; U. S. Geological
Survey, 2020). The global production of all S products was 79 million metric tons and U.S.
production being 8.8 million metric tons (U. S. Geological Survey, 2020). Only a small amount
of the S that is produced is applied to crops and soil as a S fertilizer. Most S is used in sulfuric
acid production which in turn is used to convert phosphates into water-soluble forms (Fixen &
Johnston, 2012).

Sometimes entitled the fourth most important nutrient, sulfur (S) is essential for the
formation of proteins, amino acids, oils, and chlorophyll, it can aid in nodule formation, enzyme
activation, and it is a structural component of two essential amino acids: cysteine and
methionine. S containing compounds are responsible for bitter acrid flavors, undesirable to
consumers in vegetables (Kopsell et al., 2003).

Soil S occurs in various forms ranging from elemental sulfur (S°), to sulfide (H2S), to
sulfate (SO42), with intermediates in between. Most S in the soil is contained in organic matter,
with only a small amount being plant available as sulfate (SO42). Sulfate, similar to nitrate is
able to leach through the soil becoming unavailable for plants (Narayan et al., 2022). S additions
in soybean have increased yield, protein, and sulfur-containing amino acid concentrations (Borja

Reisetal., 2021).



Nitrogen

Arguably the most important mineral nutrient, nitrogen (N), is essential for
photosynthesis, an essential component of chlorophyll, DNA, and amino acids. Not only is N
essential for plant growth, but it can also impact bean quality, specifically protein and oil
content. Late-season N additions in soybean production have shown to increase protein
concentration in the seed (Chiluwal et al., 2021). While other studies have shown mixed results,
stating it is not a reliable method to increase protein concentration in the bean (Wesley et al.,
1998; Wood et al., 1993).

As a legume, G. max has the ability to fix atmospheric nitrogen in association with
biological nitrogen-fixing bacteria, which allows nitrogen additions in oilseed soybean
production to be minimum or nonexistent. Extensive research has been done to measure the
impact of nitrogen fertilization on soybean yield and seed quality (Mourtzinis et al., 2018), but
little has been completed documenting its impact on edamame. Soybean response to N additions
is highly dependent on the environment but has been shown to improve yield (Mourtzinis et al.,
2018). Many studies have shown that soil N and N fixation do not supply sufficient N to achieve
maximum yields (Beard & Hoover, 1971; Cafaro La Menza et al., 2019; La Menza et al., 2017)
Although N additions may improve yield, they usually are not economically profitable in
soybean production. Being a specialty crop with higher prices per unit, N additions in edamame
may prove to increase profit margins. Not only do nitrogen additions impact the plant, but also
the bacteria in the soil. Higher levels of nitrogen fertilizers can inhibit nodulation and N> fixation
(Afzaetal., 1987; Beard & Hoover, 1971; Deibert et al., 1979).

The two plant-available forms of N in the soil are nitrate (NO3") and ammonium (NHz").

As an anion, nitrate readily leaches through the soil profile leaving the root zone. For this reason,



split applications of nitrogen have been recommended throughout the season to ensure proper
nutrition is available for the plant when it needs it the most. Studies have shown that late season

applications of N can increase soybean yields (Wesley et al., 1998; Wood et al., 1993).
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Chapter 2: Sulfur Source, Rate, and Application Timing Effects on Soybean Growth and
Quality
Abstract

Sulfur (S) deficiency in soybean [Glycine max (L.) Merr.] has become more frequent in
the U.S. due to fertilizer purity, emissions regulations, and higher yields. This study was
conducted specifically for soybean grown in sandy loam soils in the mid-Atlantic coastal plain
system to 1) determine proper S fertilizer rate and application timing, 2) identify differences
between sulfate sources, and 3) evaluate the ability of tissue samples to detect S deficiencies.
This study was conducted at seven site-years in the mid-Atlantic coastal plain system during the
2019 and 2020 growing seasons. A factorial arrangement of 3 S rates (10, 20, and 30 kg S ha?)
with 3 application timing strategies: at-planting, split application (50% of S was applied at-
planting and 50% applied at the R1 developmental stage), and late application (all S applied at
R1 developmental stage). A zero-S fertilizer treatment was also included. In 2019 only,
treatments of K2.SO4 and a Bio-AMS fertilizer were also included. In 2020 only, a zero-fertilizer
control and 3 rates applied with a late split application strategy (50% of S was applied at-planting
and 50% applied at the R3 developmental stage) were included. Tissue samples of uppermost
fully developed trifoliate leaves, without the petiole, were collected at R1 and R4 and analyzed
for total carbon, nitrogen, and S concentration. At harvest, seed yield, moisture, and test weight
were measured, and post-harvest analysis measured protein, oil, amino acid, and fatty acid
concentrations. No treatment impacted seed yield. Sulfur rate was negatively related to test
weight with the equation: Test weight =-0.165 R + 684. S rate impacted protein at four site-
years and oil at three site-years. Sulfur treatments increased seed methionine concentrations with

the equation: methionine = -0.0001 S rate? + 0.002 S rate + 5.60. Other amino acids and fatty



acids were impacted by S treatments. Sulfur fertilization can improve soybean quality and may
impact marketability. Currently, mid-Atlantic coastal plain soils, coupled with S deposition, are
able to supply enough S for soybean growth and development, but without fertilization soybean
soils are being mined of S and will eventually become depleted. Sulfur must be monitored if

future deficiencies are to be avoided.
Introduction

National Soybean Significance

Soybean [Glycine max (L.) Merr.] production in the U.S. averaged 106 billion kilograms
and valued 38 billion $US annually in the years 2019-2020 (USDA National Agricultural
Statistics Service, 2022). In Virginia, soybean production averaged 580 million kilograms and
224 million $US (USDA National Agricultural Statistics Service, 2022). Soybean production has
steadily increased over the past 30 years, with a 63.9 million Mg increase nationally and a 6.14
million Mg increase in Virginia between 1989 to 2019 when comparing 5-year averages (USDA
National Agricultural Statistics Service, 2022). As yields continue to increase, producers are
interested in creating precise management plans to supply sufficient nutrients while also
maximizing profits. Higher yields, increased fertilizer purity, and emission regulations have led
to more frequent sulfur (S) fertility deficiencies and thereby more frequent S fertility
recommendations (Dick et al., 2008; Kanwar & Mudahar, 1983) (Figure 2-1). The Sulfur
Institute estimated a worldwide plant nutrient sulfur deficiency of 11 million tons in 2012, with
North America contributing 1.4 million tons (Messick et al., 2005). Additionally, research has
observed positive yield response to sulfur fertilizers in corn, wheat, alfalfa, and potato (Cannon

etal., 2021; Girma et al., 2005; Pavlista, 2005; Sawyer et al., 2011; Seim et al., 1969).
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Figure 2-1. Average annual yield in Virginia versus annual sulfate wet deposition for
Virginia between 1989-2021. Deposition averaged across three sites in Virginia (U.S.
Environmental Protection Agency Clean Air Markets Division, n.d.; USDA National
Agricultural Statistics Service, 2022).

Despite the success in other major crops, little to no response to sulfur fertilizers has been
observed in soybean (Borja Reis et al., 2021; Cannon et al., 2021; Letham et al., 2021; Moro
Rosso et al., 2020; Roysdon, 2021). Sulfur applied at planting increased yields across 8 states in
the central US, but results were mixed making general recommendations for all sites difficult
(Borja Reis et al., 2021).

Soybean Sulfur Needs

Sulfur, a secondary macronutrient, is necessary for protein, oil, and chlorophyll
formation, nodule formation, enzyme activation, and is a structural component of cysteine and
methionine, two essential amino acids. Sulfur is acquired mainly by root uptake in the form of
sulfate (SO4). Only about 5% of soil sulfur is SO47, while approximately 95% of the sulfur
within the soil is contained within organic matter. Typical S organic matter mineralization rates
are 17-31 g kg* annually; S mineralization is accomplished by microbes, and therefore varies by
moisture, temperature, pH, and nutrient availability (Eriksen et al., 1998). According to the
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International Plant Nutrient Institute (IPNI), the whole soybean plant removes approximately 5.8
kg S grain tonne™ with 3.0 kg removed in the grain and 2.8 kg in stover and left on the field as
organic matter to be mineralized for following crops (IPNI, 2012).

During flowering, sufficient levels of S range from 2.5 to 6 g kg™t when measuring the
nutrient concentration of uppermost fully developed trifoliate leaves with petioles removed, later
in the growing season during pod filling, sufficient S levels are 2 to 3.5 g kg™ (Bryson et al.,
2014). Sulfur uptake is closely related to N uptake, where increasing S uptake will in turn
increase N uptake; but increases in N concentration will cause S deficiencies to be more apparent
(Bryson et al., 2014). Healthy soybeans contain a N to S ratio of 17 to 1 (Bryson et al., 2014).
Furthermore, cysteine and methionine concentration are correlated to N content; typical soybean
concentration is approximately 0.075 g cystine and 0.075 methionine per kg N (Friedman &
Brandon, 2001).

Quality

Soybean is suitable for multiple industries because of its high protein and oil content and
more specifically amino and fatty acid content. High oleic soybean varieties have been marketed
to replace trans fatty acids in human diets (Zambelli, 2021). Soybean is desirable for livestock
feed because of its high protein concentration and because it contains all nine essential amino
acids (Dei, 2011). Although it contains all essential amino acids, when soybean is used in
livestock feed, it must be mixed with a grain to increase the feed methionine content (Boisen et
al., 2000; Goldflus et al., 2006). Fertilizing with S may increase methionine concentration

thereby increasing its marketability.
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Nutrient Stewardship

Making up approximately 0.1% of the earth’s crust, S is in great abundance, and
practically defined as limitless (Beaton et al., 1985; Comiskey et al., 1969; U. S. Geological
Survey, 2020). The global production of all S products was 79 million metric tons and U.S.
production being 8.8 million metric tons (U. S. Geological Survey, 2020). Only a small amount
of the S that is produced is applied to crops and soil as a S fertilizer. Most S is used in sulfuric
acid production which in turn is used to convert phosphates into water-soluble forms (Fixen &
Johnston, 2012).

Ammonium sulfate is produced as a byproduct of many industrial processes such as flue-
gas desulfurization technology, nickel production and caprolactam production (Beaton et al.,
1985; Messick et al., 2005). Global production of ammonium sulfate (AMS) in 2000 was
approximately 18 million tons (Messick et al., 2005). Ammonium sulfate and single
superphosphate are the most popular S sources contributing 83% of total S applied (Messick et
al., 2005).

Recently, a biosolid-enriched AMS (Bio-AMS) source was produced and marketed as
offering slow-release nutrients with enhanced efficiency to both feed the plants and the soil. A
chemical analysis of the Bio-AMS concluded that it was simply a physical mixture of AMS and
biosolids with no complexed NH4-N or SO4-S (Chien et al., 2021). In soil-leaching columns, the
Bio-AMS leached slower compared to the conventional AMS, but the leaching rates were higher
than typical slow-release N fertilizers (Chien et al., 2021; Medina et al., 2014). This study also
conducted soil incubation test, NH3 volatilization experiments, yield test with canola and wheat,
and observed no other difference when comparing Bio-AMS to conventional AMS (Chien et al.,

2021).
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As a primary macronutrient, potassium (K) is essential for soybean growth and
development. Critical soil-K concentrations for mid-Atlantic coastal plain soils in the top 30 cm
are approximately 41 - 63 mg K kg™ (Williams et al., 2018). Soybeans grown on soils below this
critical value will see a yield response to K fertilizer. If farmers wish to supply both K and S
potassium sulfate fertilizer is one source which provides both.

Proper fertilizer timing is necessary to ensure nutrients are available in the soil for plants
at critical growth stages. Plants are only able to uptake soil S in the form of sulfate (SO4?)
through active transport (Leggett & Epstein, 1956). Therefore, soil sulfate fate is either plant
uptake, adsorption to soil particles and organic matter, or loss due to leaching or runoff.
Adsorption is heavily dependent on soil pH; at 7 adsorption is essentially zero and absorption
increases with decreasing pH from 7 to 4 (Couto et al., 1979; Fox et al., 1971; Gebhardt &
Coleman, 1974; Kamprath et al., 1956). Additionally, sulfate adsorption is dependent on
phosphate concentrations; sulfate may be desorbed and replaced by phosphate on absorption sites
at high phosphate concentrations (Dick et al., 2008). Leaching and runoff are primarily
dependent on precipitation and soil texture; coarse textured soils will leach more readily than
fine textured soils (Dick et al., 2008). Although necessary throughout growth and development,
S uptake is highest during the R4 developmental stage with rates of 0.29 kg ha* day™* (Bender et
al., 2015). In areas with high precipitation, coarse textured and relatively neutral soils, split S
applications may be warranted to ensure proper nutrition to soybean during critical growth
stages.

The main goal of this study was to identify the proper S rate, and S application timing in
sandy loam soils of the mid-Atlantic coastal plain oilseed soybean system. A secondary objective

was to evaluate efficacy of using tissue samples to detect sulfur deficiency.
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Materials and Methods

Site Description

Trials were conducted at 7 site-years on sandy loam soils in eastern Virginia, USA, from
2019-2020. The soils used in this study were 1) Acredale silt loam (fine-silty, mixed, active,
thermic Typic Endoaqualfs) at Chesapeake, VA in 2019 and Virginia Beach, VA, in 2020, 2)
Munden fine sandy loam (coarse-loamy, mixed, semiactive, thermic Aquic Hapludults) at
Chesapeake VA, in 2020, 3) Pumunkey fine sandy loam (fine-loamy, mixed, semiactive, thermic
Ultic Hapludalfs) at Essex, VA in 2019, 4) Tetotum fine sandy loam (fine-loamy, mixed,
semiactive, thermic Aquic Hapludults) at Essex, VA in 2020, and 5) Bojac loamy fine sand
(coarse-loamy, mixed, semiactive, thermic Typic Hapludults) at Painter, VA in 2019 and 2020
(Soil Survey Staff, 2002). Soil samples were collected from each replication at-planting to a
depth of 60 cm in 15 cm increments and measured for physical and chemical properties. Samples
were air dried and available nutrient concentration measured for pH, OM, NO3’, P, K, Ca, Mg,
S042,Zn, Mn, and B (Table 2-1). Soil samples from 2019 were analyzed for total C, N, and S
content using the dry combustion method (Dumas, 1831; Elementar, 2000). Soil pH was
determined using 1:1 water solution (United States Department of Agriculture, Natural

Resources Conservation Service, 2004).
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Table 2-1. Site-year soil physical and chemical properties for soybean grown on sandy loams soils in the mid-Atlantic, USA
from 2019-2020.

Site Year DEPTH pH OM CEC NOs-N P K Ca Mg SO+S Zn Mn B
cm gkg! meq100g? -------- mg kg*

0-15 53 24 45 59 1015 1033 3980 868 185 11 60 06

Chesapeake 2019 1531 52 17 49 41 355 535 5020 605 17.8 07 45 04

31-46 52 18 41 43 315 513 385 670 198 05 29 04

4661 52 18 4.4 30 208 433 4213 768 218 06 15 04

0-15 60 13 35 126 183 953 4010 918 70 13 205 03

Esex 2019 1531 60 11 37 6.2 68 1073 3720 1175 55 09 120 03

31-46 59 13 49 80  11.0 1200 4998 1470 70 14 71 03

4661 58 12 5.1 48 110 870 5258 1478 128 10 29 03

0-15 55 15 3.2 76 1815 1045 3515 398 113 15 440 05

oainter o010 1581 56 13 41 54 913 1083 4435 698 93 13 380 04

31-46 56 15 48 55 283 1258 502.0 1038 190 0.8 273 03

4661 57 11 5.4 46 45 1035 5668 1355 373 07 123 0.3

0-15 55 20 46 70 1345 443 5533 530 205 35 40 06

Chesapeake 2020 1531 53 16 37 39 790 47.0 4330 380 238 20 30 05

31-46 52 11 3.9 41 398 325 4268 335 260 13 16 04

4661 49 08 47 26 535 493 4210 393 510 05 08 03

0-15 60 16 38 50 723 1415 4500 703 80 13 428 04

Eex  o0p0 1531 61 11 3.0 34 293 813 3848 623 53 0.7 348 03

31-46 6.1 12 36 47 175 1000 4270 913 50 05 243 03

4661 61 13 48 45 98 900 5615 1360 73 04 83 04

0-15 61 18 48 37 650 1533 6285 758 98 26 383 04

oaginter 2020 1531 60 16 5.2 33 373 988 6830 815 83 13 275 04

31-46 62 15 57 46 153 1060 7533 1105 95 07 157 04

4661 61 11 47 47 108 803 6263 883 115 07 120 04

0-15 51 25 55 76 538 953 4775 793 148 28 39 07

1531 52 18 5.8 64 238 418 5300 1140 138 06 19 05

VABeach 2020 ) 4o 5; g 6.4 51 195 535 5215 1370 195 09 14 04

4661 52 16 6.2 5.2 88 335 4968 1703 235 05 07 04
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Figure 2-2. Map for study locations for soybean grown on sandy loams soils in the mid-
Atlantic, USA from 2019-2020. Red circles indicate 2019 sites and orange plus signs
indicate 2020 sites.

Experimental Design

Field data were collected over two years (2019 and 2020) in eastern Virginia from seven
site-years with sandy loam texture (Figure 2-2). Plot size ranged from 28-37 m? A total of ten
treatments were replicated four times at each site in a randomized complete block design and are
outlined in Table 2-2. Ammonium sulfate (21-0-0-24) was broadcast by hand using a factorial
arrangement of three S rates (10, 20, and 30 kg S ha) and three timings (all nutrients at
planning, split application with half the nutrients supplied at planting and half applied at the R1
developmental stage, and a late application with all the nutrients supplied at the R1
developmental stage). A 0-S treatment was also included. Proper soybean maturity groups and

cultivars were planted based on location.
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In 2019, five additional treatments were included, but omitted in 2020: a split application
of 3 rates of S (10, 20, and 30 kg S ha!) with half the nutrients supplied as AMS at planting and
half as K2SO4 (0-0-45-18) applied at R1, and Bio-AMS ([16-0-0-20][trade name SymTRX,
Anuvia Company, Florida, USA]) at two rates (10 and 30 kg S ha™) applied at planting. In 2020,
four additional treatments unique from 2019 were included: a zero-fertilizer control, and three
rates (10, 20, and 30 kg S ha*) of S split applied with half the nutrients applied at planting and
half the nutrients applied at the R3 developmental stage.

All treatments received a total of 27 kg N ha*, any supplemental N not supplied by AMS

was applied as urea (46-0-0), and a total of 44 kg K ha, was applied as potash (0-0-60).
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Table 2-2. Sulfur (S), nitrogen (N), and potassium (K) source, rate and application timing treatments for soybean grown on
sandy loams soils in the mid-Atlantic, USA from 2019-2020.

Years S Source S Rate S N Source N Rate N K Source K Rate K
Completed (kg hal)  Timing (kg hal)  Timing (kg hal)  Timing
Both - 0 - Urea 27 P Potash 44 P
Both AMS 10 P Urea/AMS 27 S Potash 44 P
Both AMS 20 P Urea/AMS 27 S Potash 44 P
Both AMS 30 P Urea/AMS 27 S Potash 44 P
Both AMS 10 S Urea/AMS 27 S Potash 44 P
Both AMS 20 S Urea/AMS 27 S Potash 44 P
Both AMS 30 S Urea/AMS 27 S Potash 44 P
Both AMS 10 L Urea/AMS 27 S Potash 44 P
Both AMS 20 L Urea/AMS 27 S Potash 44 P
Both AMS 30 L Urea/AMS 27 S Potash 44 P
2019 AMS/K>S04 10 S Urea/AMS 27 P K2SOa4/Potash 44 S
2019 AMS/K2S04 20 S Urea/AMS 27 P K2SO4/Potash 44 S
2019 AMS/K>S04 30 S Urea/AMS 27 P K2SOa4/Potash 44 S
2019 Bio-AMS 10 P Urea/Bio-AMS 27 P Potash 44 P
2019 Bio-AMS 30 P Urea/Bio-AMS 27 P Potash 44 P
2020 - 0 - - 0 - - 0 -
2020 AMS 10 SplitR3 Urea/AMS 27 S Potash 44 P
2020 AMS 20 SplitR3 Urea/AMS 27 S Potash 44 P
2020 AMS 30 SplitR3 Urea/AMS 27 S Potash 44 P
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Sample Collection

Uppermost fully developed trifoliate leaves with the petiole removed were collected at
flowering (R1 developmental stage) and full pod (R4 developmental stage) from 15 soybean
plants per plot. Leaf tissue concentration was analyzed for total C, N, and S content using the dry
combustion method (Dumas, 1831; Elementar, 2000). Carbon to N ratio and N to S ratio were
calculated. Plots were harvested for grain yield and yield was adjusted to a 130 g kg™ moisture
content. Grain samples were collected from each plot for protein and oil analysis at harvest.

Grain samples were analyzed using near-infrared spectroscopy (NIRS) using the DA
7250 NIR Analyzer and 2019 calibrations from PerkinElmer (Waltham, MA). Seed components
measured included total protein, total oil, as well as amino acids cysteine, histidine, isoleucine,
lysine, methionine, phenylalanine, threonine, tryptophan, valine and fatty acids linolenic, oleic,

palmitic, and stearic acid (Kovalenko et al., 2006; Pazdernik et al., 1997).

Statistical Analysis

All significance was determined at alpha < 0.10. Treatment effect was determined with
treatment, site-year, and their interaction as a fixed effects and replication nested within site-year
as random effects. The rate and timing effect were analyzed using a mixed model with S rate,
application timing, site-year, their interactions, and the quadratic form of S rate were analyzed as
fixed effects, and replication nested within site-year as a random effect. Non-significant
interactions were removed one at a time until the simplest model remained.

Secondary, supplemental analysis was performed with treatments that were only
completed one of the two years. Application timing was analyzed using the control, and the
factorial of three S rates and four application timings, with data from 2020; S rate, application

timing, their interaction, and the quadratic form of S rate were analyzed as fixed effects. In a
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separate analysis, split applications of AMS were analyzed against split applications of K2SO4
from 2019; S rate, S source, their interaction, and the quadratic form of S rate were analyzed as
fixed effects. A third analysis analyzed Bio-AMS applications from 2019 with similar AMS
treatments to analyze the different sources applied at planting; S rate, S source, their interaction,
and the quadratic form of S rate were analyzed as fixed effects. In all secondary analyses, site-
year and replication nested within site-year were random effects.

In all analysis, if the quadratic effect was not significant it was removed from the model.
Results and Discussion

Primary Analysis
Treatment Effect

Analysis of yield and soybean quality factors at harvest revealed no difference between
treatments (Table 2-3 & 2-4). No treatment differed from the control, so further analyses were
conducted to determine significance in rate, and application timing as a factorial arrangement.
Table 2-3. Mixed model analyzing yield, moisture, test weight, protein, and oil as impacted

by treatment and site-year for soybean grown on sandy loams soils in the mid-Atlantic,
USA from 2019-2020.

Treatment (T) Site-Year (SY) TxSY
Response Variables Grand mean F Ratio p-value F Ratio p-value F Ratio p-value
Yield (kg ha) 3,159 0.26 09840 47.81 <0.0001 1.01 0.4690
Moisture (g kg™) 136 0.67 0.7337 10.86 <0.0001 1.05 0.3905
Test Weight (kg m) 681 030 09745 6.58 0.0005 091 0.6596
Protein (g kg?) 416 1.00 04425 455 0.0042 0.89 0.6796
Oil (g kg?) 215 165 0.1038 90.2 <0.0001 1.03 0.4325

Although not below the set alpha value of 0.10, treatment may impact oil concentration
(p-value = 0.1038). When analyzed further through multiple comparison test, soybean treated
with 30 kg ha* applied at planting contained the highest oil concentration and was significantly
higher than the 0-S control. Also, soybean treated with 20 kg ha™* split-applied contained the
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lowest oil concentration and was significantly lower than plants treated with 10 kg ha™ late
applied and applied at planting as well as 30 kg ha™* applied at planting. Sulfur fertilizer impact
on oil concentration will be discussed further through other analysis.

Table 2-4. Yield, moisture, test weight, protein, oil as impacted by treatment for soybean
grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020. No significant

difference was found between treatments for yield, test weight, moisture, protein, or oil.
Values with different letters show trends of being significantly different.

S Rate Timing Yield Test Weight Moisture Protein Oil

kg S hat kg hat kgm3 - g kgt ---mmmeee-
0 - 3,149 684 136 416.0 214.8bc
10 3,144 683 137 415.8 215.7ab
20 At-planting 3,148 679 134 417.7 215.2bc
30 3,166 680 137 4129 217.1a
10 3,131 679 134 418.0 215.4bc
20 Split 3,178 682 133 4152 2143c
30 3,080 685 133 4175 215.1bc
10 3,293 682 132 417.0 216.0ab
20 Late 3,158 682 135 416.3 215.6 bc
30 3,147 683 134 4171 214.7 bc
LSD @ a=0.10 246 8 3.2 3.5 15

Analysis of leaf tissues at R1 and R4 developmental stage revealed that treatment
significantly impacted S concentration (p-value = 0.0183 and 0.0200 respectively) and N:S ratio
(p-value =0.0981 and 0.0032 respectively) (Table 2-5). At both developmental stages the control
treatment contained the lowest S concentration, 1.89 g S kg™ for R1 and 2.12 g S kg* for R4,
and the highest N:S ratio 28.0 for R1 and 24.87 for R4 (Table 2-6). At the R1 growth stage five
treatments contained significantly higher amounts of S than the control: low rate applied at-
planting 1.94 g S kg%, low rate split applied 1.97 g S kg™, medium rate split applied 1.98 g S kg
1 high rate split applied 1.98 g S kg*, and low rate late applied 1.99 g S kg™ (Table 2-6). Also at

this stage, six treatments contained lower N:S ratios when compared to the control (28.0 g kg™):

21



medium and high rate applied at-planting (26.5 and 27.0 g kg™), all split applications (low,
medium, and high 26.8, 26.3, 26.0 g kg™ respectively), and the low rate late applied (26.7 g kg™).

At the R4 growth stage five treatments contained significantly higher amounts of S than
the control: medium rate split applied 2.21 g S kg%, high rate split applied 2.20 g S kg%, low rate
late applied 2.20 g S kg™, medium rate late applied 2.22 g S kg%, and high rate late applied 2.24
g S kg* (Table 2-6). Also at this stage, all treatments except the high rate applied at planting
contain a lower N:S ratio when compared to the control (24.87 g kg™)

At the R1 developmental stage, the second split application and the late had not been
applied; therefore, treatments with the highest S concentration were mainly those which received
S, but at rates below 15 kg ha. Conversely, by the R4 developmental stage sampling, all
nutrients had been applied and had time to be taken up by the plant. At this stage, all the plants
which received late applied S contained higher S concentration in the leaf. All N:S ratios were
above the recommended value of 17:1, but S treatments increased S concentrations which led to
lower N:S ratios (Bryson et al., 2014). Although no yield response was seen plants did respond
to S additions.

Table 2-5. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N and

N:S ratio as impacted by treatment and site-year for soybean grown on sandy loams soils in
the mid-Atlantic, USA from 2019-2020.

Treatment (T) Site-Year (SY) T xSY

Grand F

mean F Ratio p-value Rati p-value F Ratio p-value
-1 atio
(9 kg™)

N 52.51 0.87 05564 6.53 0.0012 1.26  0.1236
C 459.14 0.78 0.6344 20.26 <0.0001 1.09 0.3472
R1 S 1.95 231 0.0183 5.05 0.0046 1.02  0.4440
C:N 9.03 1.01 04314 371 0.0174 094 05795
N:S 27 1.68 0.0981 286 0.0451 1.14  0.2702
N 52.47 1.24 0.2784 313.2 <0.0001 1.15 0.2847

Ra C 468.74 0.82 05968 98.37 <0.0001 055 0.9811
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S 2.17 229 0.0200 69.78 <0.0001 0.87 0.6715
C:N 9.75 132 0.2316 758.71 <0.0001 1.22  0.2038
N:S 23.89 294 0.0032 224 <0.0001 0.84 0.7248

Table 2-6. Leaf tissue at R1 and R4 N, C, and S content as impacted by treatment for
soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020.

S Rate Timing R1 R4

S (%) N:S S(%)  N:S

0 1.89e 28.0a 2.12d 249a

10 P 1.94abcd 275abc 2.14cd 23.8bc
20 P 1.94bcde 265cde 2.15cd 23.7 bed
30 P 1.92de 27.0bcd 2.12d 24.3ab
10 S 1.97abc 26.8bcde 2.15bcd 24.1bc
20 S 1.98 ab 26.3de 2.21abc 235cd
30 S 1.98 ab 26.0e 2.20abc 23.6cd
10 L 1.99a 26.7bcde 2.20abc 24.0 bc
20 L 1.93cde 27.6ab 2.22ab 24.1bc
30 L 194 bcde 275abc 2.24a 23.1d
LSD @ o =0.10

When analyzing fatty acids and amino acids of harvested soybeans, treatment impacted
methionine (p-value = 0.0617) concentration (Table 2-7). At-planting applications of 20 kg S ha
! produced the highest concentration, significantly higher than the 0-S control, the 10 kg S ha*
at-planting application, and the 20 kg S ha™* split application (Figure 2-3). The 0-S control
contained the lowest concentration of methionine, significantly lower than 20, 30 kg S ha™* at-
planting applications, 10, 30 kg S ha™ split applications, and all late application rates (Figure 2-
3). Methionine content in soybean can be raised by S additions. Similar to this work, a study in
loamy sands and sandy loam soils of Maryland and Pennsylvania reported cysteine and
methionine concentrations nearly doubled when S was applied at rate of 100 kg S ha*
(Rushovich & Weil, 2021).

Table 2-7. Mixed model analyzing fatty acids and amino acids as impacted by treatment

and site-year for soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-
2020.
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Treatment Site-Year (SY) TxSY
Response Variables Grand mean F Ratio p-value FRatio p-value F Ratio p-value

Cysteine 0.56 0.81 0.6092 34.39 <0.0001 1.02 0.4427
Histidine 1.07 1.04 0.4410 1555 <0.0001 0.87 0.7248
Isoleucine 1.97 092 05130 4.79 0.0032 0.66 0.9618
Leucine 3.14 1.14 0.3369 1149 <0.0001 0.95 0.5851
Lysine 2.66 1.22 0.2840 15.49 <0.0001 0.81 0.8157
Methionine 0.56 1.85 0.0617 20.24 <0.0001 0.81 0.8171
Oleic acid 24.97 0.98 0.4606 35.25 <0.0001 0.88 0.6960
Palmitic acid 10.87 0.80 0.6138 54.00 <0.0001 0.55 0.9949
Phenylalanine 2.13 1.19 0.3014 5.36 0.0017 0.86 0.7456
Stearic acid 3.54 0.91 0.5201 36.19 <0.0001 0.73 0.9109
Threonine 1.54 1.39 0.1973 1255 <0.0001 1.03 0.4262
Tryptophan 0.40 1.26 0.2606 16.35 <0.0001 0.75 0.8886
Valine 2.04 0.73 0.6800 6.46 0.0006 0.77 0.8665
. 5.65
- 5.63 ab
2563 s6l achIGZ abe 5.62 abc
%5.61 s.slbcd 5.61 abc (SRR
.= :
£ 5.59
o 5.57d
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S Rate (kg ha'!)
O Control At-Planting B Split B Late

Figure 2-3. Methionine content as impacted by S rate and S application timing for soybean
grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020.

Rate and Timing Effect

Soybean analysis at harvest revealed several significant main effects or interactions for S
rates ranging from 10-30 kg ha, application timings of planting, split, and late, and site-years in
the mid-Atlantic coastal plain (Table 2-8). S rate decreased test weight with the equation: Test
weight = -0.165 R + 684 (p-value = 0.1004). The rate x site year interaction was significant when
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analyzing both protein and oil (p-value = 0.0353 and 0.0004 respectively); and the rate x timing
interaction was significant for oil concentration (p-value = 0.0927). When protein was analyzed
individually by site-year, S rate was positively correlated to protein concentration at two site-
years and negatively correlated at two site-years (Table 2-9). When oil was analyzed by site-
year, S rate was positively correlated to oil concentration at one site-year and negatively
correlated at two site-years (Table 2-10). Site-years where S rate increased protein concentration
were the same site-years where S rate decreased oil concentration and visa versa. Additionally, at
Chesapeake in 2019 the application timing significantly impacted protein and oil concentration
(p-value = 0.0456 and 0.0357 respectively). Soybeans which received split-applied S contained
the highest protein concentration with 417 g kg™, significantly higher protein concentration than
soybeans which received all S at planting (412 g kgt); soybean protein content from late-applied
S treatments were similar to the other two application timings (415 g kg). Soybeans which
received at-planting S applications contained higher oil concentrations averaging 209 g kg

when compared to split or late-applied S applications (206 and 207 g kg™l).
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Table 2-8. Mixed model analyzing yield, moisture, test weight, protein, oil as impacted by S rate, application timing, and site-
year for soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020.

SRate (R) Timing (T) Site-Year (SY) R x SY RxT
Response Variables F Ratio p-value F Ratio p-value FRatio p-value F Ratio p-value F Ratio p-value
Yield 0.09 0.7619 0.27 0.7638 34.49 <0.0001
Moisture 178 0.1827 225 0.1069 41.76 <0.0001
Test Weight 272 01004 0.03 09703 8.18 0.0001
Protein 0.09 0.7708 0.69 05022 377 0.0105 229 0.0353
Oil 1.5 0.2218 2.03 0.1333 77.03 <0.0001 4.21 0.0004 2.4 0.0927

Table 2-9. Mixed model analyzing protein as impacted by S rate and application individually by site-year for soybean grown
on sandy loam soils in the mid-Atlantic, USA from 2019-2020.

Year Site SRate (R) Timing (T) SxT R Equation
F Ratio p-value F Ratio p-value F Ratio p-value
Chesapeake 0.01 09422 1.09 03452 0.63 0.5384
2019 Essex 746 0.0094 0.71 04994 0.63 0.5381 Protein =-0.195R + 415
Painter 346 0.0705 0.01 0.9883 0.09 0.9164 Protein=-0.147R + 412
Chesapeake 4.74 0.0355 3.34 0.0456 0.64 0.5352 Protein = 0.153R + 413
Essex 081 03736 119 03141 1.00 0.3761
Painter 292 0.0956 0.69 05096 0.77 0.4716 Protein=0.179R + 418
VA Beach 1.02 03179 021 0.8138 0.69 0.5090

2020
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Table 2-10. Mixed model analyzing oil as impacted by S rate and application individually by site-year for soybean grown on
sandy loam soils in the mid-Atlantic, USA from 2019-2020.

Year Site S Rate (R) Timing (T) SXT R Equation
F Ratio p-value F Ratio p-value F Ratio p-value
Chesapeake 1.22 0.2761 0.63 0.5378 0.44 0.6445
2019 Essex 17 0.0002 0.77  0.4687 0.2 0.8197 Oil =0.164R + 204
Painter 4.33 0.044 025 07776 039 0.6795 Oil=0.059R + 223
Chesapeake 4.64 0.0374 3.63 0.0357 129 0.2616 Oil=-0.069R + 208
Essex 0.13 0.7252 052 05982 0.83 0.4425
Painter 213 01525 043 0.6509 0.99 0.3804
VA Beach 0.84 03645 026 0.7732 053 0.5918

2020
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In the mid-Atlantic sandy loam soil environment, the rate and timing of AMS
applications did not impact yield (Table 2-8). Average annual S deposition for these sites was 2.7
kg S ha' and average S removed by the whole plant was 18.3 kg S ha™* S removal estimated
using the 5.8 kg S removed per kg yield (IPNI, 2012). At these deposition rates a deficit of 15.6
kg S ha* must be either supplied through the soil or through fertilizers. Each site-year contained
over 15.6 kg S ha* in the top 15 cm of soil, with an average SO4-S supply of 33.71 kg ha™.
Currently these soils are able to provide ample S to meet and exceed soybean S needs.

In 2019, soils were analyzed for total S, in the top 60 cm these soils averaged 138 mg S
kg soil L. Estimating that 950 g kg S is in an organic form and using the mineralization rate 17-
30 g SOs-S kg S, approximately 7.61 — 13.4 kg SO4-S hal is cycled into the soil solution
annually. Average available SOs-S in the top 60 cm for theses site-years was 152 kg ha™.
Postulating that SOs-S deposition, soil mineralization, and soybean yields remain constant,
coastal plain soil S in the top 60 cm could be depleted below 18 kg SO4-S hat in 17 years
(Figure 2-4). This calculation assumes a mineralization rate of 17 g SOs-S kg S and does not
consider decreasing deposition rates, SO4-S in lower depths, or S removal from other crops.
Farmers should continue to monitor soil S levels as deposition continues to decrease and yields

continue to increase.
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Figure 2-4. SO4-S annual balance in Virginia coastal plain soils, assuming yield of 3,148 kg
hal, mineralization rate of 17 g SO4-S kg S and 142 mg S kg soil™.

Multiple leaf tissue concentrations were impacted by S application rate and timing (Table
2-11). R1 leaf tissue N concentration was affected by the S rate and site-year interaction (p-value
=0.0294). When N concentration was analyzed individually by site-year, the rate by timing
interaction was significant at two site years (Essex in 2019 and Chesapeake in 2020; p-value =
0.0735 and 0.0961 respectively) and S rate was significant at three site-years (Chesapeake in
2019, Essex and Painter in 2020; p-value = 0.0818, 0.0150, and 0.0318 respectively) (Table 2-
12). The quadratic S rate was significant (p-value = 0.0305) when analyzing R1 C concentration
with the equation C concentration = -0.00522(S Rate)? + 0.0308S Rate + 459. The S rate by
timing by site-year interaction was significant when analyzing R1 S concentration (p-value =
0.0322). When S concentration was analyzed individually by site-year, the S rate by timing
interaction was significant at two site-years (Essex in 2019 and Chesapeake in 2020; p-value =

0.0113 and 0.0198 respectively) and S rate was significant at Painter 2020 (p-value = 0.0247).
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The S rate by site-year interaction was significant when analyzing the R1 C:N ratio (p-value =
0.0086). When the C:N ratio at R1 was analyzed individually by site-year, the rate by timing
interaction was significant at Essex in 2019 (p-value = 0.0188), and S rate was significant at
three site-years (Chesapeake in 2019, Essex in 2020, and Painter in 2020; p-value = 0.0941,
0.0135, and 0.0426). The S rate by site-year interaction was also significant when analyzing the
N:S ratio (p-value = 0.0072). When the N:S ratio at R1 was analyzed by site-year the S rate was
significant at four site-years (Chesapeake and Painter in 2019, and Essex and Painter in 2020; p-
value = 0.0207, 0.0072, 0.0251, and 0.0023 respectively).

Similarly, several interactions and main effect impacted R4 leaf tissue concentrations
(Table 2-11). R4 leaf tissue N concentration was affected by the S rate by site-year interaction
(p-value = <0.0001). When N concentration was analyzed individually by site-year, the S rate
was significant at two site years (Essex in 2019 and VA Beach in 2020; p-value = 0.0056 and
0.0019 respectively) and application timing was significant at two site-years (Painter in 2019 and
VA Beach in 2020; p-value = 0.0247 and 0.0367 respectively) (Table 2-12). R4 leaf tissue C
concentration was impacted by the S rate by site-year interaction (p-value = 0.0114). When
analyzed individually by site-year C concentration was only impacted by S rate at Painter in
2019 (p-value = 0.0019). Leaf tissue S concentration at R4 was impacted by the rate by timing
interaction (p-value = 0.0955). When analyzed individually by timing, rate was significant when
S was split applied (p-value = 0.0114) with the equation: S concentration = 0.00309S Rate +
2.12; and also significant when S was late applied (p-value = 0.0006) with the equation: S
concentration = 0.00405S Rate + 2.13. These results agree with the treatment analysis shown in
Table 2-6, when S is applied at the R1 growth stage as was the case with the split and late

applications, soybean tissue S concentration increases, while earlier applications at planting do
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not impact late season S concentrations. The rate by site-year and the timing by site-year
interactions were significant for the R4 leaf tissue C:N ratio (p-value = 0.0001 and 0.0424).
When analyzed individually by site-year, rate was significant at two site-years (Essex in 2019
and VA Beach 2020; p-value = 0.0070 and 0.0026 respectively) and timing was significant at
two site-years (Painter in 2019 and VA Beach in 2020; p-value = 0.0298 and 0.0554
respectively). Lastly, the rate by site-year interaction was significant for the leaf tissue N:S ratio
at R4. When analyzed individually by site-year, the rate by timing interaction was significant at
Chesapeake in 2019 (p-value = 0.0462), rate was significant at two site-years (Essex and VA
Beach in 2020; p-value = 0.0082 and 0.0006 respectively), and timing was significant at Painter
in 2019.

As expected, responses to application timing were greater later in the growing season at
R4 when compared to R1, because at R1 with split and late applications, not all nutrients have

been applied to the soybean.
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Table 2-11. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N and N:S ratio as impacted by S rate,
application timing, and site-year for soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020.

SRate (R) Timing (T) Site-Year (SY) RxR R x SY RxT TxSY RxTxSY
\F;Z?'?aokg]lsei F Ratio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value
N 3.12 0.0783 167 01909 829 0.0001 2.38 0.0294
C 2.06 0.1518 0.62 05388 1753 <0.0001 472  0.0305
R1 S 8.41 0.0040 281 0.0619  6.53 0.0005 12.69 0.0004  0.86 0.5234 178 01701 099 04619 192  0.0322
C:N 5.16 0.0239 157 02107 2.65 0.0448 2.93 0.0086
N:S 8.93 0.003 2.9 0.0566  2.54 0.0521 3.01 0.0072 253  0.0811
N 0.07 0.7920 1.88 0.1543 176.92 <0.0001 7.73 <0.0001
3.49 0.0629 110 0.3337 82.63 <0.0001 3.02 0.0114
R4 S 11.88  0.0007 490 0.0083 76.23 <0.0001 237 0.0955
C:N 1.94 0.1646 234  0.0984 321.60 <0.0001 5.31 0.0001 193  0.0424
N:S 27.74 <0.0001 033 0.7204 21.89 <0.0001 597 0.0154 3.74 0.0058
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Table 2-12. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N and N:S ratio as impacted by S rate
and application timing by site-year for soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020.

Year Site Effect R1 R4
N C S C:N N:S N C S C:N N:S
Rate (R) 0.0818 NS NS 0.0941 0.0207
Chesapeake Timing (T) NS NS NS NS NS
RxT NS NS NS NS NS
R 0.0010 0.0496 NS <0.0001 0.0295 0.0056 NS 0.0070
2019 Essex T NS NS NS 0.0697 NS NS NS NS
RxT 0.0735 NS 0.0113 0.0188 0.0015 NS NS NS
R NS 0.0057 NS NS 0.0072 NS 0.0019 NS NS NS
Painter T NS NS NS NS NS 0.0247 NS NS 0.0298 0.0131
RxT NS NS NS NS NS NS NS NS NS NS
R NS NS 0.0153 NS NS NS NS 0.0016 NS <0.0001
Chesapeake T 0.0967 NS 0.0362 NS NS NS NS NS NS NS
RxT 0.0961 NS 0.0198 NS NS NS NS NS NS 0.0462
R 0.0150 0.0404 NS 0.0135 0.0251 NS NS 0.0216 NS 0.0082
Essex T NS NS NS NS NS NS NS NS NS NS
2020 RxT NS NS NS NS NS NS NS 0.0650 NS NS
R 0.0318 NS 0.0247 0.0426 0.0023 NS NS 0.0447 NS NS
Painter T NS NS NS NS NS NS NS NS NS NS
RxT NS NS NS NS NS NS NS NS NS NS
R NS NS NS NS NS 0.0019 NS NS 0.0026 0.0006
VABeach T NS NS NS NS NS 0.0367 NS 0.0332 0.0554 NS
RxT NS NS NS NS NS NS NS NS NS NS
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Several soybean fatty and amino acid concentrations were impacted by S rate but S
application timing did not impact these concentrations (Table 2-13). The S rate by site-year was
significant when analyzing cysteine (p-value = 0.0499), histidine (p-value = <0.0001), lysine (p-
value = 0.0555), threonine (p-value = 0.0152), and valine (p-value = 0.0642). When analyzed
individually by site-year S rate impacted cysteine at three locations, histidine at three locations,
lysine at two locations, threonine at two locations, and valine at two locations (Table 2-4).

The quadric model best describes the S rate impact on methionine (p-value = 0.0164;
methionine = -0.0001 S rate? + 0.002 S rate + 5.60), palmitic acid (p-value = 0.0300; palmitic
acid = -0.009 S rate? + 0.145 S rate + 107.6), and tryptophan (p-value = 0.0044; tryptophan = -
0.0002 S rate? + 0.0009 S rate + 4.02) concentrations, while the linear model describes the S rate
impact on oleic acid concentration (p-value = 0.0925; oleic acid = 0.174 S rate + 251.8).

In soybean meal used for feed, methionine is the most limiting amino acid (Boisen et al.,
2000). Although methionine increases were not so high as to remove the need for
supplementation when soybean is used for livestock feed, (Chung & Baker, 1992; Fernandez et

al., 1994) these increases show the potential for S fertility to improve soybean feed quality.
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Table 2-13. Mixed model analyzing fatty acids and amino acids as impacted by S rate, application timing, and site-year for
soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020.

SRate (R) Timing(T) Site-Year (SY) RXxR RXxSY

Cysteine NS NS <0.0001 0.0499
Histidine NS NS <0.0001 <0.0001
Isoleucine NS NS 0.0080
Leucine NS NS <0.0001
Linolenic acid NS NS <0.0001
Lysine NS NS <0.0001 0.0650 0.0555
Methionine <0.0001 NS <0.0001 0.0164
Oleic acid 0.0925 NS <0.0001
Palmitic acid 0.0002 NS <0.0001 0.0300
Phenylalanine NS NS 0.0046
Stearic acid NS NS <0.0001
Threonine NS NS <0.0001 0.0482 0.0152
Tryptophan 0.0753 NS <0.0001 0.0044
Valine NS NS 0.0014 0.0642

Table 2-14. Mixed model analyzing cysteine, histidine, lysine, threonine, and valine individually by site-year as impacted by S
for soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-2020. When significant p-values are listed.

Year Site Cysteine Histidine Lysine Threonine Valine
Chesapeake NS NS NS NS NS
2019 Essex 0.0786 NS NS NS 0.0057
Painter NS 0.0014 0.0317 NS NS
Chesapeake  0.0006 0.0018 0.0079 0.0027 0.0176
2020 Essex NS NS NS 0.0495 NS
Painter 0.0093 0.0676 NS NS NS
VA Beach NS NS NS NS NS

35



Secondary Analysis
Timing (2020)

In 2020 an additional split application timing was added of half the nutrients applied at
planting and half the nutrients applied at the R3 developmental stage. Analysis of yield and
soybean quality factors at harvest revealed that S application timing impacted soybean moisture
and S rate impacted protein (Table 2-15). Fisher’s LSD multiple comparison revealed that at-
planting applications contained a higher moisture content (140 g kg™*) when compared to split
applications (137 g kg™); the no-S control moisture content was 139 g kg in 2020. Protein and S
rate were directly proportional, described by the equation % protein = 0.010 S rate + 41.56,
indicating that for every 10 kg of S an increase of 1 g kg™ protein was observed. Currently, in the
U.S. there are no market incentives for farmers to produce high-protein soybean. A recent survey
of 271 farmers in 15 states concluded that only 16% of growers surveyed were aware of protein
and oil levels of their crops, but 90% stated they would consider protein if there was a
guaranteed price premium; furthermore a $US 0.50 premium was enough to incentivize
implementing management to increase protein concentration (Borja Reis et al., 2022).

Table 2-15. Mixed model analyzing yield, moisture, test weight, protein, oil as impacted by

S rate, and application timing for soybean grown on sandy loams soils in the mid-Atlantic,
USA from 2020.

SRate (R) Timing (T) RxT
\R;:Srri);t?lst’ei F Ratio p-value FRatio p-value FRatio p-value
Yield 0 0.9522 0.28 0.8426 0.21 0.8899
Moisture 0.06 0.8146 2.95 0.0336 1.29 0.2770
Test Weight 1.66 0.1985 0.08 0.9702 0.4 0.7547
Protein 6.08 0.0144 0.21 0.8888 0.79 0.5025
Qil 8.9 0.0032 2.06 0.1058 2.99 0.0320
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Grain quality analysis also indicated an interaction effect between S rate and S
application timing on oil concentration (Table 2-15). Sulfur rate was analyzed individually for
each application timing and oil concentration was negatively related to S rate with the split (p-
value = 0.0772; oil = -0.067 S rate + 217.3), late split (p-value = 0.0098; oil =-0.095 S rate +
218.3), and late (p-value = 0.0610; oil = -0.082 S rate + 218.0) application timing, while the S
rate effect with at-planting applications was not significant (p-value = 0.1487; oil = 0.036 S rate
+217.1), (Figure 2-5). With the three significant application timings, oil decreased at a rate
similar to the protein increase observed, this is not surprising as the two are inversely related.
These results both agree and contrast with previous research. A starter fertilizer study on silty
loam soil in Minnesota also found that protein increased and oil decreased with S application of
28 kg S ha! (Kaiser & Kim, 2013). Both in this study and the Kaiser & Kim research, S
applications lowered oil concentration, but our study did not observe a decrease with at-plating

application timings.
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Figure 2-5. Soybean oil concentration as impacted by S rate and application timing for
soybean grown on sandy loams soils in the mid-Atlantic, USA in 2020. Lines followed by *
are statistically significant.

Multiple differences occurred between leaf tissue concentrations when comparing S rate
and application timing for the four timings used in 2020 (Table 2-16). At the R1 developmental
stage, the quadratic S rate impacted C and S concentration (p-value = 0.0485 and 0.0006
respectively) as well as the N:S ratio (p-value = 0.0204). Additionally at this stage, timing
impacted S concentration (p-value = 0.0975). Soybean tissue from plants treated with split
applications contained a higher S concentration, 1.96 g kg, than plants treated with at-planting
applications, 1.91 g kg™.

At the R4 developmental stage, S rate impacted N concentration (p-value = 0.0133), S
concentration (p-value = 0.0004) and C:N ratio (p-value = 0.0093); and the quadratic S rate
impacted N:S ratio (p-value < 0.0041). Similar to the R1 developmental stage, application timing
impacted S concentration (p-value = 0.0113) at the R4 developmental stage, however, different
timings were significant at the later stage. At R4, plants treated with late applications had higher
S concentrations, 2.39 g kg™ than plants treated with at-planting, split, and late split applications,
2.31, 2.35, and 2.33 g kg* respectively. These results are similar to the primary analysis
described in Table 2-11. The two different split applications (second application occurring at R1
versus R3) were not different. If farmers are unable apply the second fertilizer application until
R3 they can expect little to no difference to if they would have applied at R1.

Table 2-16. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N and

N:S ratio as impacted by S rate, and application timing for soybean grown on sandy loams
soils in the mid-Atlantic, USA from 2020.

SRate (R) Timing (T) RxT RXxR
Response . . . .
Variables F Ratio p-value FRatio p-value FRatio p-value FRatio p-value
R1 N% 0.06 0.8104  0.95 0.4185 0.18 0.9117
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C% 2.44 0.1199 0.87 0.4581 0.67 0.5689 3.93 0.0485

S% 9.43 0.0024 2.13 0.0975 0.87 0.4573 1199  0.0006
C:N 0.62 0.4309 0.86 0.4627 0.79 0.5014
N:S 2.53 0.1132 1.02 0.3850 0.56 0.6394 5.45 0.0204
N% 6.23 0.0133  1.97 0.1199 0.09 0.9637
C% 0.10 0.7499 0.22 0.8790 0.92 0.4299
R4 S% 13.07  0.0004 3.78 0.0113 194 0.1235
C:N 6.87 0.0093 1.83 0.1428 0.18 0.9086
N:S 37.71 <0.0001 1.05 0.3707 161 0.1876 8.4 0.0041

Application timing did not impact any fatty acid or amino acid concentrations, but S rate
was significant for seven amino acids and one fatty acid (Table 2-17). The quadric model best
describes the S rate impact on cystine (p-value = 0.0001), methionine (p-value = 0.0195),
palmitic acid (p-value = 0.0472), threonine (p-value = 0.0580), and tryptophan (p-value =
0.0029) concentrations, while the linear model describes the S rate impact on histidine (p-value =
0.0003), isoleucine (p-value = 0.0849), leucine (p-value = 0.0156), lysine (p-value = 0.0100)
concentration. These results are similar to those seen in the primary rate and timing analysis
(Table 2-13).

Table 2-17. Mixed model analyzing amino acids and fatty acids as impacted by S rate, and

application timing for soybean grown on sandy loams soils in the mid-Atlantic, USA from
2020.

SRate (R) Timing RxT R xR
Response Variables F Ratio p-value F Ratio p-value F Ratio p-value F Ratio p-value
Cysteine 4.31 0.0390 0.65 0.5806 0.80 0.4941 1549 0.0001
Histidine 13.21  0.0003 0.15 0.9274 0.41 0.7461
Isoleucine 2.99 0.0849 0.15 0.9309 0.17 0.9136
Leucine 5.93 0.0156  0.05 0.9857 0.15 0.9316
Linoleic acid 0.29 0.5901 0.57 0.6364 0.97 0.4056
Lysine 1111  0.0010 0.44 0.7223 0.17 0.9184
Methionine 21.87 <0.0001 1.82 0.1448 0.10 0.9595 5.53 0.0195
Oleic acid 0.51 0.4747  0.16 0.9263 0.24 0.8655
Palmitic acid 17.11 <0.0001 0.45 0.7144 0.21 0.8880 3.98 0.0472
Phenylalanine 2.15 0.1441 0.12 0.9461 0.06 0.9829
Stearic acid 0.03 0.8696  1.35 0.2574 0.14 0.9368
Threonine 9.13 0.0028  0.30 0.8250 0.34 0.7948 3.63 0.0580
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Tryptophan 0.05 0.8317 0.83 0.4798 0.50 0.6794 9.08 0.0029
Valine 1.41 0.2351  0.05 0.9867 0.14 0.9366

Source K2SO4 (2019)

When treatments of KoSO4 were compared to AMS treatments with similar S rates, no
differences in harvest measurements were found (Table 2-18). Farmers seeking to use K2SO4
instead of AMS can do so without an increase or decrease in yield, moisture, test weight, protein,
and oil.

Table 2-18. Mixed model analyzing yield, moisture, test weight, protein, oil comparing the

AMS vs. K2SO4 as the source for R1 application of split applications as impacted by S rate
and source for soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019.

SRate (R) Source (S) RxS
5:??;&: F Ratio p-value FRatio p-value FRatio p-value
Yield 1.05 0.3108 0.19 0.6659 0 0.9726
Moisture 0.46 0.5000 0.03 0.8546 0.35 0.5563
Test Weight 0.64 0.4268 0.17 0.6857 0.98 0.3260
Protein 1.02 0.3165 0.2 0.6562 0.42 0.5193
Qil 1.13 0.2918 0.1 0.4790 0.03 0.8645

Multiple differences between leaf tissue concentrations when comparing K.SO4 to AMS
as the R1 application S source of split applications (Table 2-19). At the R1 developmental stage,
source impacted C:N concentration (p-value = 0.0656), and the S rate by source interaction
impacted the C concentration and N:S ratio (p-value = 0.0399 and 0.0724 respectively).
Ammonium sulfate applications produced higher mean C:N ratio of 9.12 than K>SO4 applications
with mean C:N ratio of 8.91. When analyzed individually by source, S rate was positively related
to C concentration when applied with K2SO4 (p-value = 0.0421) with the equation C
concentration = 0.13 S rate + 460.7, but not with AMS (p-value = 0.3484). The C concentration

analysis indicates that changes in the C:N ratio may be due to increases in C rather than
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decreases in N. When analyzed individually by source, S rate was inversely related to N:S ratio
when applied with AMS (p-value = 0.0033) with the equation N:S ratio = -0.087 S rate + 27.64,
but was not related to K2SO4 treatments (p-value = 0.8371).

At the R4 developmental stage, source impacted N and S concentration (p-value = 0.0922
and 0.0930 respectively), and the S rate by source interaction impacted the C concentration (p-
value = 0.0991). Ammonium sulfate applications produced higher mean N concentration of 30.0
g N kgt than K,SOa applications with mean N concentration of 28.4 g N kg*. Ammonium
sulfate applications produced higher mean S concentration of 1.47 g S kg than K2SO4
applications with mean S concentration of 1.42 g S kgX. When analyzed individually by source,
S rate did impact C concentration when applied with AMS (p-value = 0.0632) with the equation
C concentration = -0.27 S rate + 465.7, but not with K2SO4 (p-value = 0.5436). Ammonium
sulfate applications caused greater nutrient uptake when compared to K2SOa.
Table 2-19. Mixed model analyzing R1 and R4 leaf N, C, and S concentration and C:N and

N:S ratio as impacted by S rate, and source for soybean grown on sandy loams soils in the
mid-Atlantic, USA from 2019.

S Rate (R) Source (S) R xS
\F;gsr?;gf; F Ratio p-value FRatio p-value FRatio p-value
N% 1.73 0.1937 1.88 0.1754 2.37 0.1289
C% 0.41 05225 0.1 0.7548 4.42 0.0399
R1 S% 1.07 0.3056 0.03 0.8539 0.09 0.7673
C:N 1.86 0.1781 3.52 0.0656 2.11 0.1523
N:S 4,57 0.0368 1.65 0.2039 3.34 0.0724
N% 0.1 0.7551 3.18 0.0922 0.4615 0.5061
C% 0.67 0.4259 2.3 0.1477 3.04 0.0991
R4 S% 0.54 0.4707 3.17 0.0930 1.15 0.2982
C:N 0.16 0.6912 2.21 0.1547 0.17 0.6862
N:S 0.06 0.8084 1.4 0.2538 0.02 0.9013

Analysis of fatty acids and amino acids revealed no difference between split applications
finished with AMS or finished with K>SO4 (Table 2-20). Although the interaction between
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source and rate was significant for tryptophan, when the model was run individually by source, S
rate was neither significant for AMS or K>SO4 (p-value = 0.1186 and 0.3374 respectively). When
all other nutrients are equal AMS and K>SO4 provide similar quality soybean. All plots received
a total of 27 kg N ha* and 44 kg K ha™.

Table 2-20. Mixed model analyzing amino acids and fatty acids as impacted by S rate and

source (AMS/K2S0a4) for soybean grown on sandy loams soils in the mid-Atlantic, USA
from 20109.

SRate (R) Source (S) RxS
5:??;&: F Ratio p-value FRatio p-value FRatio p-value
Cysteine 0.6 0.4424 0.74 0.3927 0.40 0.5294
Histidine 0.76 0.3868 1.32 0.2548 0.22 0.6404
Isoleucine 0.32 0.5732 0.55 0.4622 0.63 0.4309
Leucine 1.99 0.1638 1.46 0.2315 0.80 0.3754
Linolenicacid  0.67 0.4173 0.25 0.6219 0.10 0.7583
Lysine 2.15 0.1477 0.93 0.3392 0.26 0.6117
Methionine 0.10 0.7527 0.42 0.5208 0.40 0.5292
Oleic acid 0.04 0.8508 0.65 0.4230 1.90 0.1733

Palmitic acid 0.41 0.5230 0.39 0.5364 0.83 0.3676
Phenylalanine  1.11 0.2976 1.23 0.2713 0.02 0.9020
Stearic acid 1.09 0.2999 0.66 0.4210 0.01 0.9238

Threonine 1.48 0.2284 0.66 0.4194 0.11 0.7410
Tryptophan 0.17 0.6806 0.62 04339 321 0.0783
Valine 1.47 0.2308 0.73 0.3950 1.10 0.2983

Source Bio-AMS

When treatments of Bio-AMS were compared to AMS treatments with similar S rates,
the source of AMS impacted moisture, test weight, protein, and oil of soybeans grown in 2019
(Table 2-21).
Table 2-21. Mixed model comparing AMS to Bio-AMS analyzing yield, moisture, test

weight, protein, oil as impacted by S rate and source for soybean grown on sandy loams
soils in the mid-Atlantic, USA from 20109.

SRate (R) Source (S) RxS

Response F Ratio p-value FRatio p-value F Ratio p-value
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Variables

Yield 0.2 0.6574 2.05 0.1614 0.01 0.9158
Moisture 0.46 0.5024 3.76 0.0633 0.83 0.3705
Test Weight 0.08 0.7734 6.53 0.0160 0.41 0.5264
Protein 2.5 0.1242 6.22 0.0181 0.26 0.6134
Oil 0.1 0.7563 5.61 0.0241 1.09 0.3043

Table 2-22 displays average yield and soybean quality components by AMS source
averaged across two S rates. Bio-AMS contained a lower moisture concentration 129 g kg™
when compared to AMS 131 g kg, a lower test weight 684.1 kg m compared to 690.6 kg m=,
higher protein concentration 419 g kg™ compared to 413 g kg, and lower oil concentration 212
g kg compared to 214 g kg™
Table 2-22. Fisher’s LSD multiple comparison results analyzing yield and soybean quality

factors as impacted by AMS source averaged across S rate for soybean grown on sandy
loams soils in the mid-Atlantic, USA in 2019.

Source Yield Moisture Test Weight Protein Oil

kg ha! gkg? kg m3 --- g kgt ---
AMS 2,967 131a 690.6 a 413 b 214 a
Bio-AMS 2802 129b 684.1 b 419a 212 b

Multiple differences between leaf tissue concentrations when comparing Bio-AMS to
AMS applications (Table 2-23). At the R1 developmental stage, AMS source impacted S
concentration (p-value = 0.0002) and the source by rate interaction was significant for N
concentration, C:N ratio, and N:S ratio (p-value = 0.0096, 0.0125, and 0.0048 respectively). Bio-
AMS contained a higher S concentration with 2.12 g kg* when compared to AMS S
concentration of 1.99 g kg*. When analyzed individually by source, the AMS S rate was
inversely related to R1 tissue N concentration (p-value = 0.0816) with the equation N
concentration = -0.22 S rate + 56.9, while Bio-AMS S rate did not impact N concentration (p-

value =0.1127; N concentration = 0.14 S rate + 52.8). When the C:N ratio was analyzed
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individually by source the S rate was not significant for either AMS or Bio-AMS (p-value =
0.1163 and 0.1122 respectively). When analyzing the N:S ratio individually by source the AMS
S rate was negatively related to the N:S ratio (p-value = 0.0210) of R1 tissue with the equation
N:S =-0.117 S rate + 28.71, while Bio-AMS S rate did not impact the N:S ratio (p-value =
0.2485). The inverse relationship between S rate and N:S ratio of AMS applications may be due
to decreases in N uptake rather than increases in S uptake as shown by the N concentration
analysis.

At the R4 developmental stage, the source by rate interaction impacted C concentration
(p-value = 0.0563) and the N:S ratio (p-value = 0.0418). When analyzed individually by source,
the Bio-AMS S rate was positively related to R4 tissue C concentration (p-value = 0.0276) with
the equation C concentration = 0.24 S rate + 458.7, while AMS S rate did not impact C
concentration (p-value = 0.3627). When analyzed individually by source, the AMS S rate was
positively related to R4 tissue N:S ratio (p-value = 0.0320) with the equation N:S = 0.045 S rate
+ 18.41, while Bio-AMS S rate did not impact N:S ratio (p-value = 0.1336). Ammonium sulfate
applications showed decreased N:S ratios in early reproductive stages but by R4 N:S ratios
showed increased N:S ratios by AMS applications. It is possible that Bio-AMS provided a
balance of N and S throughout the growing season with slower release nutrients, while AMS
applications provided greater S early in the growing season, which caused greater N
consumption later in the season. Despite these differences, all N:S ratios were below the
recommended value of 17:1 (Bryson et al., 2014)

Table 2-23. Mixed model comparing AMS to Bio-AMS analyzing R1 and R4 leaf N, C, and

S concentration and C:N and N:S ratio as impacted by S rate and source for soybean
grown on sandy loams soils in the mid-Atlantic, USA from 2019.

SRate (R) Source (S) R XS

Response

Variables F Ratio p-value FRatio p-value FRatio p-value
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N% 0.38 0.5431 5.56 0.0244 7.57 0.0096

C% 0.00 0.9684 1.37 0.2496 0.93 0.3417
R1 S% 0.92 0.3434 17.28 0.0002 0.49 0.4879
C:N 0.23 0.6359 3.91 0.0600 6.99 0.0125
N:S 2.26 0.1422 0.13 0.7238 9.14 0.0048
N% 0.14 0.7154 2.66 0.1374 214 0.1774
C% 0.01 0.9449 5.66 0.0413 4.79 0.0563
R4 S% 0.30 0.5960 1.64 0.2318 0.01 0.9290
C:N 0.15 0.7044 1.64 0.2320 3.22 0.1063
N:S 0.00 0.9557 2.16 0.1759 5.62 0.0418

Multiple amino acids and fatty acids were impacted when AMS was compared to Bio-
AMS (Table 2-24). Sulfur rate impacted histidine (p-value = 0.0411), isoleucine (p-value =
0.0906), leucine (p-value = 0.0311), lysine (p-value = 0.0608), methionine (p-value = 0.0722),
oleic acid (p-value = 0.0980), threonine (p-value = 0.0514), and valine (p-value = 0.0588). These
results are similar to primary analysis of rate and timing and secondary analysis of timing in
2020 (Tables 2-13 and 2-17). Ammonium sulfate source impacted leucine (p-value = 0.0676),
lysine (p-value = 0.0249), methionine (p-value = 0.0722), oleic acid (p-value = 0.0873), and
threonine (p-value = 0.0222) (Table 2-24). Table 2-25 displays differing amino acid and fatty
acid concentrations. Bio-AMS treated soybean contained a higher leucine concentration, 31.66 g
kg™ compared to AMS concentration of 31.36 g kg*. Bio-AMS treated soybean contained a
higher lysine concentration, 26.55 g kg™ compared to AMS concentration of 26.26 g kg*. Bio-
AMS treated soybean contained a higher methionine concentration, 5.64 g kg™* compared to
AMS concentration of 5.60 g kg™. Bio-AMS treated soybean contained a higher oleic acid
concentration, 257.8 g kg™ compared to AMS concentration of 247.6 g kg*. Bio-AMS treated
soybean contained a higher threonine concentration, 15.57 g kg™ compared to AMS

concentration of 15.41 g kg™
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Table 2-24. Mixed model comparing AMS to Bio-AMS analyzing amino acids and fatty
acids as impacted by S rate and source for soybean grown on sandy loams soils in the mid-
Atlantic, USA from 2019.

SRate (R) Source (S) RxS
5:??;&?8 F Ratio p-value FRatio p-value FRatio p-value
Cysteine 0.08 0.7725 1.14 0.2930 0.08 0.7725
Histidine 452 0.0411 2.31 0.1384 1.13 0.2955
Isoleucine 3.04 0.0906 2.76 0.1059 1.03 0.3181
Leucine 5.07 0.0311 3,57 0.0676 0.42 0.5219
Linolenicacid  0.36 0.5542 0.04 0.8477 1.48 0.2326
Lysine 3.77 0.0608 5.52 0.0249 0.51 0.4795
Methionine 3.45 0.0722 3.45 0.0722 0.22 0.6454
Oleic acid 2.90 0.0980 3.10 0.0873 0.10 0.7523

Palmitic acid 2.25 0.1429 1.04 0.3158 0.19 0.6676
Phenylalanine  1.77 0.1928 1.60 0.2149 1.60 0.2149
Stearic acid 0.99 0.328 0.01 0.9294 0.47 0.4961

Threonine 4.09 0.0514 5.76 0.0222 0.14 0.7071
Tryptophan 0.37 0.5451 0.00 1.0000 0.84 0.3657
Valine 3.83 0.0588 2.40 0.1307 0.81 0.3761

Table 2-25. Fisher’s LSD multiple comparison results analyzing amino acids and fatty
acids as impacted by AMS source averaged across S rate for soybean grown on sandy
loams soils in the mid-Atlantic, USA in 2019.

Source Leucine Lysine Methionine Oleic acid Threonine

........................ g kg‘l e —————
AMS 31.36b 26.26b 5.60b 2476 Db 1541b
Bio-AMS 31.66a 26.55a 5.64a 257.8a 15.57 a

Increased quality may also be associated with decreased seed density. Soybean treated
with Bio-AMS were less dense but contained higher concentrations of protein when compared to
AMS (Table 2-22). Increased Bio-AMS nutrient concentrations may be due in part to the
decrease in moisture, or carbohydrates — not measured in this study — rather than the increase of
protein, leucine, lysine, methionine, oleic acid, or threonine. Because of the novelty of Bio-AMS,
there are few studies evaluating its impact on agronomic crops. A few observations can be made

from the Bio-AMS formulation provided by Anuvia Plant Nutrients. The Bio-AMS contains 160
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g kg* organic matter, and approximately 10 g kg™ phosphorus (Anuvia Plant Nutrients, 2017).
Additional organic matter in the soil may be leading to increased nutrient uptake, this is seen in
the R1 S concentrations. Similar to the results found here, in Illinois soybean fields, limestone
and organic matter applications protein concentration to increase and oil concentration to
decrease (Stark, 1924)
Conclusions

Although no S treatment impacted soybean yield, numerous plant uptake and quality
differences were observed. Oil concentration decreased with increasing S rate for all application
timings except at-planting. Sulfur fertilization can improve soybean quality which may lead to
increased marketability in the future. When compared to soybean plots treated with AMS,
soybean plots treated with Bio-AMS had lower test weight, higher protein concentration, lower
oil concentration without impacting yield, and also contained a higher concentration of leucine,
lysine, methionine, oleic acid and threonine. With current trends of yield increases and S
deposition decreases, soils may be mined to levels below plant needs. Continual monitoring will

be necessary to ensure proper S nutrition for plant growth and quality.
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Chapter 3: Sulfur Source and Application Rate for Soybean Production in the Virginia

Coastal Plain

Abstract

Sulfur (S) management programs for soybean (Glycine max) are becoming increasingly
necessary as yields continue to improve and environmental S deposition declines. Historically,
atmospheric deposition rates have adequately supplied S requirements for crop uptake. However,
in recent years, lower environmental depositions from increased emission regulations coupled
with higher yields have increased S need and deficiencies are more prevalent. In the Mid-
Atlantic, these factors are compounded by low organic matter and coarse-textured soils which
have small S banks. This study was conducted to 1) determine optimal source and rate of S
application for soybeans in the Mid-Atlantic coastal plain system and 2) identify the synergistic
interaction between nitrogen (N) and S in soybeans. A factorial arrangement of S rates (11.2,
22.4, and 33.6 kg S ha) were applied at-planting utilizing three sources (ammonium sulfate,
calcium sulfate, and elemental sulfur). Additionally, to examine the impact of N, urea was
applied at rates equivalent to that supplied by ammonium sulfate (10.0, 20.2, 29.2 kg N hal). A
0-S control treatment was also included. Tissue samples of uppermost fully developed trifoliate
leaves, without the petiole, were collected and analyzed at R1 and R4. Yield was collected at
harvest and adjusted to 130 g H.0 kg. Nitrogen rate was inversely related to yield with the
model: Yield = -4.01 (N Rate) + 3,277. Fertilizer source responses were site-specific. Sulfur leaf
tissue concentrations were directly related to S rate (S concentration = 0.004 S rate + 2.103).
Nutrient uptake responses to N and S fertility indicate the potential for S yield responses in the
future when soils become contain less available S. In conclusion, farmers should continue to

monitor S soil levels to ensure proper nutrition for soybean growth and development.
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Introduction
National Soybean Significance

Soybean [Glycine max (L.) Merr.] production in the U.S. averaged 106 million mt and 38
billion $US annually in the years 2019-2020 (USDA National Agricultural Statistics Service,
2022). In Virginia, soybean production averaged 580,000 mt and 224 million $US (USDA
National Agricultural Statistics Service, 2022). Soybean production has steadily increased over
the past 30 years, with a 63.9 million mt increase nationally and a 6.14 million mt increase in
Virginia between 1989 and 2019 when comparing 5-year averages (USDA National Agricultural
Statistics Service, 2022). As yields continue to increase, producers are interested in creating

precise management plans to supply sufficient nutrients while also maximizing profits.

Sulfur Nutrition in Soybean

Sulfur (S), a secondary macronutrient, is essential for the formation of proteins, oils, and
chlorophyll, and aids in nodule formation, enzyme activation, and is a structural component of
two essential amino acids: cysteine and methionine. Tissue samples can indicate nutrient uptake
and concentration during the growing season. The soybean S sufficiency range at flowering (R1)
is 2.5—-6.0 g S kg, and at pod-filling (R5) is 2 — 3.5 g S kg, as measured by the most recently
matured trifoliate leaves (Bryson et al., 2014). At harvest, typical S removal rates for soybeans

are 3kg S mt? (0.18 Ib S bul) oilseed produced (IPNI, 2012).

Higher yields, increased fertilizer purity, and less S being applied via atmospheric
deposition due to emission regulations have led to more frequent S fertility recommendations
(Dick et al., 2008; Kanwar & Mudahar, 1983) (Figure 3-1). Additionally, research has observed

positive yield response to sulfur fertilizers in corn (Zea mays), wheat (Triticum aestivum), alfalfa
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(Medicago sativa), and potatoes (Solanum tuberosum) (Cannon et al., 2021; Girma et al., 2005;

Pavlista, 2005; Sawyer et al., 2011; Seim et al., 1969).
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Figure 3-1. Average annual yield in Virginia versus annual sulfate wet deposition for
Virginia between 1989-2021. Deposition averaged across three sites in Virginia (U.S.
Environmental Protection Agency Clean Air Markets Division, n.d.; USDA National
Agricultural Statistics Service, 2022).

Despite the success in other major crops, little to no response to sulfur fertilizers has been
observed in soybean (Borja Reis et al., 2021; Cannon et al., 2021; Letham et al., 2021; Moro
Rosso et al., 2020; Roysdon, 2021). In the central U.S. across eight states, S applied at planting
increased yields, but results were mixed making general recommendations for all sites difficult
(Borja Reis et al., 2021). Additionally, identifying reliable indicators of S deficiencies has
proven difficult. S soil levels are not good indicators of S deficiency (Letham et al., 2021), but
some identify plant tissue as the best detector of S deficiency (Divito et al., 2015; Hitsuda et al.,
2008). Conversely, A greenhouse study using oxisols with a regulated pH of 5.5 indicated that
grain S concentration was a more reliable indicator of deficiency than leaf tissue (Hitsuda et al.,
2004). Applications of S after tissue or grain analysis has taken place makes S recommendations

difficult, as optimal S application time may have passed when a deficiency is observed.

56



Sulfur and nitrogen (N) in the soil and plant are closely related; assimilation of one will
impact the uptake of the other. Typical N:S ratios in legumes should be approximately 1:17
(Bryson et al., 2014). Increases in N content can cause S deficiencies, while increases in S uptake
will cause greater N uptake as well. Nitrogen is an essential nutrient for plants as a key
component of amino acids, DNA, chlorophyll, and also necessary for photosynthesis. The
soybean N sufficiency range at flowering (R1) is 32.5 —50.0 g N kg*, and at pod-filling (R5) is
35-50 g N kg, as measured by the most recently matured trifoliate leaves (Bryson et al., 2014).
At harvest, typical N removal rates for soybeans are 55 kg N mt*, while total uptake is 82 kg N
mt? (IPNI, 2012). In inoculated growing environments, which make up a majority of U.S.
systems, soybean obtains most N from a symbiotic relationship with the Bradyrhizobium
japonicum (Alves et al., 2003; Bezdicek et al., 1978; Salvagiotti et al., 2008). Bradyrhizobium
japonicum, a soil bacterium, transforms plant-unavailable N2 from the atmosphere into ammonia

(NHs) which the soybean can use.

Fertilizing soybeans with N impacts many growth aspects of both soybean and
Bradyrhizobium japonicum. Nutrient solution concentrations as low as 0.5 mM NO3 delayed
nodule formation in a hydroponic study (Gibson & Harper, 1985). In a meta-analysis of diverse
environments across 17 countries, N surface applied or incorporated into topsoil layers
exponentially decreased N fixation (Salvagiotti et al., 2008). Fertilizing with N during
reproductive stages has increased protein concentrations but are not a reliable method to to
increase protein (Chiluwal et al., 2021; Wesley et al., 1998; Wood et al., 1993). Soybean yield
response to N additions can marginally improve yield but is highly dependent on the
environment (Mourtzinis et al., 2018; Wood et al., 1993). In high-yielding environments N

additions have increased yields (Beard & Hoover, 1971; La Menza et al., 2017, 2019; Salvagiotti
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et al., 2008). In an analysis of 207 site-years from 16 states, N fertilizer increased yield at only
13 site-years (6%), and the increases observed were at a rate of 0.9-3 kg ha™ for every kg N
applied (Mourtzinis et al., 2018). Despite these yield increases, most N additions are not
profitable in soybean production (McCoy et al., 2018; Salvagiotti et al., 2008). Although N
fertility was not this study’s main goal, N and S relations in the soil, plant, and many fertilizers,

requires N impact to be observed throughout.

Nutrient Stewardship

To combat plant nutrient deficiencies, the International Plant Nutrition Institute (IPNI)
recommended nutrients be applied intentionally with the right source, at the right rate, at the
right time, in the right place (IPNI, 2012).

Several different S fertilizers are commonly available with varying nutrient concentration
and availability. Sulfate (SO42-S) fertilizers such as ammonium sulfate or calcium sulfate are
able to provide plant-available sulfur while elemental sulfur must first be oxidized into sulfate
before it can be used by the plant. The oxidation of elemental S into sulfate is mainly dependent
on the Thiobacillus genus of bacteria (Messick et al., 2005). To be effective in the season in
which it is applied elemental S must have a particle size smaller than 0.2 mm (Messick et al.,
2005). Annual element S usage in 2000 was estimated at 300,000 tons (Messick et al., 2005)
Continual fertilization with elemental forms of S can increase the S-oxidizing microorganism
population which in turn increases the oxidation of SO4 (Beaton et al., 1985). When thiosulfate
in ATS is applied to the soil it decomposes into sulfate and elemental S in approximately
proportional amounts (Messick et al., 2005). Annual ATS usage in 2000 was estimated at

700,000 tons (Messick et al., 2005)
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Much is still unknown about S fertility in soybeans; previous research has produced
mixed results, but many agree that S recommendations should be made on a site-specific basis.
This study was conducted to determine if S was limiting for soybean growth and yield in the
coastal plain system, and if so, to determine the right S source and right S rate for soybean
production.

Materials and Methods
Site Description

Trials were conducted at 12 site-years on sandy loam soils in eastern Virginia, USA, from
2019-2021 (Figure 3-2). The soils used in this study were 1) Acredale silt loam (fine-silty,
mixed, active, thermic Typic Endoaqualfs) at Chesapeake, VA in 2019 and Virginia Beach, VA,
in 2020, 2) Munden fine sandy loam (coarse-loamy, mixed, semiactive, thermic Aquic
Hapludults) at Chesapeake VA, in 2020, 3) Pumunkey fine sandy loam (fine-loamy, mixed,
semiactive, thermic Ultic Hapludalfs) at Essex, VA in 2019, 4) Tetotum fine sandy loam (fine-
loamy, mixed, semiactive, thermic Aquic Hapludults) at Essex, VA in 2020, and 5) Bojac loamy
fine sand (coarse-loamy, mixed, semiactive, thermic Typic Hapludults) at Painter, VA in and
Eastville 6) Lynchburg loamy fine sand (Fine-loamy, siliceous, semiactive, thermic Aeric
Paleaquults) at Suffolk in 2019, 7) Kenansville loamy sand (Loamy, siliceous, subactive, thermic
Arenic Hapludults) at Suffolk in 2020 8) Eunola sandy loam (Fine-loamy, siliceous, semiactive,

thermic Aquic Hapludults) at Suffolk in 2021 (Soil Survey Staff, 2002).
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Figure 3-2. Map for study locations for soybean grown on sandy loams soils in the mid-
Atlantic, USA from 2019-2021. Red circles indicate 2019 sites and orange plus signs
indicate 2020 sites and green “x” indicate 2021 sites.

Soil samples were collected from each replication at-planting to a depth of 61 cm in 15.2
cm increments. Samples were air dried for at least 7 days and available nutrient concentration
(OM, NOg, P, K, Ca, Mg, SO, Zn, Mn, B) was measured by Mehlich-111 extraction (Maguire &
Heckendorn, 2005) (Table 3-1). Soil texture was measured using the Calgon extraction and pH
was determined using 1:1 water solution (United States Department of Agriculture, Natural

Resources Conservation Service, 2004).
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Table 3-1. Soil physical and chemical properties for soybean grown on sandy loams soils in the mid-Atlantic, USA from 2019-

2020.
Year Site DEPTH pH OM CEC NO3-N P K Ca Mg SOs+S Zn Mn B
cm R R R —— L ———
0-15 5.3 26 5.0 4.3 94 89 475 83 22.8 13 45 0.6
Chesapeake 15-31 5.1 20 3.8 2.6 39 44 339 56 223 06 26 04
31-46 5.0 17 3.9 3.5 36 43 340 57 25.5 04 22 04
46-61 4.9 14 3.7 14 20 28 316 54 26.5 03 15 03
0-15 6.2 18 4.8 17.9 23 110 595 118 8.5 15 485 04
Essex 15-31 6.4 13 4.0 4.0 6 96 481 117 6.8 18 26.0 0.3
31-46 6.2 16 5.9 4.3 4 84 706 180 11.0 08 157 0.3
2019 46-61 6.3 16 5.7 3.6 5 92 685 175 100 09 143 0.3
0-15 5.2 19 4.1 2.7 266 126 398 41 15.8 19 730 05
Painter 15-31 5.3 14 4.3 24 129 101 445 54 19.0 14 570 04
31-46 5.4 13 52 2.0 33 125 524 90 26.5 0.7 320 03
46-61 5.4 13 5.9 2.1 10 108 576 121 42.5 10 173 0.3
0-15 5.9 23 6.3 4.9 78 125 813 101 11.5 24 64 06
suffolk 15-31 5.8 16 4.9 3.3 26 103 562 106 10.8 16 21 04
31-46 5.6 11 4.5 4.2 12 99 459 110 16.3 14 16 03
46-61 5.1 11 4.1 2.7 7 77 320 93 27.8 0.7 04 03
0-15 5.7 22 3.9 13.0 180 64 475 68 17.0 1.7 47 07
Chesapeake 15-31 5.5 16 3.2 14.8 109 43 355 49 19.5 14 37 0.6
31-46 5.3 8 3.0 4.9 25 41 325 29 25.5 08 11 04
46-61 5.2 7 3.3 4.2 21 45 345 29 38.3 06 13 0.3
0-15 6.1 15 4.7 1.7 270 115 604 90 11.0 14 36.0 0.6
2020 Eastville 15-31 6.1 12 4.3 4.4 155 92 516 111 7.8 11 278 05
31-46 5.9 15 55 5.9 43 119 578 165 11.0 0.7 185 04
46-61 5.6 14 5.7 6.0 9 99 519 184 275 05 76 03
0-15 6.0 14 3.3 7.0 64 139 382 64 8.0 16 418 04
Essex 15-31 6.1 9 2.8 3.4 26 80 342 58 5.0 08 323 03
31-46 6.2 11 3.6 5.9 16 101 418 92 5.3 22 215 03
46-61 6.2 13 4.9 4.4 9 78 585 139 8.0 05 57 04
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0-15 58 16 3.3 3.1 138 132 365 60 120 19 363 05

Painter 15-31 55 13 3.3 3.4 79 84 357 49 9.5 14 303 04
31-46 57 12 4.2 3.6 21 90 461 84 123 09 200 03

46-61 56 11 5.3 3.5 8 80 578 110 200 04 105 03

0-15 6.0 11 2.5 6.2 121 72 309 48 9.0 19 138 0.5

suffolk 15-31 5.8 6 1.7 8.2 84 48 201 32 113 20 116 04
31-46 5.7 7 1.5 6.4 26 46 159 35 7.5 08 73 03

46-61 5.7 6 2.1 6.0 8 69 203 54 108 06 40 03

0-15 54 26 7.4 2.8 65 103 762 148 168 1.0 42 0.7

VA Beach 15-31 51 24 8.3 2.3 33 36 718 1/5 240 08 14 05
31-46 50 23 7.8 3.4 24 32 540 188 270 04 19 05

46-61 51 17 9.2 2.9 12 28 669 269 273 04 17 04

0-15 58 18 4.5 8.2 258 103 590 46 143 23 318 0.6

Painter 15-31 6.0 12 3.5 4.3 210 92 442 58 108 19 288 05
31-46 59 13 3.8 3.7 55 118 405 96 115 16 310 03

2021 46-61 55 13 6.0 4.8 10 138 554 1583 430 09 270 0.3
0-15 59 17 4.7 4.7 83 108 610 72 108 10 74 06

suffolk 15-31 59 14 3.9 2.8 22 112 453 76 100 11 22 04
3146 57 11 5.0 3.9 17 122 566 94 160 07 26 04

46-61 5.2 9 4.2 1.5 5 92 358 86 448 06 1.0 03
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Experimental Design

Thirteen treatments were replicated four times at each site-year in a randomized complete
block design (Table 3-2). Average soybean S uptake of 16-19 kg S ha was used as a guide to
determine a range of fertilizer rates (Gaspar et al., 2018; Salvagiotti et al., 2021). A factorial
arrangement of three S-containing fertilizers (ammonium sulfate [AMS] [21-0-0-24], calcium
sulfate [CaSO4] [0-0-0-17], and elemental S [0-0-0-90]) at three S rates (11, 22, and 33 kg S ha’
1y were broadcasted by hand at planting. Treatments of urea (46-0-0) were applied at rates
equivalent to that supplied by AMS (10, 20, and 29 kg N ha) to examine the impact of N
applied with AMS. A zero-fertilizer control treatment was also included. In 2020, three
treatments of ammonium thiosulfate (ATS) (12-0-0-26) at rates of (11, 22, and 33 kg S ha?)
were applied at planting using a backpack sprayer. Proper soybean maturity groups and cultivars
were planted based on location.

Table 3-2. Fertilizer treatments with nutrient amounts supplied and cost per hectare.
tAmmonium sulfate {Ammonium thiosulfate

Source Rate S Supplied N Supplied

g kg-1
Control 0 0
Low 11 10
AMST Medium 22 20
High 33 29
Low 11 0
CaS0O4 Medium 22 0
High 33 0
Low 11 0
Elemental S Medium 22 0
High 33 0
Low 11 5
ATSH Medium 22 9
High 33 14
Low 0 10
Urea Medium 0 20
High 0 29
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Sample Collection

Uppermost fully developed trifoliate leaves with the petiole removed were collected at
flowering (R1 developmental stage) and full pod (R4 developmental stage) from 15 soybean
plants per plot. Leaf tissue were dried at 55°C until a constant weight was obtained and then
ground to pass a 0.841-mm sieve then analyzed for total C, N, and S content using total
combustion (Dumas, 1831; Elementar, 2000). Plots were harvested for grain yield, and yield was
adjusted to a 130 g kg™ moisture content. Grain samples were collected from each plot for
protein and oil analysis at harvest.

Grain samples were analyzed using near-infrared spectroscopy (NIRS) using the DA
7250 NIR Analyzer and 2019 calibrations from PerkinElmer (Waltham, MA). Seed components
measured included total protein and total oil.

Surface soil samples (0-15 cm) were taken post-harvest from five treatments (control, 30
kg S ha't supplied with AMS, CaSQ4, and ES, and 27 kg N ha! supplied with urea), air-dried,
and analyzed for soil microbial respiration by the CO> burst method (Franzluebbers, 2018).
Statistical Analysis

All analyses were conducted in JMP Pro 16.0.0. In all mixed models, replication nested
within site-year was a random effect. Mixed model analysis of variance (ANOVA) was used to
evaluate the effect of fertilizer treatments on soybean yield, soybean quality factors, and in
season tissue samples (o= 0.1). All site-years were combined and analyzed with treatment, site-
year, and the treatment x site-year interaction being fixed effects only the thirteen treatments that
were repeated all three years were used. Treatment analysis was conducted with only the 13

treatments which were applied all years.
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Sulfur rate and N rate as continuous variables, site-year, their interactions, and the
quadratic relationship between response variables and N and S rates were used as fixed effects to
determine the rate effect. The model was simplified by removing non-significant fixed effects
one at a time until the simplest significant model remained. Several analyses were conducted to
understand how N and S formulation impacted response variables. In these analyses, fertilizer
source, fertilizer rate, site-year, all interactions, as well as quadratic forms of fertilizer rates were
fixed effects; the model was simplified by removing nonsignificant interactions one-by-one until
the simplest model remained.

Soil microbial activity was analyzed with the treatment analysis, and also as a response
variable with site-year, yield, and their interaction as fixed effects. A series of paired two-tailed
t-tests were performed to further analyze the soil factors, totaled from all depths (0-60 cm) (pH,
OM, NOs-N, P, K, Ca, Mg, SOs-S, Zn, Mn, B) that may have impacted the relationship between
yield and STBA.

Results and Discussion

Treatment Effect

Yield, test weight, protein, and oil were not significantly affected by any one individual
treatment, but site-years differed with all response variables (Table 3-3). Table 3-4 displays site-
year means and differences, values followed by different letters are significantly different.
Further analyses were performed to determine source and rate significance on yield and quality
as a factorial arrangement.

Table 3-3. Mixed model analysis of yield, test weight, protein, and oil as impacted by
treatment for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021.

Treatment (T) Site-year (SY) T xSY

Response

Variables Grand mean F Ratio p-value F Ratio p-value F Ratio p-value
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Yield 3227 0.79  0.6609 92.86 0.98  0.5605

<0.0001
Test Weight 688 113  0.3324 272.56 <0.0001 0.81  0.9296
Protein 41 0.28 09918 96.78 <0.0001 0.67  0.9962
Oil 21.8 092 05275 106.19 <0.0001 0.86  0.8560

Table 3-4. Yield, test weight, protein, and oil site-year means for soybean grown on sandy
loam soils in the mid-Atlantic, USA from 2019-2021.

Year Site Yield Test Weight Protein  Qil

kg hat kg m3 %

Chesapeake 3839 cd 689 e 43.3a 20.7h
Essex 3655 de 766 a 409ef 20.7h

2019 Painter 1316 j 709 ¢ 41.7f 22.3de
Suffolk 2040 h 681 f 41.1ef 20.21i
Chesapeake 3358 f 679 fg 42.0bc 20.8h
Eastville 1656 i 676 gh 39.2g 240a

2020 Egsex 3570 ef 673 h 41.3de 23.1b
Painter 2702 ¢ 734 b 420b 2129

Suffolk 4,175b 622 j 415d 226¢

VA Beach 3484 ef 680 fg 415d 22.1ef

2021 Painter 4,094 bc 702 d 36.8h 21.8f

Suffolk 4904 a 660 i 416¢cd 225cd

At the R1 sampling stage, fertilizer treatment impacted S concentration and the treatment
by site-year interaction impacted the N:S ratio (Table 3-5). The zero-fertilizer control contained
2.092 g S kg%, the lowest S concentration, lower than soybean treated with: the medium AMS
rate (2.252 g S kg1), high AMS rate (2.230 g S kg?), low CaSOq rate (2.191 g S kgt), medium
CaSO; rate (2.185 g S kg™), high CaSOj rate (2.260 g S kgl), and high elemental sulfur rate
(2.189 g S kg?) (Table 3-6). Adding S to the soil increased S concentration in plant tissues, while
urea treatments did not increase S concentration. Not all S sources were immediately available,
as seen by the plants treated with the low and medium elemental S rate containing similar S

concentration to the zero-fertilizer control. When analyzed individually by site-year, fertilizer
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treatment impacted R1 leaf tissue N:S ratio at Essex in 2019 (p-value = 0.0104) where soybean
treated with the high CaSO4 rate contained a 26.07 N:S ratio, higher than soybean treated with
the medium CaSOj4 rate with a 24.11 N:S ratio and the medium elemental S rate with a 23.78 N:S
ratio, additionally soybean treated with the high urea rate contained a higher N:S ratio of 25.76
than soybean treated with the medium elemental S rate. Soybean plant S uptake is influenced by
S fertility, but S uptake differences did not lower the N:S ratio, with the exception of Essex in
2019. All N:S ratios, except Essex in 2019 (17.08), were significantly higher than the
recommended 17:1 ratio averaging 26:1 (Bryson et al., 2014). Alternatively, Hitsuda et al.
(2008), suggests that plant tissue N:S and total S analysis may not be the most accurate method
for determining S deficiency but suggest using ion chromatography to determine the
malate/sulfate peak which would remain more stable throughout plant development (Blake-Kalff
et al., 2000). Research has been conducted with the malate/sulfate peak in oilseed rate and wheat,
but further studies in soybean are necessary before this method can be used in soybean
production.

At the R4 sampling stage, fertilizer treatment impacted N and S concentration and the
treatment by site-year interaction impacted C concentration (Table 3-5). The high urea rate
contained 55.18 g N kg-1, the highest N concentration, significantly higher than the low AMS
rate (52.18 g N kg™?), the low elemental S rate (52.35 g N kgl), the medium elemental S rate
(51.55 g N kg™), the high elemental S rate (52.19 g N kg?), the low urea rate (53.05 g N kg™b),
and the medium urea rate (52.04 g N kg?) (Table 3-6). The zero-fertilizer control contained
2.037 g S kg-1, significantly higher than the medium CaSO4 rate (2.141 g S kg™?), and the high
urea rate (2.124 g N kg™l) (Table 3-6). When analyzed individually by site-year, fertilizer

treatment only impacted R4 leaf tissue C concentration at one site-year: Suffolk in 2019 (p-value
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=0.0104). Similar to yield and quality results, all leaf tissue measurements were impacted by
site-year (Table 3-7).

From these two sampling dates, S fertility at planting impacts early leaf tissue
concentrations, but as the plant develops, most S tissue differences become insignificant.
Conversely, N and S fertility do not impact N concentration until later in the reproductive stages
when treatment difference became more apparent. Although treatment did not cause any
difference in yield, plant nutrient concentrations were impacted, these findings may become
more critical in future years when plants become more S depleted and S deficiencies become
more prominent.

Table 3-5. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and

C:N and N:S ratio as impacted by treatment for soybean grown on sandy loam soils in the
mid-Atlantic, USA from 2019-2021.

Treatment (T) Site-year (SY) T x SY
Response Variables Grand mean F Ratio p-value F Ratio p-value F Ratio p-value
N 53.9 1.05 04043 1423 <0.0001 1.14 0.1794
C 452.1 1.1 0.3544 20.85 <0.0001 091 0.7301
R1 S 2.18 3.3 0.0001 795 <0.0001 112 0.2179
C:N 8.48 11 0.3594 1758 <0.0001 1.11 0.2371
N:S 26.15 141 0.1570 3.31 0.0048 1.24  0.0682
N 52.8 2.15 0.0144 340 <0.0001 122 0.1041
C 467.1 2.67 0.0021 19.29 <0.0001 1.25 0.0803
R4 S 2.03 236 0.0065 329 <0.0001 0.99 0.5224
C:N 9.59 093 05172 8385 <0.0001 0.77 0.9298
N:S 26.29 133 0.1995 792 <0.0001 0.65 0.9931

Table 3-6. R1 and R4 leaf tissue N, C, and S concentration and C:N and N:S ratio means
for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021. Values
followed by different letters are statistically different.

Source S Supplied N Supplied R1S R4 N R1S
kg hat g kgt
Control 0 0 2.092 f 54.31ab  2.037 cde
11 10 2.123 cdef 52.18 de 2.039 cde
AMS 22 20 2.252ab 53.76 abcd 2.053 bcd
33 29 2.230ab 53.58 abcd 2.003 de
CaS04 11 0 2.191abc 54.29 ab 1.984 de
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Elemental S

Urea

22
33
11
22
33

0
0

[EEN
SBooooo

20
29

2.185 bcde
2.260 a
2.113 ef

2.126 cdef

2.189 abcd

2.146 cdef

2.117 def
2.116 ef

54.09 abc
53.77 abcd
52.35 cde
51.55¢€
52.19 de
53.05 bcde
52.04 de
55.18 a

2.141 a
2.116 abc
2.024 de
2.056 bcd
2.028 de
1.958 e
2.014 de
2.124 ab

69



Table 3-7. R1 and R4 leaf tissue N, C, and S concentration and C:N and N:S ratio means for soybean grown on sandy loam
soils in the mid-Atlantic, USA from 2019-2021. Values followed by different letters are statistically different.

R1 R4

Year Site N C S C:N N:S N C S C:N N:S

g kg-1 g kg-1

Chesapeake 47.3f 450.7c 220bc 9.72a 21.39cd
Essex 540bc 437.9d 3.16a 8.19de 17.08d 586b 4540d 22labc 779e 267.3bc

2019 Painter 53.3cd 460.5ab 2.10bc 8.69bc 2540bc 26.0e 460.1cd 137 e 1783a 190.5d
Suffolk 60.2a 457.7b 224b 7.62g 26.94bc 59.0b 4704b 233ab 80.0e 254.0bc
Chesapeake 53.2cd 446.6c 207bc 844cd 28.90b
Eastville 53.4cd 4576b 192cd 8.60bc 29.12b 450d 4716b 1.72d 1051b 2829b
2020 Egsex 496ef 4626a 168d 936a 357la 542c 479.3a 205c 88.6c 264.6bc
Painter 55.8b 4473c 2.16bc 8.03ef 26.09bc 64.3a 471.3b 243a 735f 265.6bc
Suffolk 542c 4695b 1.82ab 87.1cd 316.5a
VA Beach 54.4bc 4408d 207bc 824de 26.36bc 545c 457.4cd 222b 859d 245.1c
2021 Painter 59.0a 457.0b 211bc 7.76fg 28.12b

Suffolk 51.7de 456.8b 2.08bc 8.85b 25.08bc 63.5a 460.6c 225b 729f 2828b
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Rate Effect

When analyzing the S and N rate effect, several interactions and effects were detected.
Yield and N rate (p-value = 0.0665) were inversely related, described by the equation, Yield = -
4.01 (N Rate) + 3,277, indicating that for every 1 kg N applied, a decrease of 4 kg ha! yield was
observed.

The S and N rate interaction and the S rate x site-year interaction impacted test weight (p-
value = 0.0326 and 0.0748 respectively). To better understand the main effects this model was
run individually by site-year (Table 3-9). At Suffolk in 2019, S rate decreased test weight, at
Essex in 2020 both S rate and N rate decreased test weight, while the interaction between S and
N rate was significant at Suffolk 2020. Prediction equations are listed in Table 3-9. The Sand N
rate interaction impacted oil (p-value = 0.0768) When analyzed individually by N rate, the S rate
was only significant when N additions were zero (p-value = 0.0522), with the equation oil =
0.041 S rate + 217.7. When S was without additional N, soybean oil increased 0.04 g kg™ for

every one kg S applied.
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Table 3-8. Mixed model analysis of yield, test weight, protein, and oil as impacted by S rate, N rate, and site-year for soybean
grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021.

S Rate (S) N Rate (N) Site-year (SY) SxN SXxSY
Response Variables FRatio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value
Yield 1.27 0.2611 3.38 0.0665 112.16  <0.0001
Test Weight 0.05 0.8258 2.06 0.1512  200.83 <0.0001  4.59 0.0326 1.68 0.0748
Protein 0.18 0.6746 0.05 0.8165 103.29  <0.0001
Qil 4.52 0.0338 0.17 0.6781  112.17 <0.0001 3.14 0.0768

Table 3-9. Individual site-year mixed model analysis of test weight impacted by S rate and N Rate for soybean grown on sandy
loam soils in the mid-Atlantic, USA from 2019-2021.

Year Site S Rate (S) N Rate (N) SXxN Equation

F Ratio p-value FRatio p-value F Ratio p-value

Chesapeake 0.05 0.8240 045 05040 1.63 0.2089

2019 E§sex 0.29 0594 000 09902 0.73 0.3970
Painter 244 0.1251 000 09806 0.02 0.8898
Suffolk 750 0.0088 044 05104 105 0.3106 Test weight =-0.012(S) + 53.04
Chesapeake 148 0.2282 081 03715 0.17 0.6843
Eastville 036 05508 0.88 03513 1.88 0.1756
2020 Essex 573 0.0201 6.30 0.0150 0.05 0.8211 Test weight =-0.017(S) - 0.021(N) + 52.61
Painter 0.01 09084 160 0.2109 188 0.1759
Suffolk 0.06 08084 278 01011 295 0.0913 Testweight=0.002(N)(S) -0.003(S) - 0.030(N) + 48.47
VA Beach 160 02117 033 05701 0.72 0.3991
2021 Painter 143 02380 0.00 0.9878 0.01 0.9102

Suffolk 242 01270 030 0.5892 0.32 0.5776
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In the mid-Atlantic sandy loam soil environment, the rate and timing of S applications
did not impact yield. Average annual S deposition for these sites was 2.7 kg S ha'* and average S
removed by the whole plant was 18.7 kg S ha™* S removal estimated using the 5.8 kg S removed
per kg yield (IPNI, 2012; United States Environmental Protection Agency, 2022). At these
deposition rates a deficit of 16 kg S ha* must be either supplied through the soil or through
fertilizers. Each site-year contained over 16 kg S ha in the top 15 cm of soil, with an average
SO4-S supply of 34.5 kg S ha. Currently these soils are able to provide ample S to meet and
exceed soybean S needs.

In 2019, soils were analyzed for total S, in the top 60 cm these soils averaged 138 mg S
kg soil L. Estimating that 950 g kg S is in an organic form and using the mineralization rate 17-
30 g SOs-S kg S, approximately 7.61 — 13.4 kg SO4-S hal is cycled into the soil solution
annually. Average available SOs-S in the top 60 cm for theses site-years was 183 kg ha™.
Postulating that SOs-S deposition, soil mineralization, and soybean yields remain constant,
coastal plain soil S in the top 60 cm could be depleted below 18 kg SO4-S hat in 20 years
(Figure 3-3). This calculation assumes a mineralization rate of 17 g SOs-S kg S and does not
consider decreasing deposition rates, SO4-S in lower depths, or S removal from other crops.
Farmers should continue to monitor soil S levels as deposition continues to decrease and yields

continue to increase.
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18.7 kg ha'!
needed for ’

growth

annual SO,-S balance in
coastal plain soils
2.1+27-187=-13.9kg S ha'!

Figure 3-3. SO4-S annual balance in Virginia coastal plain soils, assuming yield of 3,227 kg
hal, mineralization rate of 17 g SOs-S kg S** and 142 mg S kg soil™.

At the R1 developmental stage, fertilizer rates impacted multiple leaf tissue
concentrations (Table 3-10). The S rate by site-year interaction and the N rate by site-year
interaction impacted N concentration (p-value = 0.0055 and 0.0630 respectively). When
analyzed individually by site-year, fertilizer rate impacted N concentrations at six site-years. At
Essex in 2019, N rate was negatively related to N concentration (p-value = 0.0456; N
concentration = -0.137N rate + 55.12), N rate was positively related to N concentration at Painter
in 2020 (p-value = 0.0020; N concentration = 0.103N rate + 54.98), and at Suffolk 2021 (p-value
=0.0122; N concentration = 0.074N rate + 51.09), at Eastville and Essex in 2020 the S rate by N
rate interaction was significant (p-value = 0.0796 and 0.0402), and at Virginia Beach the S rate
was positively related to N concentration (p-value = 0.0160; N concentration = 0.198S rate +
5.17). S rate by site-year interaction and the N rate by site-year interaction both impacted the
C:N ratio (p-value = 0.0012 and 0.0452 respectively). When analyzed individually by site-year,
fertilizer rate impacted C:N ratios at six site-years. Nitrogen rate was negatively related to C:N
ratio at Suffolk in 2021 (p-value = 0.0081; C:N = -0.013N rate + 8.95) and at Painter in 2020 (p-

value = 0.0023; C:N =-0.015N rate + 8.16), the S rate by N rate interaction impacted the C:N
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ratio at Essex in 2020 (p-value = 0.0459) both S rate and N rate were negatively related to C:N
ratio at Eastville in 2020 (p-value = 0.0005 and 0.0012 respectively; C:N =-0.016 S rate — 0.017
N rate + 8.964) both S rate and N rate were positively related to the C:N ratio at Essex in 2019
(p-value = 0.0701 and 0.0160 respectively; C:N = 0.015 S rate + 0.023 N rate + 7.802) and S rate
was negatively related to the C:N ratio at Virginia Beach in 2020 (p-value = 0.0111; C:N = -
0.035S rate + 8.72) The S rate impacted S concentration (p-value = <0.0001; S concentration =
0.004 S rate + 2.103) and the N:S ratio (p-value = 0.0365; N:S = -0.061S rate +27.22). Many leaf
tissue nutrient concentration responses to these N and S treatments were highly site-specific, but
evidence from all sites shows that S fertility does increase S concentration thereby lowering N:S
ratios in soybean early reproductive stages.

At the R4 developmental stage, the S rate by site-year interaction impacted N
concentration (p-value = 0.0761) and when analyzed individually by site-year, S rate was
positively related to N concentration at Virginia Beach in 2020 (p-value = 0.0450; N
concentration = 0.199 S rate + 51.84., and at Suffolk in 2021 (p-value = 0.0360; N concentration
= 0.093S rate + 62.22). Carbon concentration was also impacted by the S rate by site-year
interaction (p-value = 0.0463) and when analyzed individually by site-year, S rate was positively
related to C concentration at Painter in 2020 (p-value = 0.0648; C concentration = 0.099 S rate +
469.9) and at Virginia Beach in 2020 (p-value = 0.0733; C concentration = 0.112 S rate + 455.9);
S rate was negatively related to C concentration at Suffolk int 2021 (p-value = 0.0176; C
concentration = -0.160 S rate + 462.8). Sulfur rate was negatively related to C:N ratio (p-value =
0.0097; C:N =-0.010 S rate + 9.59). The S rate by N rate interaction impacted the R4 S
concentration and N:S ratio (p-value = 0.0016 and 0.0070 respectively). When analyzed

individually by N rate, S rate increased S concentration when N rate was zero (p-value = 0.0018;
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S concentration = 0.004 S rate + 1.98). When the N:S ratio was analyzed individually by N Rate,
S rate decreased the N:S ratio when the N rate was 0 kg N ha* (p-value = 0.0015; N:S = -0.084
S rate + 28.04) and increased the N:S ratio when the N Rate was 26 kg N ha™ (p-value = 0.0434;
N:S =0.087 S rate + 25.23). Similar to R1 results, many R4 leaf tissue nutrient concentration
response to these N and S treatments were highly site-specific, but again evidence from all sites
shows that S fertility increases S concentration thereby lowering N:S ratios when N additions are
zero, and also that S rate increased N:S ratio at higher N rates. These findings explain N and S
uptake interaction and will become more essential as soils S continues to be mined from the soil

and S deficiencies become more apparent.
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Table 3-10. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and C:N and N:S ratio as impacted by S
rate, N rate, and site-year for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021.

S Rate (S) N Rate (N) Site-year (SY) SxN SxSY N x SY
Response Variables F Ratio p-value F Ratio p-value F Ratio p-value F Ratio p-value FRatio p-value F Ratio p-value
N 1.66 0.1976 1.5 0.2219 14.24 <0.0001 254 0.0055 1.77  0.0630
C 0.01 0.9199 1.63 0.2027 20.89 <0.0001
R1 S 2349 <0.0001 163 0.2022 7.96 <0.0001
C:N 1.87 0.1722 3.07 0.0805 17.59 <0.0001 297 0.0012 188 0.0452
N:S 4.4 0.0365 0 0.9892  3.33 0.0046
N 5.6 0.0185 1.2 0.2738 340.35 <0.0001 1.8 0.0761
C 1.03 0.3108 5.7 0.0175 19.29 <0.0001 1.99  0.0463
R4 S 5.94 0.0153 0.18 0.6757 33.09 <0.0001 10.1 0.0016
C:N 6.76 0.0097 0.23 0.6298 8275 <0.0001
N:S 0.1 0.7499 028 05944 791 <0.0001 7.35 0.007
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Source Effect
Sulfur Effect in AMS

Several analyses were conducted to assess the impact of different fertilizers sources. First the

impact of S in AMS was measured by comparing AMS treatments with urea treatments (Table 3-11). The
difference between AMS and urea treatments is the presence of S, therefore, differences between
the two can be attributed to the S effect.

The site-year x N rate was significant when analyzing yield. The source x N rate
interaction impacted test weight so the analysis was conducted by source to better understand the
impact of S in AMS. Nitrogen rate negatively impacted test weight (p-value = 0.0418) of
soybeans treatments with urea with the equation, Test weight = -0.58 kg m= + 697, but was not
significant (p-value = 0.4886) for soybeans treated with AMS. Purely N additions may have
caused lower soybean test weight, while AMS treatments maintained a proper N and S balance
which kept test weight consistent with the zero-fertilizer control.

The source x site-year interaction impacted protein, so the analysis was conducted by
site-year to better understand the interaction (Table 3-11). At four site-years, the source impacted
protein (Table 3-12). Soybeans treated with AMS had higher protein than those treated with urea
at Painter in 2020 (p-value = 0.0304; 426.6 g kg™* compared to 416.3 g kg) and Suffolk in 2021
(p-value = 0.0341; 417.8 g kg compared to 413.0 g kg1), but soybeans treated with urea had
higher protein that those treated with AMS at VA Beach in 2020 (p-value = 0.0543; 418.9 g kg™
compared to 411.6 g kg?), and at Painter in 2021 and (p-value = 0.0773; 368.8 g kg™* compared
to 364.7 g kg1), The source x N rate interaction was significant at Suffolk in 2020, but when
analyzed further, N rate was not significant with either AMS or urea. Protein responses to N

source were site-specific.
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Table 3-11. Mixed model analysis of yield, test weight, protein, and oil as impacted by source (ammonium sulfate or urea), N
rate, and site-year for soybean grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021.

Source (So0) N rate (N) Site-Year (SY) Sox N SY x N N x N
F Ratio p-value F Ratio p-value FRatio p-value FRatio p-value F Ratio p-value F Ratio p-value
Yield 0.01 0923 0.03 0.8657 48.96 <0.0001 1.63 0.0908 325 0.0728
Test Weight 1.32  0.2515 3.13 0.0781 100.27 <0.0001 5.39 0.0211
Protein 0.44 05086 0.03 0.8676 53.97 <0.0001 2.07  0.0237
Oil 0.01 09272 261 0.1072 97.53 <0.0001
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Table 3-12. Individual site-year mixed model analysis of protein impacted by source
(ammonium sulfate or urea) and N rate for soybean grown on sandy loam soils in the mid-
Atlantic, USA from 2019-2021.

Year Site Source (So0) N Rate (N) SoxN

F Ratio p-value FRatio p-value F Ratio p-value

Chesapeake 0.10 0.7539 0.00 09871 0.01 0.9044
Essex 0.71 0.4114 0.49 0.4916 0.17 0.6815

2019 Painter 112 03041 223 0.1534 0.03 0.8553
Suffolk 1.97 0.1782 1.45 0.2445 0.11 0.7409
Chesapeake 0.05 0.8195 3.34 0.0852 120 0.2882
Eastville 041 05291 052 04741 0.03 0.8685

2020 E§sex 0.07 07946 0.00 0.9890 1.00 0.3324
Painter 557 0.0304 0.04 0.8449 0.05 0.8175

Suffolk 0.05 08228 045 05117 4.63  0.0460

VA Beach 427 0.0543 090 03549 130 0.2704

2021 Painter 354 00773 005 08201 041 0.5329

Suffolk 536 0.0341 153 0.2339 0.28  0.6058

Leaf tissue analysis revealed several nutrient differences between AMS and ureaas a N
source (Table 3-13). At the R1 developmental stage, the source by N rate interaction impacted S
concentration and when analyzed by source, the quadratic N rate impacted S concentration when
soybean was treated with AMS (p-value = 0.0904; N concentration = -0.0009S rate? + 0.006S
rate + 2.14) , but urea treatments did not impact S concentration (p-value = 0.6552). In AMS
treatments N and S rate are directly related, therefore it can be postulated that N rate significance
on S concentration is due to S in AMS rather than N rate. This will be analyzed and discussed
further when comparing AMS to CaSOs (Table 3-16). Also at this stage, the source by site-year
interaction impacted N concentration (p-value = 0.0162) and C:N ratio (p-value = 0.0111). When
analyzed individually by site-year, plants treated with AMS contained higher N concentrations
when compared to plants treated with urea at three site-years: Chesapeake in 2019 (p-value =

0.0711; 49.4 g N kg™ compared to 45.7 g N kg), Eastville in 2020 (p-value = 0.0001; 56.0 g N
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kg™ compared to 52.0 g N kg), and Virginia Beach in 2020 (p-value = 0.0799; 55.4 g N kg
compared to 50.6 g N kg™?). Similarly, when the C:N ratio was analyzed individually by site-
year, at the same three site-years treatments of AMS lowered the C:N ratio when compared to
treatments of urea: Chesapeake in 2019 (p-value = 0.0711; 49.4 g N kg* compared to 45.7 g N
kg™), Eastville in 2020 (p-value = 0.0001; 56.0 g N kg™ compared to 52.0 g N kg%), and Virginia
Beach in 2020 (p-value = 0.0799; 55.4 g N kg compared to 50.6 g N kg). Site-year analysis
also revealed that at Essex in 2019 N rate impacted the C:N ratio when soybeans were fertilized
with AMS (p-value = 0.0733; C:N = 0.065 N Rate + 7.34) but did not impact soybeans treated
with urea (p-value = 0.8428). Differences in N concentration and C:N ratios suggest that S in
AMS is causing greater N uptake when compared to the pure N source, urea. Lastly at R1 the
source by N rate by site-year interaction impacted N:S ratio. When analyzed individually by site-
year, soybeans treated with AMS contained a lower N:S ratio when compared to urea treatments
(p-value =0.0298; 16.3 compared to 17.2) at Essex in 2019. Similar to C:N ratio analysis, at
Essex in 2019 the N:S ratio of soybeans treated with AMS was impacted by N rate (p-value =
0.0952; N:S =-0.220 N rate + 30.07), but not with urea treatments (p-value = 0.9178).

At the R4 developmental stage soybeans treated with AMS contained a higher
concentration of N when compared to those treated with urea (p-value = 0.0696; 53.1 g N kg™
compared to 52.1 g N kg). Again, these results suggest that S in AMS caused greater N uptake

when compared to the pure N source, urea.
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Table 3-13. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and C:N and N:S ratio as impacted by
source (ammonium sulfate or urea), N rate, and site-year for soybean grown on sandy loam soils in the mid-Atlantic, USA
from 2019-2021.

Response

) Source (So0) N rate (N) Site-Year (SY) SoxN So x SY N x SY Sox N xSY
Variables

F Ratio p-value F Ratio p-value FRatio p-value FRatio p-value F Ratio p-value F Ratio p-value F Ratio p-value

N 451 00349 023 06307 9.81  <0.0001 225 0.0162
C 0.03 08519 239 01237 2499 <0.0001
S 7.85 0.0056 141  0.2357 6.5 <0.0001 3.44 0.0651
C:N 5.08 0.0253 0.058 0.4487 10.85 <0.0001 238 0.0111
N:S 033 05686 148 0.2252 3.05 0.0079 294  0.0879 0.4 09463 064 0.7804 245 0.0092
N 3.34 0069 1.15 0.2847 136.13 <0.0001
C 111  0.2941 162 0.2052 13.68 <0.0001
S 041 0.5235 0.1 0.7521 25.37 <0.0001
C:N 237 01258 164 0.2023 391.2 <0.0001
N:S 393 0.0491 143 0.2341 8.79 <0.0001

R1

R4
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Nitrogen Effect in AMS

The impact of N in AMS was analyzed by comparing AMS treatments to CaSOg4
treatments (Table 3-14). The difference between AMS and CaSOj4 treatments is the presence of
N, therefore, differences between the two can be attributed to the N effect.

The source x site-year interaction impacted yield (p-value =0.0702). At Chesapeake in
2019, soybean treated with CaSOys yielded higher (4,080 kg ha!) than soybean treated with AMS
(3,726 kg hal) (p-value = 0.0337). The interaction between source and S rate was significant at
Painter in 2020; individual analysis by source indicate that S rate was significant when soybeans
were treated with CaSOs (p-value = 0.0272), while S rate was not significant when soybeans
were treated with AMS (p-value = 0.6307). At this site, S rate with CaSO4 was described by the
model Yield = 17.59(S rate) +2404. Sulfur rate impacted oil, which is to be expected as this
significance was seen in the rate analysis (Table 3-8).
Table 3-14. Mixed model analysis of yield, test weight, protein, and oil as impacted by

source (AMS or CaSOa), S rate, and site-year for soybean grown on sandy loam soils in the
mid-Atlantic, USA from 2019-2021.

Source (So0) S rate (S) Site-Year (SY) So x SY
F Ratio p-value F Ratio p-value FRatio p-value FRatio p-value
Yield 246 0.1183 0.08 0.7819 4469 <0.0001 1.72 0.0702

Test Weight 033 05671 0.00 0.9799 24418 <0.0001
Protein 030 05859 013 0.7172 8497 <0.0001
oil 087 03522 397 0.0474 107.6 <0.0001

Table 3-15. Individual site-year mixed model analysis of protein impacted by Source (AMS
or CaS0a), S Rate, for soybean grown on sandy loam soils in the mid-Atlantic, USA from
2019-2021.

Year Site Source (S0) S Rate (S) SoxS

F Ratio p-value FRatio p-value FRatio p-value

Chesapeake 533 0.0337 067 04259 0.01 0.9095
Essex 0.88 03605 058 04566 055 0.4673
Painter 0.64 04332 0.00 09454 020 0.6577
Suffolk 0.04 08399 005 08297 172 0.2077

2019
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Chesapeake 1.62 0.2201 0.01 0.9404 0.66 0.4276
Eastville 098 03364 023 0.6379 0.08 0.7822
Essex 079 03879 084 03716 0.08 0.7801

2020 Painter 0.14 0.7164 091 03533 3.09 0.0968
Suffolk 259 01273 084 03746 0.06 0.8066

VA Beach 190 0.185% 1.11 03065 0.53  0.4752

2021 Painter 0.62 04415 034 05661 215 0.1606

Suffolk 001 09436 058 0.4567 0.89  0.3583

Leaf tissue analysis revealed several nutrient differences between CaSO4 and AMS
(Table 3-16). S rate impacted S concentration (p-value = 0.0107), and since sources were similar
(p-value = 0.6840), this confirms the postulation in the previous analysis that increases in S
concentration with AMS applications can be attributed to the S in the fertilizer rather than the N.
Source did not impact leaf tissue concentrations at R1, but several interactions became
significant later in the season at the R4 developmental stage. Nitrogen concentration was
impacted by the source by site-year interaction, and when analyzed by site-year soybean treated
with CaSO4 contained higher N concentration when compared to soybean treated with AMS (p-
value =0.0319; 59.4 g N kg* compared to 53.9 g N kg™). The source by S rate interaction
impacted S concentration, and when analyzed individually by source, when fertilized with
CaSO0q4, the quadratic S rate impacted leaf S concentration (p-value = 0.0711; S concentration = -
0.0008S rate? + 0.007S rate + 1.97), but S rate did not impact leaf S concentration when
fertilized with AMS (p-value = 0.4751). Both the source by site-year interaction and the S rate by
site-year interaction impacted the C:N ratio at R4; when analyzed by individually by site-year, at
Virginia Beach in 2020, plants fertilized with AMS contained a higher C:N ratio when compared
to plants fertilized with CaSO4 (p-value = 0.0352; 8.64 compared to 7.79). Similar to S effect in
AMS analysis, the source by S rate by site-year interaction impacted N:S ratio (p-value =

0.0396) when comparing AMS and CaSOs; and when the N:S ratio was analyzed individually
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by site-year, at Suffolk in 2021, plants treated with AMS contained a higher N:S ratio than those
treated with CaSOg4 (p-value = 0.0989; 29.1 compared to 28.1). As seen with previous analyses

many nutrient uptake differences were site-specific. While there was not a difference in response
to S rate at the R1 developmental stage, later in the season at R4, the CaSQO4 rate impact was still

impacting S concentration.
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Table 3-16. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and C:N and N:S ratio as impacted by
source (ammonium sulfate or CaSOa), S rate, and site-year for soybean grown on sandy loam soils in the mid-Atlantic, USA
from 2019-2021

Response

Variable Source (So) S rate (S) Site-Year (SY) Sox$S Sox SY SxSY SxS Sox Sx SY
F Ratio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value
N 0.39 0.5314 1.03 0.3108 10.3 <0.0001
C 1.33 0.2499 1.68 0.1961 8.38 <0.0001
R1L S 0.17 0.6840 6.63 0.0107 6.8 <0.0001
C:N 187 0.1734 0.54 0.4637 13.82  <0.0001
N:S 0.62 0.4304 4.65 0.0322 3.24 0.0054
N 291 0.0900 1.94 0.1656  188.8  <0.0001 2.01 0.0485
C 11 0.2966 0.94 0.3331 12.62  <0.0001
R4 S 25 0.1158 2.3 0.1313 21.65 <0.0001  6.97 0.0091 4.97 0.0272
C:N 014 0.7099 1.78 0.1846  607.13 <0.0001 1.99 0.0517 1.87 0.0686
N:S 0.14 0.7070 0.65 0.4222 5.84 0.0004 5.76 0.0178 0.26 0.9783 0.51 0.8508 2.12 0.0396

86



Sulfur Form and Availability Analysis

The S formulation effect was analyzed by comparing CaSO4 treatments to elemental S
treatments (Table 3-17). These two fertilizers differ in S availability; therefore, this analysis
compares a sulfur source that is immediately available at application, to one which must first go
through microbial oxidation before it can be taken up by the soybean. The source x S rate
interaction impacted oil, so individual analyses of source were conducted to better understand the
interaction. S rate negatively impacted the oil concentration of soybean treated with CaSQO4 (p-
value = 0.0355; Oil =-0.095S rate +216.6) but did not impact the oil concentration of soybean
treated with elemental sulfur (p-value = 0.9389).
Table 3-17. Mixed model analysis of yield, test weight, protein, and oil as impacted by

source (CaSOq or Elemental S), S rate, and site-year for soybean grown on sandy loam soils
in the mid-Atlantic, USA from 2019-2021.

Source (So0) S rate (S) Site-Year (SY) SoxS
F Ratio p-value F Ratio p-value FRatio p-value F Ratio p-value
Yield 024 0.6255 0.03 0.8583 94.62 <0.0001

Test Weight 0.04 0.8368 0.02 0.8841 196.99 <0.0001
Protein 036 05512 117 02794 7856 <0.0001
oil 0.02 09009 247 0.1169 187.24 <0.0001 2.79  0.0959

Leaf tissue analysis revealed several nutrient differences between CaSO4 and Elemental S
(Table 3-18). At the R1 developmental stage, the source by S rate and the source by site-year
interaction impacted N concentration (p-value = 0.0934 and 0.0044 respectively). When
analyzed individually by site-year, at Essex in 2019, soybean fertilized with elemental S
contained a higher N concentration when compared to those fertilized with CaSO4 (p-value <
0.0001; 56.8 g N kg* compared to 52.8 g N kg™), but at Eastville in 2020, soybeans fertilized
with CaSO4 contained a higher N concentration when compared to those fertilized with elemental

S (p-value = 0.0224; 55.2 g N kg* compared to 51.4 g N kg™t). The source by site-year
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interaction also impacted S concentration and C:N ratio (p-value = 0.0795 and 0.0309
respectively). When S concentration was analyzed individually by site-year, at Virginia Beach in
2020, soybeans fertilized with CaSO4 contained a higher S concentration when compared to
those fertilized with elemental S (p-value = 0.0123; 2.16 g S kg™ compared to 2.03 g S kg), at
Painter in 2019, leaf S concentration of soybean fertilized with elemental S was negatively
related to S rate (p-value =0.0980; S concentration = -.0048S rate + 2.145). When C:N ratio
was analyzed individually by site-year, at Essex in 2019, soybean treated with CaSO4 contained
a higher C:N ratio than those treated with elemental S (p-value = 0.0216; 8.37 compared to 7.78),
but Eastville in 2020 soybean treated with elemental S contained a higher C:N ratio when
compared to those treated with CaSO4 (p-value <0.0001; 8.88 compared to 8.34).

At the R4 developmental stage, the source by site-year interaction impacted N
concentration and the C:N ratio (p-value = 0.0101 and 0.0768 respectively). When analyzed
individually by site-year, at Suffolk in 2019, soybean fertilized with CaSO4 contained a higher N
concentration when compared to soybean fertilized with elemental S (p-value = 0.0466; 60.6 g N
kg™ compared to 57.5 g N kg™), similar results occurred at Virginia Beach in 2020 where
soybean fertilized with CaSO4 contained a higher N concentration when compared to soybean
fertilized with elemental S (p-value = 0.0462; 59.3 g N kg™ compared to 52.6 g N kg?). Similar
to the N concentration results, when the C:N ratio was analyzed individually by site-year,
soybeans treated with CaSO4 contained a lower C:N ratio when compared to those treated with
elemental S at Suffolk in 2019 (p-value = 0.0311; 7.81 compared to 8.20) and at Virginia Beach
in 2020 (p-value = 0.0914; 7.82 compared to 8.86). While there were many site-specific
differences to S source, when comparing CaSO4 and elemental S, no source effect across all site-

years was found.
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Table 3-18. Mixed model analysis of R1 and R4 leaf tissue N, C, and S concentration and C:N and N:S ratio as impacted by
source (CaSOq or Elemental S), S rate, and site-year for soybean grown on sandy loam soils in the mid-Atlantic, USA from
2019-2021.

Response Variable Source (So0) S rate (S) Site-Year (SY) Sox$S Sox SY SxSY SXS
F Ratio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value FRatio p-value F Ratio p-value
N 138 0.2412 0.12 0.7284  16.68 <0.0001 2.85 0.0934 2.67 0.0044
C 0 0.9810 1.99 0.1603  32.33  <0.0001
R1 S 6.12 0.0142 8.22 0.0046 8.23 <0.0001 171  0.0795
C:N 1.35 0.2461 0.05 0.8225 17.96  <0.0001 2.04  0.0309
N:S 0.79 03764 2.29 0.1314 3.11 0.0070
N 124  0.2667 229 0.1323  288.47 <0.0001 2.62 0.0101
C 0.26 06113 1.36 0.2457 2415 <0.0001
R4 S 124 0.2675 18.02 <0.0001 26.74 <0.0001
C:N 075 03871 298 0.0865 648 <0.0001 1.82  0.0768
N:S 0.05 0.8163  6.49 0.0119 3.97 0.004 255 0.0124 3.08 0.0815
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Similar to treatment and rate effects, all measured leaf concentration variables were
impacted by site-year (Tables 3-5 and 3-10).
Soil Microbial Respiration

When analyzing the impact of fertilizers on the soil microbial respiration, treatment was
not significant (p-value = 0.6201), but site-years differed from each other (p-value <0.0001)
(Table 3-19). A t-test revealed that soils treated with S did not differ from soils which did not
receive S (p-value = 0.7283). Similarly, soils treated with N did not differ from soils from soils
which did not receive N (p-value = 0.3278). The yield x site-year interaction (p-value = 0.0003)
significantly impacted soil-test biological activity (STBA), so individual analysis by site-year
was conducted. At three site-years (Essex in 2019, Essex and Suffolk in 2020), STBA was
positively correlated with yield, while at two site-years (Chesapeake and Painter in 2019), STBA
was negatively correlated with yield; equations are listed in Table 3-19.
Table 3-19. Soil-test biological activity (STBA) analysis by site-year for soil post-soybean

crop on sandy loam soils in the mid-Atlantic, USA from 2019-2021. Values followed by
differing letters are statistically different.

Year Site Grand mean F ratio  p-value Equation
(mg C) (kg soil)* (3 days)™*
Chesapeake 111 bc 523 0.0349 STBA =-0.016Y +171
2019 Essex 109 bc 9.16 0.0881 STBA =0.028Y +9.58
Painter 107 bc 3.16  0.0929 STBA =-0.024Y + 138
Chesapeake 101 cd 097 0.3384
Eastville 58 g 0.69 0.4186
2020 Es_sex 93 de 27.7 <0.0001 STBA =0.027Y +0.362
Painter 118 b 1.73  0.2058
Suffolk 79 f 6.12 0.024 STBA =0.011Y +33.8
VA Beach 132 a 2.82  0.1464
2021 Painter 87 ef 0.68  0.4197

The three site-years with positively related yield and STBA were compared against the

remaining seven site-years with a t-test (Table 3-20). Site-years where yield and STBA were
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positively related had higher pH, (p-value = 0.0368), higher NO3-N (p-value = 0.0673), lower P
(p-value = 0.0959), lower SO4-S (p-value = <0.0001), and lower B (p-value = 0.0235). Similarly,
the two site-years with negatively related yield and STBA were compared against the remaining
eight site-years (Table 3-20). Site-years where yield and STBA were negatively related had a
lower pH (p-value = 0.0791), lower NO3-N (p-value = 0.0051), lower Mg (p-value = 0.0958),
and higher SOs-S (p-value = 0.0018). It is important to note that soil factors were determined at
planting, while STBA was analyzed after harvest. Soybean and soil microbes may be competing
for SO4-S in the soil, as indicated by the negative relationship at site-years with high SOs-S. It
is not clear whether STBA is driving yield or if yield is driving STBA, but soil, soybean, and

microbes are related, and these results present potential for future studies.
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Table 3-20. T-test results comparing site-years with positively related yield and STBA against other site-years and site-years
with negatively related yield and STBA against other site-years.

pH OM  NOszN P K Ca Mg  SOsS  Zn Mn B
D | mmmmmmmmmmmmmemmeeeoooceeooooeeaeoe- O
Positive 6.1 1.2 6.4 325 845 4221  92.6 8.4 13 20.2 0.36
Relation
Negative/No ¢ 15 43 722 875 4918 959 20.4 11 15.0 0.43
Relation
pvalue ~ 00368 02567 00673 00959 08995 06110 09292 _o ... 01446 05192 0.0235
Negative 5.2 1.7 2.6 78.3 828 4265 69.5 251 1.0 23.8 0.38
relation
Positive/No - 1.4 5.3 59.1 87.6 4840 1002 15.9 1.2 14.8 0.42
Relation

p-value 0.0791 0.3869 0.0051 0.6476 0.9056 0.5011 0.0958 0.0018 0.5983 0.7437 0.3981
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Conclusions

Currently, soil SO4 levels in the mid-Atlantic coastal plain system are able to supply
necessary S for optimal soybean growth and development. In the site-years studied, N fertilizer
decreased soybean yield proportional to the N rate applied. Sulfur source leaf tissue responses
were highly site-specific. Soybeans fertilized with AMS treatments contained higher N
concentrations compared to those fertilized with urea, and soybeans fertilized with CaSO4
contain higher N concentrations compared to those fertilized with AMS. Basic soil biological
activity is not impacted by S fertilizers but is related to yield and soil factors. Although S fertility
did not impact soybean yield, plant nutrient uptake differences indicate the potential for S
fertility benefits in the future when soils become S depleted due to higher yields and nutrient
mining. Farmers should continue to monitor S soil and tissue levels of their fields to ensure

healthy and profitable crops.
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Chapter 4. Edamame Yield and Quality Response to Nitrogen and Sulfur Fertilizers

Abstract

As the world leader of soybean (Glycine max) production, the United States imports
approximately 70% of domestic edamame consumed. Producers and retailers in the United States
are interested in capitalizing on new edamame markets to provide a domestic product. As
farmers adapt production methods from oilseed soybean to vegetable soybean, key management
practices will need to be considered. The objectives of this study were to 1) determine the
optimal nitrogen (N) rate and N application timing for edamame in the Mid-Atlantic coastal plain
system and 2) ascertain whether sulfur (S) is limiting in this system. The experiments were
conducted for 3 years in Painter, VA, USA on sandy loam soils. A factorial arrangement of N
rates (22.4, 44.8, 67.3, and 89.7 kg N ha!) were applied with two application timing strategies:
at-planting, and split application (50% of N was applied at-planting and 50% at R1
developmental stage). One treatment of 67.3 kg N ha™! and 22.4 kg S ha, both split applied, was
implemented to examine possible S impact. A no-fertilizer control treatment was also included.
Tissue samples of uppermost fully developed trifoliate leaves, without the petiole, were collected
and analyzed at the R1 developmental stage. Normalized Difference Vegetation Index (NDVI) —
was measured at harvest (R6 developmental stage). At harvest, whole pods were mechanically
collected, and yield was measured. Pods and bean quality were measured by 100 pod weight,
beans per pod, pod dimensions, and total carbon (C), N, and S content. Nitrogen rate
significantly increased yield one out of three years in a linear response (Yield = 29.9x + 3387)
when all N was applied at planting but was not significant with split applications. Treatments of
N and S did not impact leaf tissue and total plant uptake, but all S leaf concentrations were below

recommended sufficiency levels (averaging 1.8 g kg* for all three years) and all N:S ratios were
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higher than recommended (averaging 28.8 for all three years). No fertilizer rate or timing
impacted maturity of edamame plants or final pod/bean quality. None of the parameters tested
indicated that N fertilizer decreased yield or quality. In conclusion, N fertilizer applied at-

planting may aid edamame yield and profit for sandy loam soils in the mid-Atlantic, USA.

Introduction
Edamame Relevance

Edamame, the Japanese name for vegetable soybean, is the same species as commercial
soybean (Glycine max (L.) Merr.) grown for oilseed production throughout the world.
Historically, edamame consumption was popular in many Asian countries such as China, Japan,
and Korea (Benziger & Shanmugasundaram, 1995). Most popular in Japan, 2015 annual
Japanese domestic edamame production was 44,500 mt in addition to 30,300 and 19,027 mt
imported from Taiwan and China respectively (Wang, 2018). In the U.S., consumption has
increased approximately 12-15% per year to 25,000 -30,000 tons annually as consumers sought
healthful, plant-based protein sources (Edamame Production Facts, 2012; Neill & Morgan,
2021). Soyatech, LLC, recorded U.S. frozen edamame sales increased 40% between 2003-2007

from US$18 million to US$30 million (Bernick, 2009).

Conversely, U.S. edamame production has not matched demand, with approximately
70% of U.S. edamame consumed being imported from China (Barlow, 2018; Yu et al., 2021).
Edamame is imported as a frozen product, but domestic edamame demonstrates a great
opportunity for U.S. producers to provide consumers with a local fresh product. In 2001, the
University of Kentucky estimated hand-harvested, wholesale, fresh market edamame’s return
was 638 US$ ha (Ernst & Woods, 2001). To produce high quality, high yielding edamame for

U.S. domestic markets that can be mechanically harvested, proper agronomic management
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techniques must be developed for sustainable and economically viable production within the

expanding edamame industry.

Edamame nutrient management is essential as proper plant nutrition not only ensures
optimal growth and development, but also a healthy plant to defend against pests. When soil, air
and rainfall are not able to supply all necessary nutrients, fertilizer additions must be made
purposefully and precisely for optimal edamame yield and quality. The International Plant
Nutrition Institute (IPNI) recommended four considerations when adding nutrients to the soil;
use the right source at the right rate with the right timing in the right place (IPNI, 2012).
Correctly applying fertilizer according to these four management practices ensures plant health,
edamame quality, proper maturity rates, as well as efficient use of expensive fertilizer nutrients
that ultimately ensures long-term environmental integrity by reducing offsite nutrient losses.
Nitrogen Needs

Nitrogen (N) is arguably the most important mineral nutrient as N is a key component of
amino acids, DNA, and chlorophyll; therefore, essential for photosynthesis. At flowering, also
known as the R1 developmental stage, the N sufficiency range for soybeans, when measured by
the most recently matured trifoliate leaves, is between 32.5 and 50 g kg%, and a similar range at
pod-filling (35 to 50 g kg*) (Bryson et al., 2014). Not only is N essential for plant growth, but
also impacts bean quality, specifically protein and oil content. In a study of 54 genotypes, mature
soybean protein and oil concentrations were approximately 427 and 196 g kg™ respectively,
while shell-dried edamame protein and oil concentrations were 433 and 206 g kg™ respectively
(Jiang et al., 2020). Total soybean uptake is 82 kg N for every 1,000 kg harvested and crop

removal is 55 kg N per 1,000 kg (IPNI, 2012). The annual N deposition for the study area was
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8.61 kg ha* in 2016 (United States Environmental Protection Agency, 2022b). Remaining N for

proper plant growth is obtained from soil organic matter, biological N fixation, or fertilizer.

As a legume, soybean is able to form a symbiotic relationship with Bradyrhizobium
japonicum; bacteria which fix N2 from the atmosphere, into ammonia (NHz3) a plant available
form of N. Bezdicek et al. (1978) reported N, fixation over 300 kg ha* in inoculated soybeans
grown in N deficient soils, with N> fixation contributing 71-80% of total plant N. Additionally,
these inoculated soybeans yielded 3,454 and 2,547 kg ha™* higher than the uninoculated control
(Bezdicek et al., 1978). Conversely, studies in Nebraska silt loam, silty clay loam and sandy
loam soils and Argentina deep fine-loamy soils in high-yielding environments (>4,500 kg hal)
demonstrated that soil N and N> fixation do not supply sufficient N to achieve maximum yields
(La Menzaet al., 2017, 2019). As yield increased, the ratio of biologically fixed N to total N
uptake also decreased, indicating additional N is necessary at higher yields (Salvagiotti et al.,
2008). La Menza et al. (2019) observed an average of 600 kg ha™* yield increase when N was
supplied at rates to satisfy each site-specific yield potential. A hydroponic study documented
delayed nodule formation at nutrient solution concentrations as low as 0.5 mM NO3z™ and higher
NOs" concentrations further delayed nodulation (Gibson & Harper, 1985). In a meta-analysis
across 17 countries with diverse environments, Salvagoitti et. al. (2008) observed that increased
N rates exponentially decreased N> fixation when N was surface applied or incorporated in the
topsoil layers. In a hydroponic study, when high nitrate solution levels inhibited nodulation, yield
was less than control plants which utilized nitrate in solution and also N2 fixed from nodules
(Harper, 1974). Although positive yield response to N fertilizer was recorded, adding N may

delay symbiotic biological N> fixation, which is essentially a free N source for the farmer.
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As a monocarpic plant, soybean transfers mobile nutrients from vegetative structures to
the seed during senescence, therefore, total N uptake impacts seed yield (Salvagiotti et al., 2008).
Between R4 and R5, daily N uptake can reach 4.3 kg N ha (Gaspar et al., 2017). In soybean, N
accumulation contained within vegetative structures is highest during R5 around 60 days after
sowing (DAS) and begins to decrease around 73 DAS during R6 when N is transferred from
vegetative structures to the reproductive structures (Islam et al., 2016). After R5.5 550 -590 ¢
kg™ of vegetative N is translocated to the seed (Bender et al., 2015; Hanway & Weber, 1971).
Minimal N translocation occurs in edamame, as edamame is harvested at R6, right after

translocation begins, so many nutrients remain in the leaves and stems.

Nitrogen fertilizer studies on soybean across the U.S. have produced varying yield
results. In Mississippi on sandy or silt loam soils when N application increased yield, an average
of 4% increase occurred when averaged across N rates (45-179 kg N hal) and application
timings (V4 or R1) (McCoy et al., 2018). In Kansas, a study demonstrated a 7.7 kg ha* yield
increase when 22 kg N ha* was applied at R3 to irrigated high yielding soybean (Wesley et al.,
1998). Chiluwal et al. (2021) documented yield increases to 202 kg N ha* applied after R5 in
Minnesota and Arkansas. Conversely, a study in Alabama in fine sandy loam, sandy loam, and
silt loam soils observed mixed results (Wood et al., 1993). This study compared a no-N-control
with a full factorial of two cultivars and three N applications (33 kg ha* at planting, 56 kg ha* at
R1, and 56 kg ha! at R5). Positive yield response occurred at five out of seven sites, but not
across all timings and cultivars. The most common positive yield response occurred with the N
applications at R5, but at two sites this application decreased yield. Fertilizer treatments
increased yield at-planting at two locations. Overall, the response was not reliable enough to

recommend N applications for soybean.
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Soybean response to N fertility is highly dependent on environment and management. A
synthesis analysis combining results from sixteen states, covering 86% of U.S. soybean
production, concluded that N management decisions should be made in conjunction with non-N
management decisions as many interactions between the two were observed (Mourtzinis et al.,
2018). For example, N application timing was significant in irrigated environments, while in
rainfed environments, N application timing was only significant at high seeding rates. Mourtzinis
et al. (2018) also stated that N rate increased yield in only 13 out of 207 environments, and in
environments where yield was increased the range was 0.9-3 kg ha™* for every kg N applied.
Salvagiotti et al. (2008) also concluded that high-yielding environments (> 4,500 kg ha) were
more likely to responded to N fertilizers. From the studies listed, N additions typically only

impact yield in high yielding environments.

Plant N uptake is dependent on the amount of N in the soil; the two plant-available soil N
forms are nitrate (NO3") and ammonium (NH4"). In most cropping systems, ammonium is
quickly nitrified into nitrate (Reiter & Daniel, 2013; Sahrawat, 2008). As an anion, nitrate
leaches through the soil profile leaving the root zone; leaching occurs more quickly in coarse
textured soils when compared to finer textures. Leaching, runoff, volatilization, and
denitrification all threaten soil N in Virginia, due to environmental conditions and management
practices (Frame & Reiter, 2013). Nitrogen fertilizer programs for snap bean Phaseolus
vulgaris— a legume with similar growth and development to edamame — recommend split N
applications when grown in coarse textured soils, to ensure proper nutrition is available
throughout (Heinrich et al., 2016; Reiter et al., 2022). Split applications can combat N losses by
provide lower amounts of N throughout the season to ensure adequate nutrition during critical

growth stages.
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Nitrogen is a main component of protein; therefore, much research has been conducted
measuring the impact of N fertilizer on protein concentration. Late-season N additions at R5
demonstrated increased protein concentration in the soybean seed in fine-silty soils in Arkansas,
Kentucky, and Minnesota (Chiluwal et al., 2021). While other research in Kansas in silt loam,
fine sandy loam, and loamy fine sand soils found mixed results, stating N additions at R3 are not
a reliable method to increase protein concentration in the bean (Wesley et al., 1998). Similarly,
research in Alabama in fine sandy loam, sandy loam, and silt loam soils indicated that N
additions are not a reliable method to increasing protein content in soybean seeds (Wood et al.,
1993). Protein increases with N fertilizer most commonly occurred with late season applications.
In edamame, late season N additions may not be taken up by the plant or translocated to the seed

before the pods are harvested.

Although N additions may improve yield, N fertilizer is not typically economical for
soybean production (McCoy et al., 2018; Salvagiotti et al., 2008). Being a specialty crop with
higher prices per unit, N additions in edamame may prove to increase profit margins. In 2001,
Ernst & Woods (2001) approximated the breakeven price of edamame production at 0.45 US$
kg, A separate high-management study using high-tunnels required yields of 20,000 kg ha* and
fresh market cost of 5 U.S.$ kg to sustain edamame production (Bec et al., n.d.). Varying
production costs across management styles and the volatility of new commodity market prices

make profitability analysis challenging.

While extensive research was done to measure impacts of N fertilization on soybean
yield and seed quality, little was completed to document N impacts on edamame. Edamame is

harvested green, prior to senescence, therefore not all nutrients have been translocated to the seed
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as occurs with conventional oilseed soybean. For this reason, edamame seed overall yield and
quality responses to N fertilizers may be different than soybean seed yield and quality responses.
Sulfur Needs

Sometimes labeled the fourth most important nutrient, sulfur (S) is essential for formation
of proteins, oils, and chlorophyll, and aids in nodule formation, enzyme activation, and is a
structural component of two essential amino acids: cysteine and methionine. Sulfur containing
compounds are responsible for bitter acrid flavors, undesirable to consumers in vegetables
(Kopsell et al., 2003). At flowering, the S sufficiency range for soybeans, when measured by the
most recently matured trifoliate leaves, is between 2.5 and 6 g kg, this range decreases at pod-
filling with sufficient levels being between 2 to 3.5 g kg(Bryson et al., 2014). Typically, 3 kg S

are removed for every 1,000 kg of soybean harvested, (IPNI, 2012).

Sulfur and N in the plant are closely related as one nutrient influences the other as
assimilated by the plant. Increasing amounts of S will increase N uptake and increased N levels
cause S deficiencies to be more apparent; for legumes, typical N:S ratios should be 17:1 (Bryson
et al., 2014). Additionally, ammino acid concentrations are also connected to N and S levels with
typical cystine and methionine concentration in the soybean seed are both approximately 6.5 ¢

kg correlating to approximately 87 g kg™ total N content (Friedman & Brandon, 2001).

Lower atmospheric deposition rates have caused increased interest in S fertilization. In
1985, the National Atmospheric Deposition Program (2022) report approximates 30 kg S ha'
from atmospheric deposition at our Painter, VA, USA site, and according to EPA annual S
deposition in 2016 was 2.7 kg ha™* (United States Environmental Protection Agency, 2022a).
Lower deposition rates coupled with increasing yields of all major crops could deplete soil S

banks.
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Most soil S is contained within organic matter (OM) (950 g kg*), with only a small
amount (5 g kg™?) being readily plant available as sulfate (SO42). A few of the many factors
which impact available sulfur are soil texture, temperature, pH, and rainfall. Annual sulfur
mineralization ranges from 17-31 g kg OM and is mainly dependent on microbial activity,
which varies according to moisture, temperature, pH, and nutrient availabilities (Eriksen et al.,
1998). In acid soils, SO adsorption occurs, but most agricultural soils are not acidic enough for
this to be significant (Eriksen et al., 1998). Sulfate leaches through the soil, at slower rates than
nitrate, becoming unavailable for plants through downward movement from the active root zone

(Narayan et al., 2022). Leaching occurs more rapidly in coarse-textured soils with high rainfall.

Recent studies have produced mixed results of S additions on soybean seed yield. A
meta-analysis of 44 site-years in various environments and management programs across 8 states
in the central U.S. concluded that S applied at planting increased seed yield and protein, but the
high heterogeneity of results makes site-specific S recommendations difficult (Borja Reis et al.,
2021). Another study, across 10 soybean-producing, states reported that S additions increased
yields at 3 out of 52 site-years and noted that responses to N and S fertilizers were not seen in
environments with average yields below 3,643 kg ha™* (Brooks et al., 2022). Sulfur additions at
rates as high as 33 kg S ha* did not increase yield in medium textured soils with low OM and S
deficiencies (Cannon et al., 2021). A study across the main U.S. soybean producing region
concluded that 10 kg S ha* did not impact seed yield but did increase seed protein by 10 g kg™
when S was applied at planting (Moro Rosso et al., 2020). Fertilizing edamame with S may

increase edamame yield or enhance nutrient quality.
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Maturity

Proper harvest of edamame is R6, also known as “full seed,” when pod weight is
maximized (McWilliams et al., 1999; Saldivar et al., 2011; TeKrony et al., 1979). At this stage,
pods and beans are still green, beans are touching in the pod, and lower leaves may yellow and
drop from the plant (McWilliams et al., 1999). The ideal window for edamame harvest lasts
approximately 18 days or less (Nolen et al., 2016; Purcell et al., 2014). R7 is classified as
physiological maturity and is indicated by one pod that has mature color: brown, tan, lacking all
green color (McWilliams et al., 1999). While the bean still contains 60% moisture at this stage
(McWilliams et al., 1999), it is no longer desirable to the edamame consumer. As the plant
matures mono- and disaccharides decrease while oligosaccharides increase (Saldivar et al.,
2011). Konovsky (1994) reported that when pod color and seed size seem optimal for harvest,
flavor has already begun to deteriorate. Additionally, pests can damage pods, which triggers
premature yellowing and can halt the normal pod development (Martinelli et al., 2004). Proper

harvest time is essential to ensure crop quality and marketability.

Soil solution can impact growth and development rates. In a hydroponic study, nutrient
solution N concentrations of 400 to 800 mg N L™ delayed and even prevented leaf senescence
(Islam et al., 2017). In this study, plants continued to mature, and beans began to yellow while
the leaves and stems remained green (Islam et al., 2017). Current edamame harvest
recommendations are when beans are touching in the pod and leaves just begin to turn yellow. If
excess N is applied, the beans may be touching, and the pods may even begin to lose their green
color before the leaves start to senesce. If this occurs harvest could be delayed resulting in poor
crop quality. Nitrogen’s total impact must be measured, not only on the bean, but also N’s

impact on the growth and development of the plant. The longer a crop is in the field, the greater
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the potential for decreased quality. As a vegetable crop, pod and bean quality can determine crop

failure verses crop success.

The objective of our project was to determine the optimal N rate and N application timing
for edamame in the Mid-Atlantic coastal plain system and ascertain whether S is limiting in this
system. Growers need region specific recommendations to ensure optimal yield and seed/pod
quality (Reiter et al., 2022).

Materials and Methods
Site Descriptions

Trials were conducted on an irrigated Bojac sandy loam (coarse-loamy, mixed,
semiactive, thermic Typic Hapludults) in Accomack County, Virginia, USA (37.586917°, -
75.823861°) from 2019-2021 (Soil Survey Staff, 2002). The soil was conventionally tilled before
planting. Soil samples were collected from each replication at-planting to a depth of 60 cm.
Samples were air dried and available nutrient concentration measured by Mehlich-111 extraction
(Maguire & Heckendorn, 2005). Soil pH was determined using 1:1 water solution (United States
Department of Agriculture, Natural Resources Conservation Service, 2004). Soil properties are

listed in Table 4-1.

Table 4-1. Soil physical and chemical properties for edamame grown on sandy loams soils
in the mid-Atlantic, USA from 2019-2021.

Year DEPTH pH %gi‘tr;'rc NON P K Ca Mg SO+S Zn Mn B
cm g kg? mg kg?
0-15 59 11 148 175 89 610 47 103 1.8 455 048
o019 1590 61 11 74 144 88 626 59 7.8 17 455 0.45
3045 62 9 75 43 98 438 66 150 12 265 031
4560 62 9 47 8 98 597 91 83 09 65 026
oo 015 53 17 775 324 193 509 72 123 13 650 056

15-30 5.4 16 495 272 159 523 79 100 12 578 0.51

109



30-45 5.5 16 163 52 140 638 154 235 0.7 345 0.37

45-60 54 14 6.0 7 117 636 197 550 0.7 178 0.33
0-15 6.1 13 4.7 77 123 501 67 6.5 19 30.8 040
2021 15-30 6.1 12 5.6 65 118 533 77 6.3 12 28.0 0.37
30-45 6.4 12 3.9 10 115 695 116 118 0.6 16.3 0.30
45-60 6.3 11 3.8 4 95 754 132 145 05 6.3 0.28

Experimental Design

A total of 10 treatments were replicated four times for a total of 40 plots per year.
Maturity group four edamame was planted at a population of 215,000 plants ha™® with an
experimental variety in 2019, and the commercial variety MFL2P59 in 2020 and 2021
(Montague Farms, Center Cross, Virginia, USA). Plots were four, 12 m rows, spaced 0.91 m
apart, a 3 m alley separated the rows of plots. In 2019, row length was 9 m. Plot sizes were 33 m?
in 2019 and 45 m? in 2020 and 2021. A factorial arrangement of 4 N rates (22.4, 44.8, 67.2, and
89.6 kg N hat) and two N timings [(at-planting and split (50% applied at-planting and 50% at
R1)] were broadcast applied by hand utilizing urea (460 g N kg) as a N source. To determine if S
was limiting, a S treatment of 22.4 kg S ha™ and 44.8 kg N ha! was split applied each year.
Sulfur was applied using ammonium sulfate (210 g N kg™ and 240 g S kg™) with the remaining
N necessary being supplied by urea. A no-fertilizer control treatment was also included.
In-season Sampling

Uppermost fully developed trifoliate leaves were collected (petiole removed) randomly at
flowering (R1) from 15 edamame plants per plot. Whole plant samples of all above-ground
biomass from 1 m of row were collected at full pod (R6) to investigate total N and S uptake. Leaf
tissue and whole plant samples were dried at 55°C until a constant weight was obtained and then
ground to pass a 0.841-mm sieve. Leaf tissue and whole plants were analyzed for C, N, and S
concentration using the dry combustion method (Dumas, 1831; Elementar, 2000). The C:N ratios
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and N:S ratios were calculated to further understand tissue sufficiency ratios at R1 and R6. Prior
to grinding, dry whole plant samples were weighed and multiplied by C, N, and S concentrations
to determine total plant nutrient uptake at R6. The outer rows for each plot were treated as border
rows to avoid any edge effect and one of the two center rows from each plot was harvested for
pod yield at R6 with an Oxbo pixall BH100 one-row fresh bean harvester (Roosendall, North
Brabant, Netherland), and any leaves or stems were removed.
Maturity Analysis

Maturity was analyzed by comparing the treatment effect on two different measurements
of “greenness.” NDVI at harvest (R6) was measured using a Trimble GreenSeeker handheld crop
sensor (Sunnyvale, CA, USA). Additionally, after beans were removed from the field, a 100-pod
subsample was used to determine the percent by weight of yellow pods. Both were utilized to
account for discrepancies between pod maturity and leaf senescence (Islam et al., 2017).
Post-Harvest Analysis

Quality, relating to pod size, was measured by sampling 100-pods per plot. Samples were
weighed to determine average pod weight. Number of beans per pod were counted. Average pod
dimensions were determined by measuring length, width, and thickness of 10 pods per sample.
Average bean weight was determined by weighing 20 beans per sample. After physical quality
measurements were taken, beans were dried and ground to determine total C, N, and S
concentrations using the dry combustion method. Seed protein was calculated from total bean N
using the conversion factor of 5.52 (Mosse, 1990). Similar to plant tissue samples, C:N ratios

and N:S ratios were calculated.

Fertilizer prices were estimated using a three-year average of weekly prices from the

USDA Ag Marketing Service. Prices were estimated as $0.52 kg™ urea, and $0.47 kgt AMS. At
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these fertilizer prices, individual nutrient cost are $1.13 kg N and $0.97 kg S. Sulfur cost was
calculated by using the N cost from urea to subtract N fertilizer value, with the remaining value
being attributed to S.
Statistics

Yield, in-season plant samples, and all post-harvest measurements were analyzed as
response variables. Yield was analyzed with a regression model to determine effects of N rate
and timing. All three years were analyzed together in a mixed model with year, N rate, N rate*N
rate, timing, timing*year, N Rate*year, N rate*timing, and N rate*timing*year interaction as
fixed effects and replication nested within year was a random effect. If the quadratic effect (N
rate*N rate) was not significant, it was removed and only the linear N rate was used. The S
treatment was excluded from regression analysis. All plant samples and post-harvest
measurements were analyzed with a mixed model where fertilizer treatment was a fixed effect
and year and replication nested within year were random effects. Total C, N, and S uptake, R1
leaf, R6 whole plant, and R6 bean C, N, and S concentrations were compared to yield.
Additionally, R1 leaf, R6 whole plant, and R6 bean N concentrations were compared to total N
uptake. A two-tailed t-test was conducted to test the S effect. The S treatment was compared to
the treatment receiving equivalent rates of N, with no S applied. Significance is measured by p-
value < 0.05.
Results and Discussion
Yield Response

With the regression model, the N Rate*Year and the N Rate*Timing interactions were
significant (p-value = 0.0099 and 0.0252 respectively) (Table 4-2). To better understand these

interactions, individual analyses for each year were completed. In 2019, the N Rate*Timing
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interaction was significant (p-value = 0.0204), in 2020 N Rate was significant (p-value =

0.0426), while in 2021 no significance was found.
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Table 4-2. Mixed model analyzing yield as impacted by N rate, N application timing, and year for edamame grown on sandy
loams soils in the mid-Atlantic, USA from 2019-2021.

Whole Model 2019 2020 2021 At-planting Split
Effect F Ratio p-value F Ratio p-value F Ratio p-value F Ratio p-value F Ratio p-value F Ratio p-value
N Rate (R) 11.17 0.0012  10.04 0.0033 445 0.0426 0.36  0.5499 10.84  0.0019 0.84 0.3632
Timing (T)  3.47 0.0655 549 0.0253 0.15 0.6989 0.05 0.8179

RxT 516  0.0252 594 0.0204 008 07769 0.84  0.3663
Year (Y) 6401  <0.0001

TxY 2.77 0.0676
RxY 4.84 0.0099
RXTXY 2.39 0.0966

55.85 <0.0001 67.13 <0.0001

4.29 0.0197 1.46 0.2423
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To further understand interactions, individual analyses were conducted for each timing.
When all N was applied at planting, the N Rate*Year was significant (p-value = 0.0197), and
when the N was split applied, only year was significant (p-value = <0.0001). In 2019 when all N
was applied at planting, N Rate was significant (p-value = 0.0108) with the model (Yield = 29.9x
+ 3387), indicating a yield increase of 29.9 kg ha'* was seen for every kg N ha* applied at

planting. Split applications did not impact yield.

In this study, N applied at planting increased edamame yields one out of three years
(Figure 4-1), similar to the literature on soybean, which debated the efficacy of N fertilization.
Our results of N fertilizers increasing yields at high-yielding site-years and non-significance at
low-yielding site-years agrees with previous research which stated that N applications only
benefit yield at high rates (La Menza et al., 2019; Mourtzinis et al., 2018). Split applications in
this environment did not yield higher than at-planting applications any of the years, indicating
leaching did not diminish the efficacy of at-planting applications. In this environment, producers
can apply all N at planting. Conversely, reactive N applications applied at R1 may not be able to

impact yield.
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Figure 4-1. Edamame yield as impacted by growing season, N rate, N application timing,
and year for edamame grown on sandy loams soils in the mid-Atlantic, USA from 2019-

2021.

Tissue Analysis

No fertilizer treatment significantly impacted N, C, or S concentrations or the C:N, N:S
ratios of R1 leaf tissue or whole plant samples (Table 4-3). Tissue analysis indicated that in mid-
Atlantic sandy loam soils when N is applied at rates at or below 90 kg hal, leaf nutrient
concentration at the R1 development stage and whole plant nutrient concentration at the R6
development stage, are not significantly impacted.
Table 4-3. Mixed model results of R1 leaf tissue and whole plant tissue N, C, S

concentration and C:N, N:S ratios as impacted by growing season, and N and S treatments
for edamame grown on sandy loams soils in the mid-Atlantic, USA from 2019-2021.

Nutrient F ratio p-value Means by Year
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2019 2020 2021

N (g kg?) 0.79 6273 49.1 606 46.3
C(gkgl) 093 5070 467.3 447.1 468.1
R1 Leaf Tissue S(gkgt) 0.77 .6752 1.7 2.2 1.6
C:N 0.78 6322 9.6 74 102
N:S 0.78 6354 288 29.0 285

N (g kg?) 0.46 9006 20.7 265 302
C(gkg?l) 1.20 3036 450.3 457.1 455.8
R6 Whole Plant Tissue S (gkg?') 1.15 3379 1.0 1.5 1.2
C:N 0.56 8233 222 174 153
N:S 1.01 4401 197 177 26.2

In 2019 and 2021, N concentrations were within the sufficiency range of 32.5 — 50 g kg%,
while in 2020 N concentrations exceeded the recommended sufficiency range by approximately
10 g kg (Bryson et al., 2014). Sulfur concentrations for all three years were below sufficiency
recommendations of 2.5-6.0 g kg%, indicating possible S deficiencies. In 2020, due to the
specific study location, available soil nitrate and sulfate was higher when compared to the other
two years (Table 4-3) which translated to higher nutrient uptake and higher R1 nutrient

concentrations during 2020.

Nitrogen R1 leaf concentrations were higher than R6 whole plant N concentrations. In
soybean production, maximum total N accumulation occurred by R6.5, but approximately 40%
of N was still in vegetative structures (Bender et al., 2015). At R1 and R6, N was highly
concentrated in the leaves and had not translocated to the seeds (Bender et al., 2015; Hanway &
Weber, 1971; Islam et al., 2016). Thus, whole plant samples at R6 indicate a lower overall N

concentration than leaf samples at R1.

Figure 4-2 plots yield in by C, N, and S leaf concentrations at R1. The quadratic form of

C and S was significant (p-value = <0.0001 and <0.0001 respectively), while only the linear
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model of N concentration was significant (p-value = <0.0001). Samples taken at R1 may be too
late to adjust nutrient deficiencies as split applications in our study did not improve yields in any
year, but as shown by these results, leaf concentrations at R1 are good predictors of yield.
Therefore, understanding leaf nutrient concentrations at R1 allows producers to estimate future

returns weeks before harvest along with better understanding their fertility system so adjustments

can be made in future years.
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Figure 4-2. Yield correlated to C (A), N (B), and S (C) R1 concentration for edamame
grown on sandy loam soils in the mid-Atlantic, USA from 2019-2021.

Leaf C concentration was inversely related to yield. The N linear model suggested greater
N concentrations may be necessary to reach peak yields in coastal plain systems leaf N never
peaked with the experimental N rates tested. Additionally, yield did not level off between the
suggested sufficiency range for soybean (32.5 — 50 g N kg™), indicating that this range may need
to be adjusted for edamame N management. Using the first derivative of the S model, the peak
occurs at 2.59 g S kg'*. This is very near the lower sulfur sufficiency range of 2.5 g S kg™

(Bryson et al., 2014).
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All three years, the N:S ratio was higher than the soybean recommended ratio of 17:1,
even in the no-fertilizer control. Excess N in the soil may have caused luxury consumption of N,
but this is unlikely due to the linear equation seen when yield was plotted by N concentration
(Figure 4-3). More research is necessary to determine if lowering the N:S ratio will increase

yields or if the soybean recommendation for proper N:S ratios need to be adjusted for edamame.
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Figure 4-3. Yield correlated to C (A), N (B), and S (C) whole plant concentration at harvest
(R6) for edamame grown on sandy loams soils in the mid-Atlantic, USA from 2019-2021.

Figure 4-3 plots yield by whole plant C, N, and S concentration at harvest. Carbon did
not significantly correlate to yield (p-value = 0.3486), while the quadratic forms of N and S
concentration did significantly correlate to yield (p-value = 0.0032 and <0.0001 respectively).
With these models, the R? is weaker, indicating that at this developmental stage it is difficult to
relate whole plant nutrient concentration to yield. At R6 leaves are still green, and not all
nutrients have been transferred from the leaves to the beans. The beans have a high moisture

content contributing to the yield weight. These factors make it difficult to estimate yield from

whole plant nutrient concentration at R6.
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Plant Nutrient Uptake

Fertilizer additions did not impact total uptake of N, C, or S (Table 4-4) Additionally, the
average N total uptake is higher than the highest rate (90 kg N ha') averaging 154.71 kg N ha,
indicating that the soil and biological nitrogen fixation are also providing substantial N for the
edamame crop regardless of N rate applied. Conversely, annual S total uptake, averaged 7.6 kg
ha’; therefore, treatments of 22 kg ha™* supplied an excess of 14.4 kg S ha™* left in the soil
unused by the edamame plant. Fertilizer S not being taken up is either lost from the system by
leaching or potentially banked for future use (Eriksen et al., 1998). Based on these S uptake
values (5.18, 10.52, 7.11 kg ha'l), sulfur rates at 22 kg S ha* provided S greater than plant need:;
however, soil mining will occur if no S fertilizer is used since annual mid-Atlantic S deposition
is 2.72 kg ha* (United States Environmental Protection Agency, 2022a).
Table 4-4. Mixed model results of total N, C, and S uptake concentration as impacted by

growing season, and N and S treatments for edamame grown on sandy loams soils in the
mid-Atlantic, USA from 2019-2021.

Nutrient F ratio p-value Means by Year

2019 2020 2021

N(kghal) 091 5230 102.7 1856 1758
C(kghal) 112 3550 2237.9 3203.6 2640.0
S(kghal) 127 2626 52 105 7.1

Carbon and N uptake linearly correlated (p-value = <0.0001 and 0.0100 respectively) to
yield and S uptake was quadratically correlated (p-value = <0.0001) to yield (Figure 4-4). Plants

with more nutrients were able to yield more.
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Figure 4-4. Yield correlated to total C (A), N (B), and S (C) uptake for edamame grown on
sandy loams soils in the mid-Atlantic, USA from 2019-2021.

Although total N, C, and S uptake are not strongly correlated with edamame yield, they
are related to yield. Again, it should be noted that total plant uptake measured nutrients within
the whole plant, but edamame yield only measured the pod and seed weight. At the R6
developmental stage, when total nutrient uptake and yield are measured, much of the N, C, and S
have not been translocated to the seed. Similar research in soybean also concluded N uptake was
an indicator of yield, but more strongly correlated (r? = 0.43) than these edamame results
(Santachiara et al., 2017). Differences in correlation may be due to the translocation of nutrients

and lower moisture content of soybean compared to edamame.

R1 and whole plant N concentrations were positively related to total N uptake (p-value =
<0.0001 and <0.0001 respectively), while bean N concentrations was not significantly related to
total uptake (p-value = 0.4922) (Figure 4-5). While both R1 and whole plant concentrations
significantly correlated to total N uptake, whole plant concentration was more strongly

correlated. Total N uptake estimations can aid in future edamame nutrient predictions and can
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also estimate N added or removed from the system for future crops on the same

field.
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Figure 4-5. R1 (A), whole plant (B), and bean (C) N% correlated to total N uptake for
edamame grown on sandy loams soils in the mid-Atlantic, USA from 2019-2021.

Maturity Analysis

None of the fertilizer rates or timings significantly impacted leaf senescence or maturity
(Table 4-5). As producers seek to increase yields, fertilizing edamame with rates at or lower than
90 kg ha, does not impact edamame maturity rates. Maturity rates can inadvertently impact pest
susceptibility, by increasing or decreasing the length of time the crop is in the field. For this
study, the N neither decreased pest susceptibility by accelerating maturity nor delayed maturity
leaving the edamame more susceptible to damage.
Table 4-5. Mixed model results of NDVI and percent yellow pods as impacted by growing

season, and N and S treatments for edamame grown on sandy loams soils in the mid-
Atlantic, USA from 2019-2021.

F ratio p-value  Means by year

2019 2020 2021

NDVI 0.74 6735 046 0.87 041
yellow pods (g kg') 1.08 3876 102 6.1 54
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Bean Quality
Physical Quality

Beans per pod, pod weight, bean weight, and pod length, width, and height determined
the N impact on quality parameters. Overall, none of the N or S applications significantly
impacted physical quality measurements (Table 4-6). In the mid-Atlantic on sandy loam soils, N
and S additions did not significantly impact the physical quality of edamame. These results
correlated to previous research which states that pod and bean quality is largely related to
cultivar (Ogles et al., 2016; Sanchez et al., 2005). At rates equal to or lower than 90 kg N hat
producers can apply N without concerns of impacting the physical quality of the pod or bean.
Table 4-6. Mixed model results of physical pod components as impacted by growing season,

and N and S treatments for edamame grown on sandy loams soils in the mid-Atlantic, USA
from 2019-2021.

F ratio p-value Means by year

2019 2020 2021

beans pod* 0.74 6715 175 167 201
pod weight (g) 0.57 8166 144 184 1.30
bean weight (g) 0.87 5568 094 110 054

pod width (mm) 0.52 8591 1153 12.36 13.08
pod length (mm) 1.15 3344 40.06 42.65 41.90
pod thickness (mm)  1.06 3984 813 9.38 833

Chemical Quality

Bean nutrient concentration was reported for 2019 and 2020 (Table 4-7). None of the N
or S rates significantly impacted the C, N, or S nutrient concentrations, ratios, or protein
concentration (Table 4-7). At rates equal to or lower than 90 kg N ha® producers can apply N

without concerns of impacting the elemental chemical quality of the bean. Similarly, the rates
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applied in this study did not impact protein content. More research is necessary to determine if N
application can impact other edamame chemical qualities such as amino acids and oils.
Table 4-7. Mixed model results of bean N, C, S concentration C:N, N:S ratios and protein

concentration as impacted by growing season, and N and S treatments for edamame grown
on sandy loams soils in the mid-Atlantic, USA from 2019-2021.

Nutrient F ratio p-value Means by Year

2019 2020

N (g kg 050 .8683 741 745
C (g kg?) 070  .7065 5243 514.2
S (g kgl 014 9984 24 25
C:N 0.56 .8205 7.1 6.9
N:S 0.33 9604  30.9 29.8
Protein (g kg') 0.50 8683 4145 4055

When edamame yield was correlated with bean nutrient concentration, C was negatively
correlated (p-value = <0.0001) while S was positively correlated (p-value = 0.0053) (Figure 4-
6). Nitrogen and S removal rates were estimated by multiplying yield by concentration. Nitrogen
removal for this study was estimated as 74 kg N Mg, while S removal was estimated as 2.5 kg
S Mg, These estimates are similar to soybean removal rates of 55 kg N Mg? and 3 kg S Mg
(IPNI, 2012). Notably, this study indicated that more N was removed from the field with
edamame than with grain soybeans, meaning less N will remain in the system, and

consequentially less N can be credited for the next crop.
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Figure 4-6. Yield correlated to C (A), N (B), and S (C) bean concentration for edamame
grown on sandy loams soils in the mid-Atlantic, USA from 2019-2021.

Further research is necessary to produce accurate removal rates. In this calculation, yield
weight included pods while the nutrient concentration was calculated using only the edamame
beans. Actual removal rates will be higher than those calculated here.

Sulfur

When comparing the 22.4 kg S ha* ammonium sulfate treatment to the N urea treatment
with similar N rate, S did not significantly impact any variables measured (Table 4-8), indicating
that the soil air and rainfall is providing all S necessary for proper edamame growth and
development. Similar results were found in a hydroponic study where edamame protein
composition was unaffected by various S concentrations ranging from 4 —64 mg S L™
(Nzaranyimana, 2017). In the mid-Atlantic coastal plain system, sulfur is not currently a yield

limiting factor for edamame production. Additional S is not recommended in this current system.

Table 4-8. Sulfur t-test comparing split application of 22.4 kg S ha! with ammonium
sulfate to treatments of similar N rates without S for edamame grown on sandy loam soils
in the mid-Atlantic, USA from 2019-2021.
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Response Variable WithoutS With S

mean tratio p-value
Yield (kg hat) 4365 4566  0.19 .8536
NDVI 0.57 0.60 0.3 .7699
yellow pods (g kg™?) 212.1 1753 -04  .6954
beans pod? 1.80 1.78  -0.3 .7646
pod weight (g) 1.55 1.54 -0.08 .9396
bean weight (g) 0.89 092 025 .8085

pod length (mm) 41.64 4143 -0.25 .8044
pod width (mm) 12.36 12.19 -0.56 .5829

pod thickness (mm) 8.79 8.77 -0.06 .9558
N (g kg™) 50.7 522 053 .6033
C (g kg?) 4619 4618 -0.02 .9809
R1 Leaf Tissue S (g kg?) 1.8 1.8 0.24  .8149
C:N 9.3 9.0 -0.38 .7071
N:S 28.9 29.1 0.09  .9305
N (g kg?) 25.9 259 0.03 .9798
C (g kg?) 456.8 4559 -0.36 .7243
Whole Plant S (g kg?) 1.2 1.3 1.35  .1903
C:N 18.2 18.2 -0.02 .9852
N:S 21.4 194  -159 1292
N (kg ha) 143.7 157.7 074 4702
Plant Uptake C (kg ha) 2513.0 27854 0.93 .3646
S (kg ha't) 6.9 83 116 .2602
N (g kg% 74.1 744 042 6784
C (g kg?) 520.6 519.6 -0.44 .6666
S (g kgh) 2.4 25 007 .9423
Bean C:N 7.0 70 058 5698
N:S 30.3 30.4 0.15 .8812
protein (g kg?) 408.8 4104 042 6784
Economics

As a new crop, edamame prices are difficult to estimate, but production cost, can be
helpful when determining the profitability of management decisions. With yield increases of 16
kg ha! for every 1 kg N applied, and average cost of $1.13 kg N, final edamame profit would

be offset by $0.07 kg™ in N cost.
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Conclusion

In the Mid-Atlantic coastal plain system, during a three-year study, N rates up to 90 kg
ha! increased edamame yield in high yielding years when N was applied at planting. Split
applications of N did not increase yield, but also, did not decrease yields. Split applications may
prove to be more important in environments where N leaching is a concern. Treatments of N and
S did not impact leaf tissue and total plant uptake. Leaf N and S concentration at R1 may be able
to predict yield. Differences in sufficiency ranges and observed values in N and S R1 leaf
concentrations suggest current grain soybean recommendations for these ranges may need to be
adjusted to best manage edamame fertility regimes. R1 leaf and R6 whole plant N concentrations
are able to predict total N uptake. Additionally, all fertilizer rates and timings did not impact the
maturity of the edamame plant or final pod or bean quality. In conclusion, in the Mid-Atlantic
coastal plain, soybean harvested as edamame does have special recommendations regarding N
fertility that should be followed for optimal yield and quality. Further research and farmer
education is needed to better model nutrient interactions when a historically grown crop, such as

soybean, is harvested at a different growth stage for fresh vegetable uses.
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Chapter 5: Conclusions

Although sulfur (S) may not currently be limiting soybean yields in the Mid-Atlantic
coastal plain system, if yields continue to rise and deposition continues to decline, soil S banks
will become depleted, and S deficiencies will arise. To combat potential deficiencies, soil S
levels should be continually monitored. Leaf tissue indicates S source, rate, and timing effect
nutrient uptake, these effects are valuable findings for future work when soil S concentration has
become depleted. Currently, S fertilizers impact soybean quality, specifically raising methionine
concentration, and could potentially improve the soybean meal marketability in livestock feed.
Bio-AMS may provide soybeans with slower release nutrients, thereby improving the soybean
seed quality. As stated by other studies, many responses to S fertilizer are site-specific, which
makes national or even regional recommendations difficult. In the Mid-Atlantic, basic soil
biological activity in soybean systems is not impacted by S fertilizers but is related to yield and
soil factors.

Sulfur and N are connected throughout the growing cycle: combined in several fertilizers,
interacting in the soil, and structurally essential for ammino acids and proteins. Nitrogen
additions to soybeans marginally decreased yield. Additionally, N fertilizer applied at-planting
may aid edamame yield and profit for sandy loam soils in the Mid-Atlantic, but management
decision should weigh the economical cost and benefits of additional fertilizers.

Further work is needed to understand how organic matter, soil factors (organic and
inorganic), and soybeans respond to S additions in the soil. Leaf tissue requirements may need to
be altered for edamame recommendations or revisited for soybeans overall. As a valuable crop

for the U.S. and also Virginia, management programs for both oilseed and vegetable soybean
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should be dynamic, adapting to different environmental and anthropological challenges and

opportunities that may arise.
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