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Crop responses to sulfur fertilization have been damstrated in m t  
states in the midwest, but the frequency of these responses is relatively 
lm. Sulfur deficiencies are usually confined to areas where one or mre 
of the follcrwing conditions exist: (1) Sandy or shallm soils; (2) L m  soil 
organic matter content; (3) No recent mure applications; (4) Lrxlr 
atmospheric sulfur deposition; (5) High crop sulfur requirement. 

Although diagnostic tests to predict crop response to applied sulfur 
are an cbvious need, the test procedures developed to date have sham only 
limited success in predicting the need for sulfur fertilization. ?he 
limited utility of sulfur soil test prccedures is largely due tn 
contributions of plant available sulfur from several SO- that cannot be 
measured by the test procedure. Since the sulfur soil test usually 
measures only sulfate-S in the top six to eight inches of soil, significant 
contributions of plant-available sulfur frcxn precipitation, soil profile 
sulfate, mure applications, and soil organic matter mineralization are 
not considered, but could markedly affect the amounts of sulfur available 
to crops. Therefore, soil test recommendations for sulfur are often 
lllodified to reflect the amounts of available sulfur contributed f m  
sources not measured by the soil test prccedure (Schulte, 1981) . 

The ~xrrpose of this paper is to present recent information on the 
amounts of plant available sulfur contributed from various sources and to 
suggest h w  this information might be used to improve current procedures 
for predicting crop response to sulfur fertilization in Wisconsin. 

sulfur in Precipitation 

Significant amounts of sulfur are deposited annually in precipitation 
in much of the North Central Region (Tabatabai, et al. , 1981) . Recent 
revisions in air quality standards, w h i c h  lowered the levels of sulfur 
permitted in industrial emissions, are expcted to reduce the amounts of 
sulfur deposited in precipitation. This redudio~ in sulfur deposition has 
lead to speculation that the frequency of crop sulfur deficiency and the 
need for sulfur fertilization m y  increase. 
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In 1969 through 1971, Hoeft et al. (1972), found that 14 and 38 Ib 
S/acre were deposited annually in precipitation in rural and urban areas of 
Wisconsin, respectively, a d  a state-wide average sulfur deposition rate of 
27 lb S/am was estkted. To determine current sulfur levels in Wiscon- 
sin precipitation, su l fur  deposition in bulk precipitation was determined 
at 10 sites in important agricultural areas for a 2-year period frm Novem- 
ber, 1985 i3mmgh October, 1987. The locations of the monitoring sites and 
the average annual sulfur deposition in precipitation at each site are 
shown in Figure 1. Precipitation amounts, sulfur and inorganic nitrogen 
deposition, and volume-weighted phi values observed at each site in irdivi- 
dual years is shm in Table 1. Inorganic nitrogen and pH levels in pre- 
cipitation are shown for information -, but will not be d i s a m s d  in 
this paper. 

Figure 1: Annual average SO -S (lb/a) deposition 
4 in precipitation at ten sites in 

Wisconsin (1 985-1 987 1. Values in ( 1 
are site numbers. 

Results in Figure 1 shod that average annual sulfur deposition is 10.3 
lb S/acre (sites 1-4), and 20.3 lb S/am (sites 5-10) in and 
southeastern Wisconsin, respectively. These values indicate that current 
sulfur deposition rates are a .  42% lower than those folrnd during the 



1969-1971 period (Hoeft et dl., 1972). In addition, the geographical 
differences i n  sulfur deposition between the northwestern and southeastem 
regions of  isc cons in that w e r e  observed by H o e f t  e t  al. (1972) are apparent 
in the current data. 

Although the amounts of sulfur deposited in precipitation have 
demeased substantially since 1970, most of the sulfur requkamts of corn 
and al fa l fa  are still likely to be provided by sulfur in  precipitation in 
most areas of Wisconsin. Crop response t o  sulfur fer t i l izat ion seem 
particularly unlikely i n  these areas when the sulfur added in  precipitation 
is mined with contributions f r o m  other potential sulfur sources. I f  
sulfur remval rates for  moderate to high yields of a l fa l fa  and corn are 19 
and 10 Ib S/acre, respectively (Hoe& and Fox, 1986), sulfur deposited in  
precipitation would be inadequate to replace these remwals only in 
northwestem Wisconsin. Most of the significant crop responses to sulfur 
fer t i l izat ion in  Wisconsin have been obtained i n  the northwestem region 
(FtamI et al. , 1969; H o e f t  and Walsh, 1975) . 

The amunts of sulfur deposited annually in  precipitation were similar 
in each of the two years studied, although the total annual precipitation 
was w e l l  alxnre n o m l  in the f i r s t  year ard s l i a t l y  below normdl in the 
second (Table 1). Monthly precipitation and sulfur deposition values (data 
not shown) indicate tha t  about 75% of the annual precipitation and sulfur 
deposition occurred during the April through September period. ?his p a i d  
of highest deposition coincides w i t h  the crop gmwing season and crop 
sulfur  uptake. 

Soil  Profile Sulfate-sulfur 

Although sulfate-sulfur is an anion ard is subject to removal from the 
plant root zone through leaching, marry studies indicate that sulfate can 
a m a t e  in so i l  profiles, particularly i f  the subsoils are acidic and 
high in clay. Where so i l  profile sulfate accumulates within the plant root 
zone, this sulfur can supply part or  a l l  of the crop sulfur requirement. 

Warner (1986) found profile sulfate contents ranging frcrm 17 to 166 Ib 
S/acre i n  a variety of Wisconsin soils used for  corn production. In this 
work, profile sulfate a t  various profile depths was negatively correlated 
with soil pH, indicating a greater tendency for sulfate amumlation i n  
acidic subsoils. In addition, the d a t i v e  amounts of profile sulfate+ 
to  36 inches was highly correlated to the soil organic matter content in 
the surface 12 inches of so i l .  

With the exception of the Plainfield loamy sand (a deep 
marse-textwed soil w i t h  low organic matter content), the soils studied by 
W- (1986) contained relatively large amunts of plant-available sulfate 
w i t h i n  the root zone of m o s t  crops (Tables 2 and 3 ) .  These results suggest 
that many Wisconsin so i l s  contain adequate amounts of profile sulfate t o  
prevent sulfur deficiency and crop response to applied sulfur. Data in 
Table 3 i l lus t ra te  that  to ta l  profile sulfate content in some Wisconsin 



soils remains relatively constant during the periods w i t h i n  and beberm 
grming seasons. Although shim in the distribution of sulfate with depth 
were nated in scwe soils, crop sulfur renwrJal ard loss of sulfate through 
leaching a .  apparerrtly offset by sulfate additions f m  organic matter 
mineralization and precipitation. 

Table 1. Annual precipitation amounts, sulfw and inoqanic nitrogen 
deposition, and precipitation pH levels a t  10 sites in Wismnsin, 
1985 to 1987. 

S i t e  PreciPitati&/ Dewsition 
No. a~mmt SO4-S NO3-N NH4-N / 

inches Ib/aae----- 

Year 1 

38.6 (+ 9.4) 
41.7 (+ 9.1) 
49.2 (+18.5) 
44.1 (+U.6) 
39.8 (+ 7.9) 
33.5 (+ 0.4) 
38.2 (+ 4.7) 
48.8 (+16.9) 
44.9 (+13.0) 
38.9 (+ 6.7) - 

mean 41.7 (+10.2) 

23.6 -- 
32.3 
26.8 
28.7 
32.3 
32.7 
27.6 
32.7 
23.2 

mean 28.7 

Y e a r  2 

'/ Values in parentheses are departures from the 1951-1980 means for each 
9ite. 
-/ Volume-weighted pH values. 



F'urther evidence that profile sulfate is an important source of 
plant-available sulfur in Wisconsin is provided by data in Table 4 shmirg 
the influence of crop sequence on profile sulfate contents in a wide range 
of Wisconsin soils. In this work, profile sulfate w a s  determined in 
spring, 1988, following corn or alfalfa a t  adjacent sites on each of the 
soi ls  listed. Mts  show that soil  profiles a t  most locations contained 
adequate mts of sulfate t o  provide crop needs. Hmever, profile 
sulfate contents follming alfalfa were lower than those found after corn 
a t  several locations. This result my be due t o  the higher sulfur 
m@rement of alfalfa or t o  more ccarcplete removal of sulfate from the root 
zone by the alfalfa crop. Previous work (Muir e t  dl., 1976) indicates that 
alfalfa is very effective in depleting nitrate f m  soil profiles, and it 
seems possible that a similar process could occur with profile sulfate. 
The reasons for the unusually low profile sulfate values on the Plano silt 
loam soil follming both corn and alfalfa is urda-am. 

Sulfur froan Manure Applications 

Sulfur contributions f m  manure are a significant source of plant 
available sulfur in Wisconsin since l a q e  quantities of mure are applied 
to crapland in the state. For example, dairy manure contains an average of 
1.5 l b  S/ton, and crop response to sulfur fertilization is usually not 
obsemed where manure has been applied within the past two years (Schulte, 
1981). 

Table 2. Sulfate-S in profiles of several Wisconsin soils, Spring, 1984. 

Sulfate-S. lb/a 
Depth W i t h e e  Plainfield Fayette 
(feet) sil l f s  sil 

0-1 27 6 19 
1-2 60 4 15 
2-3 - 59 - 7 - 29 
Total 14 6 17 63 

(Warner, 1986) 

W l e  3 .  Sulfates i n  the profile of a Plano soil a t  various sampling t imes,  
Arlington, WI. 

Depth *rim Fall m r h  Fall 
(Inches) 

Sulfate-S, &/a 

0-6 7 12 11 14 
6-12 12 11 13 11 
12-24 39 33 25 2 5 
24-36 - 31 - 3 0 - 31 - 3 0 
Total 89 8 6 80 80 

(Warner, 1986) 



Table 4. Effect of soil dnracteristics and p i -  crup on profile sulfate 
cuntent in Wisconsin soils, Sprhq, 1988. 

Pmzwi- CLW 
Soil rerricm Soil t v ~ e  Alfalfa 

Westerncarrse 
textured soils 

No- silty 
soils 

Easternred 
soils 

sarthern prairie 
soils - 
loess soils 

Meridian U 6  
sandy 1- 

w i t h e e  
silt loam 

KaJaunee 
silt loam 

Plan, 2 6 
silt loam 

IXlbuqlue 17 1 
silt 1- 

'/ 3iLfate-S in 0-3 ft. soil profiles. 

In a recent study to determine the effects of dairy mure applications on 
the amounts of plant available sulfate-sulfur in soil profiles, Warner (1986) 
found that high badqmwd sulfate levels at three study sites prevented direct 
assessment of the sulfur contributions f m  the manure applications. As sham 
in Table 5, although relatively high rates of liquid dairy manure were applied 
at each site, significant differences in profile sulfate corrtent between the 
wntml trea- (no manure) and the manure treatments could not be detected. 

Table 5. Effect of mnure applications on profile sulfate in three 
Wisconsin soils, F'all, 1983. 

1 

Manure  rat&^ Sulfate-S, (0-5 ftl 
Soil tvpe 1982 1983 Control Manure 

--tons/a-- -lb/a - - 
Puchyan, lfs 57 74 108 119 

Plano, sil 54 62 152 134 

1 -/ Manure was applied in Spring, 1982 and 1983 as injected liquid dairy 
mure. 



Soil Organic Matter-Available Sulfur Relationships 

Soil organic matter supplies plant available sulfate-sulfvr thro~qh 
organic mtter decmpsition. Although only a -1 percentage of the 
organic sulfur in soil organic mtter is mineralized in a sbgl c growhq 
season, the amounts of available sulfur provided through this process are 
significant relative to crop sulfur needs. Where soil organic matter 
content exceeds 30 tons/acre, crop response to sulfur fertilization in 
Wisconsin is unlikely (Schulte, 1981) . 

Predicting the N e d  for Sulfur Fertilization 

?he previous sections of this paper have discussed the significance of 
various sources of plant available sulfur in Wisconsin. It seems likely 
that much of the current infomtion on sulfur availability could be 
integrated to provide sulfur remmedations with greater reliability than 
those currently based on the sulfate content of surface soil samples. Some 
possibilities for this approach are suggested here. 

The potential for impruving sulfur soil test recommendations depends on 
more accurate aaoounting for available sulfur from all potential sources. 
?he major contributions that need to be considered are sulfur in 
precipitation, profile sulfate and sulfur frm manure. Recent precipitation 
monitoring studies (Figure 1) indicate that a s~lbstantial portion of 
southern, central, ard eastern Wisconsin receives about 20 lb S/acre/year in 
precipitation. %is deposition would likely eliminate crop response to 
sulfur fertilization. In addition, most of the soils in these areas have 
characteristics associated with profile sulfate retention, such as high 
organic matter and subsoil. clay content and low subsoil pH. Better 
accounting for sulfur from recent manure applications would likely require 
solicitation of manure application information and manure analysis results 
(if available) from grawers. 

A mechanism is currently in place at Wisconsin soil testing 
laboratories for identifying samples submitted for sulfur analysis by soil 
type and geographical location (county). Therefore, it should be possible 
to estimate sulfur contributions from precipitation and the probability of 
significant profile sulfate contributions for most samples submitted for 
sulfur A t i o n s .  In addition, an analysis for organic matter content 
in the sample submitted can be performed. If both precipitation sulfur and 
profile sulfate contributions are likely to be high, the -tion 
should note that response to sulfur fertilization is unlikely at this 
location. Sites with organic matter contents sufficient to prwent probable 
response to added sulfur (over 30 tons/acre, or about 3% organic matter) can 
be identified thmqh the organic matter test. 

Localized areas within the southern, central, ami eastern regions that 
might respond to applied sulfur could be identified based on soil 
characteristics, such as coarse texture, l m  organic natter content, and 



limited potential to accumulate profile sulfate. Prof ile sulfate 
-ts could also be used on a yes/no basis for predicting the need 
for sulfur fertilization. Hawever, sum calibration work to identify the 
critical profile sulfate content needed to prevent response to added sulfur 
may be nedd. 

In no- WixOnsin, where sulfur contrMons f m  
precipitation, soil organic matter, and profile sulfate can be lm, a 
modeling effort to acccltnt for all sources of available sulfur at reqmmive 
and nonresponsive sites seems to be the most prcirnish~~ approach for 
i m p w i n g  sulfur A t i o n s .  A ncdel based on these results wuld then 
be used to predict the need for sulfur fertilization based on sitespecific 
informtion on the amunts of sulfur available froan a l l  potentidl saurces. 
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