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Abstract. The incorporation of sulfur from inorganic sulfate into organic matter was 
examined using 3 5 S  for 01, 0 2  and A-horizon samples from two hardwood forests 
located at the Coweeta hydrologic laboratory, near Franklin, NC. This temperature- 
dependent transformation was stimulated by increased availability of sulfate or energy 
and the process was inhibited by sodium azide, erythromycin and candicidin. These data 
suggest that bacteria and fungi mediate sulfur incorporation via the formation of the 
covalent linkages. The latter possibility was confirmed by characterization of the organic 
sulfur fraction after isolation and partial purification from 0 2  layer material. Evidence 
is presented which indicates that the sulfur of this fraction is subject to mineralization 
after depolymerization of the carbon matrix and methods are given for the direct and 
indirect assessment of potential turnover rates. The availability of sulfate from 
mineralization appears to depend upon the rate of incorporation of sulfur into organic 
matter. Thus, substantially higher levels of extractable sulfate were detected when 
turnover of the isolated organosulfur fraction was assayed for in the presence of azide, an 
inhibitor of sulfate incoporation. However, the reverse was true when turnover was 
monitored in the presence of glucose and succinate which stimulate sulfate incorporation. 

Introduction 

Previous studies of the fate of "S-labelled sulfate in forest soils indicate that 
the sulfur of this anion is rapidly incorporated into a non-salt extractable 
fraction believed to consist of organic matter (Fitzgerald et al., 1982; Strick 
et al., 1982). This organic fraction appears to be metabolically active since 
studies monitoring the level of 35S associated with this fraction indicate 
substantial decreases of sulfur within 48 h. In A-horizon soils from four 
different watersheds located in the Coweeta basin of Western North Carolina, 
this decrease was associated with a concomitant increase in inorganic sulfate 
(Strickland and Fitzgerald, 1983). The existing data, although limited and 
indirect, suggest that sulfate-sulfur can be incorporated into organic matter 
which in turn is subject to reconversion to inorganic sulfate. 

*Contribution from a symposium on the role of sulfur in ecosystem processes held 
August 10, 1983, at the annual meeting of the A.I.B.S., Grand Forks, ND; Myron 
Mitchell, convenor. 
**Author to whom reprint requests should be addressed. 



In this paper, we review methods for determining sulfur incorporation 
into organic matter and turnover potentials for the incorporated sulfur 
by direct and indirect means. We also report the isolation and partial 
characterization of the organic fraction which becomes labelled with 3sS 
during exposure to sulfate. Finally, through the use of compounds which 
stimulate or inhibit the incorporation process, we attempt to explain how 
the processes of incorporation and turnover may be regulated in soils and 
forest floor layers of the Coweeta basin. The term 'turnover' is used here 
to describe the depolymerization and mineralization of a non-salt extractable 
sulfur fraction which results in the partial solubilization of this fraction. 

Site description and sampling 

Samples were collected from two watersheds (WS 2 and WS 18) at the 
Coweeta Hydrologic Laboratory in the Southern Applachian mountains. 
These watersheds are covered by mature mixed hardwood forests. Detailed 
site descriptions may be found in Swank and Douglass (1977). Several 
soil types occur in the watersheds, but sampling was restricted to the sandy 
loam, Ashe Series on each watershed. This series is a member of the Typic 
Dystrochrept family. Samples from the 0 1  and 0 2  layers were collected by 
hand; whereas, soil from the A1 (0-5 cm) horizon was collected by hand 
spade. All samples were kept in sealed plastic bags and maintained at 4 ' ~  
between collection and experimentation. Sampling on WS 18 was carried 
out in August 1982 for all experiments except organic sulfur isolation. 
Samples for this work were taken in March 1983. All sampling on WS 2 
occurred during September of 1980. 

Formation of organic sulfur 

Method 

Samples (1-2 g wet wgt.) were incubated at 5 O, 10 O, 15 ' or 20 O C  for 
48 h with 7.5 nmoles 3 5 ~ ~ z -  (1 cinmole-' , 3.7 x 10'' ~qnmole-I).  A 
detailed description of apparatus may be found in Fitzgerald et al. (1982). 
After incubation, samples were extracted with three successive 4 0 0 ~ 1  
volumes of 1.0MNa2S04, NaH2P04 and LiCl followed by three volumes of 
deionized water. This procedure was shown by Fitzgerald et al. (1982) to 
quantitatively remove adsorbed inorganic sulfate and soluble organosulfur 
metabolites from the sample. The remaining residue, containing 3 s ~  incor- 
porated into non-salt extractable organic sulfur, was then treated with 600 
pl of 6.0NHCl for 12h  at 121 "C. The hydrolyzate was collected by 
centrifugation and the residue was washed with water. Acid treatment causes 
hydrolysis of ester sulfate (Fitzgerald, 1976) and solubilization of low mole- 
cular weight fulvic acid containing carbon bonded sulfur and sulfonate sulfur. 



These latter linkages are not ruptured in boiling acid (Figzgerald, 1976; 
Schnitzer and Khan, 1972; Schnitzer and Skinner, 1968). The remaining 
residue, containing sulfur as sulfonate and/or carbon bonded sulfur in large 
molecular weight components, was then treated with 600 p1 of 2.0 NNaOH 
for 1 2 h  at room temperature and washed with deionized water. The 
extraction procedures are summarized in Figure 1. The recovery of 35S was 
measured with a Beckman LS 9000 liquid scintillation counting system with 
energy windows set at 0-655meV. The entire procedure consistently 
removed 95-100% of the added 35S. The total amount of sulfur incoporated 
into organic matter was calculated as the sum of the amounts extracted by 
the acid and alkali treatments. 

Examples of results obtained 

Various parameters influencing the capacity of these soils to incoporate 
sulfate into organic sulfur were examined. The 3 5 ~  inorganic sulfate was 
added to samples (1.0 g wet wgt.) at concentrations from 2.0 to 16.0 nmoles 
sulfate per gram of sample and the capacity of soils to incorporate sulfate at 

So11 (1-2 g wet weight) incubate with 7.5 nmoles 
35 50:- (1000 mCi/mmole) 

Successlve extraction with three 400 p1 volumes of 1.0 M 
a) Na2 SO4 b) NaH2P04 c) LlCl d) delon~zed water 

Extractable ( Non-extractable 

Adsorbed anld solut~on SO 2- I 
Insoluble organosunur metabolites 

and soluble organosulfur metabolites 

600 6.0 N HCI at 121° C for 12 hours 
Rinse with deion~zed water. 

Extractable 1 Non-extractable 
I 1 

Acid labile ester suWates and acid Non-acid solub4e sulfonates and 
soluble sunonates and C-bonded C-bonded sulfur compounds 

sunur compounds I 
600 p1 2.0 _N NaOH. 12 hours at room temperature 

Rlnse with deionized water 

Extractable I Non-extractable 

I 
Alkali soluble or oxidizable sulfonates 

and C-bonded sunur compounds 

I 
Sulfur metabolites insoluble in 

either a c ~ d  or akali 

Figure 1. Procedure for measuring the incorporation of "S-labelled sulfate (SO:-) into 
organic matter. 
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Figure 2. Relationship between organic sulfur formation in 0 2  layer samples from 
watershed 18 and the amount of added inorganic sulfate. 

5 ", l o 0 ,  15 ", and 2 0 ' ~  was determined. An example of the results obtained 
with 0 2  layer samples is shown in Figure 2. The capacity of this layer to  
incorporate inorganic sulfate into organic matter after 48 h increased linearly 
up to 16 nmoles of added sulfate at 10 O ,  15 " and 20 "C and up to 12 nmoles 
per gram at 5 "c. Correlation coefficients at 5 ", 10 ", 15 " and 20 "C were 
0.937, 0.950, 0.978 and 0.988, respectively; slopes were 0.151,0.250,0.425 
and 0.424. The capacity of these samples to incoporate sulfate into organic 
matter does therefore appear to be dependent upon incubation temperature. 
These results also suggest a capacity to respond to elevated sulfate inputs. 
Similar results were obtained with 0 1  and A1 horizon samples although at 
respectively higher and lower incorporation capacities. Although we realize 
that disturbance of the samples may certainly change the importance of 
processes from the in situ levels, there is no reason to believe that the pro- 
cesses themselves will be altered. Since sulfate input exceeds sulfate export 
in these watersheds as much as seven fold (Swank and Douglass, 1977), it 
seems plausible to suggest that these watersheds have a large reserve buffering 
capacity against increasing sulfate ion inputs from acidic precipitation. 

When samples were treated prior to incubation with compounds which 
stimulate or inhibit microbial metabolism, it was found that the incorporation 
of sulfate into organic matter was microbially mediated (Table 1). At two 
sampling sites within watershed 18, increasing the concentrations of glucose 
amendments to A1 horizon samples resulted in an increase in the levels of 



Table 1. Influence of various compounds on the incorporation of sulfate into the non- 
salt extractable organic sulfur fraction of the forest floor and A1 horizon of Watershed 
18a. 

Incorporation (nmoles "Sg-' dry wgt.) 

Additions Plot 9 Plot 1 Plot 5 

0 1  0 2  A 1 A 1 A1 

None 26.3 4.0 1.8 0.37 0.85 
~ r ~ t h r o r n ~ c i n ~  19.2 1.0 0.7 - - 

CandicidinC 4.2 2.6 1.7 - - 

Sodium ~ z i d e ~  1 .O 0.6 0.4 - - 

Glucosee 
0.6 - - - 0.80 1.48 
1.2 - - - 0.76 1.64 
4.8 - - - 1.38 1.62 

aAll samples were incubated for 48 h at 20 'C. 
b ~ i n a l  concentration, 0.5 mgg-I dry wgt. of sample. 
CFinal concentration, 10.66 mgg-I dry wgt. of sample. 
d ~ i n a l  concentration, 128 mgg-I dry wgt. of sample. 
eFinal concentration, mmolesg-' dry wgt. of sample. 

sulfate incorporated into non-salt extractable organic sulfur. Treatment of 
samples with the antibacterial antibiotic erythromycin or the antifungal- 
antialgal antibiotic, candicidin (Lampen, 1969), indicated predominantly 
bacterial involvement in incoporation in the 0 2  layer and the Al.  horizon 
while process was dominated by eukaryotes in the 0 1  layer. The high level 
of inhibition of incoporation caused by sodium azide (an inhibitor of 
cytochrome oxidase) suggests that the incorporation process is carried out by 
aerobically respiring organisms (Table 1). 

Turnover of organic sulfur (Indirect measurement) 

Method 

The septs in this procedure are summarized in a flow diagram (Figure 3). 
Organic sulfur was generated in samples (1 -2 g wet wgt.) by incubation for 
24 h with 7.5 nmoles of 35~024- (I .O Ci nmole-' ; 3.7 x 10" B~ nmole-' ). 
Following this incorporation period, samples were extracted with four 
6 0 0 ~ 1  solutions of I.0MNaH2P04 followed by five 6 0 0 ~ 1  volumes of 
deionized water. The P: 3 5 ~  ratio of the extractant is 3 x lo5 : 1, and it 
should therefore quantitatively remove adsorbed inorganic sulfate from the 
sample since on a molar basis the phosphate anion desorbs even specifically 
adsorbed sulfate (Johnson and Cole, 1980; Chao et al., 1962). The 3 5 ~  

which remained in the sample was present as non-salt extractable organic 
sulfur. The samples were then extracted with two 4 0 0 ~ 1  volumes of a super- 
natant obtained by mixing water with a subsample of unlabelled forest floor 
or soil tested (sample :water = 1 : 5). The addition of the supernatant obtained 



SOlL (1-2 G WET WGT), PLUS 7.5 NMOLES 35~042- 

SUCCESSIVE EXTRACTION WlTH 4; 600pL VOLUMES 
1.0 M NAH~PQ FOLLOWED BY 5; 600pL VOLUMES OF 
DEIONIZED WATER. 

35s INCORPORATED INTO FRE~ANDADSORBED 
INSOLUBLE ORGANOSULFUR. 35~04- 

1 
EXTRACTION WlTH 2; 400pL VOLUMES OF SOLUTION 
PREPARED BY MIXING DEIONIZED WATER WlTH A 
SUBSAMPLE FROM SOlL BEING EXAMINED. 
(SOIL : WATER = 15) 

ADD 200pL OF SOIL-WATER EXTRACT FROM ABOVE 
AND INCUBATE. EXTRACT WlTH SUCCESSIVE SOLUTIONS 
1.0 M Nn2S04, NnH2P04, LICL, DEIONIZED WATER. 
(3 X, 600pL) 

I 
I 

INSOLUBLE ORGANOSULFUR 35s RELEAS~D FROM 

I INSOLUBLE 
ORGANOSULFUR. 

1.0 ML 2.0 N NAOH FOR 12 H, COLLECT AND WASH 
SOlL WlTH DEIONIZED WATER. FOLLOW BY 1.0 ML 6.0 
N HCL AT 121°C FOR 2 H, COLLECT AND WASH SOlL 
WlTH DEIONIZED WATER. 

NON-RE'COVERABLE ORANOSULFUR NON-METABOLIZED 
ORGANOSULFUR 

Figure 3. Procedure for the indirect determination of organic sulfur turnover. 

from this mixture served to replace any microflora or soil constituents lost 
during the initial extraction procedure. A 200p1 aliquot of the supernatant 
was then added to each sample. After incubation for 48 h, the samples were 
extracted with 600pl volumes of the salt solutions employed in Figure 1. 
Sulfure released during the second incubation period must necessarily be 
released from a form which was previously non-salt extractable, i.e. not 
adsorbed, but covalently linked sulfur. Aliquots (80 p1) of extracts collected 
during the reconstitution process and after the turnover incubation period 
were applied to Whatman no. 1 paper strips and subjected to electrophoresis 
for 2 h at 250 V in either 0.1 M sodium acetate-acetic acid or 0.1 M barium 
acetateacetic acid buffers, pH 4.5. The paper strips were then dried at 
35 "C and 35S-labelled components were located by scanning in a Packard 



7220121 radiochromatogram scanner. Inorganic sulfate was identified by 
rapid movement in soidum acetate-acetic acid (- 14 cm) and by pre- 
cipitation as barium sulfate in the barium acetate-acetic acid buffer (move- 
ment = Ocm). Any component migrating at a slower rate than this anion 
in the sodium acetate-acetic acid buffer contains sulfur in a covalent linkage. 
The samples were then treated with 1.0 ml of 2.0NNaOH for 12 h at room 
temperature, and the residue was washed with water. This was followed 
by 1.0 ml of 6.0 N HC1 at 121 O C  for 2 h and the residue was again washed 
with water. Turnover capacity (%) was determined as the nanomoles of 
labelled sulfur released during reconstitution and turnover incubation divided 
by the sum of the nanomoles of labelled sulfur released and nanomoles of 
labelled sulfur extracted by alkali and acid (X 100). 

Examples of results obtained 

Electrophoresis of extracts obtained from reconstitution washes and after 
turnover incubation showed that, in addition to inorganic sulfate, there was 
indeed a covalently linked organosulfur component released from a previously 
non-salt extractable fraction of the samples examined. A component 
exhibiting an electrophoretic mobility of zero in the sodium acetate-acetic 
acid buffer was present in all samples but was only extracted after recon- 
stitution and turnover incubation. This component was never detected in the 
phosphate and water extracts used to remove non-metabolized inorganic 
sulfate from the samples prior to reconstitution and turnover incubation. 

The capacity of samples to release inorganic sulfate and the organosulfur 
component increased with increasing incubation temperature from 5-30 "C 
(Strickland et al., 1984). In addition, treatment of samples immediately prior 
to turnover incubation with glucose, methionine, cysteine, or ammonium 
nitrate (all 5 mmoleg-') also exerted no influence on the process. These 
compounds might be expected to influence turnover if the process was 
limited by carbon, sulfur and/or nitrogen availability. Moreover, treatment 
of samples with erythromycin, candicidin or sodium azide also failed to  
exert any influence on turnover capacity. Since the sulfur is present in 
covalent linkage, and since the turnover process was not influenced by 
inhibitors of microbial growth or by nutrients which commonly regulate 
growth and metabolism in terrestrial systems, it seems likely that, at least 
in the short-term studies, temperature is a controller of organic sulfur 
mineralization rates. This may reflect differences in temperature activity 
optima of extracellular enzymes in the soil. The involvement of such enzymes 
in the degradation of soil organics has been suggested elsewhere (Dodgson 
and Rose, 1970; Bettany et al., 1980). 

Turnover of organic sulfur appears to occur at the highest rate in the 
0 2  layer. The mineral horizons are, however, of the greater relative importance 
in the recycling of sulfur at Coweeta. Although the rate of sulfur turnover in 
the 0 2  layer was greater than twice that observed in the A1 horizon, when 



the mass of the total standing stock on a given watershed is taken into con- 
sideration, the potential turnover rate in the top five centimeters of the A1 
horizon is more than 180 time that of both and 01  and 0 2  layers combined 
(data not shown). 

Isolation of organic sulfur 

Method 

Wet 0 2  layer (100g) collected from watershed 18 was incubated at 2 8 ' ~  
for 144 h with approximately 570 nmoles of 3 s ~ ~ 2 4 -  (1 Cimmole-' ,3.7 x 10' 
~qmmole- '  ). The sample was then shaken with 500 ml of 1 .O MNaH2P04 
for 30min at ~ O C ,  and the residue was collected by centrifugation. The 
supernatant, containing non-metabolized sulfate, was discarded. The residue 
was then treated with 500ml of a 0.1 MNa4Pz0, - 0.1 MNaOH solution 
which had been adjusted to pH 8.0 with NaH2P04 crystals. After shaking 
for 18 h at 4 "C, the supernatant was collected by centrifugation and retained. 
The residue was again treated with pyrophosphate for 30min at 4 ' ~ .  After 
centrifugation, the combined supernatants were filtered to remove floating 
debris. The filtered supernatant was adjusted to pH 7.0 with 0.1 NNaOH 
and dialyzed for 36 h at 4 O C  12 000 molecular weight cut off dialysis tubing 
against 5 changes, 41 each of deionized water. The dialyzed extract was then 
concentrated by rotary evaporation at 45 O C  and redialyzed as above. Extracts 
weremaintainedat-20 'C subsequent to analysis to electrophoresis on paper 
for 2 h at 200 V in 0.1 M KH2P04-K2HP04 buffer, pH 7. The extraction 
procedure is outlined in Figure 4. 

Results 

In an attempt to achieve higher yields, pyrophosphate extraction at pH 9.0, 
10.0 and 13.0 was attempted. However, the more alkaline conditions caused 
oxidation of the organic material extracted and this resulted in significant 
release of inorganic sulfate. Due to the low levels of oxidation and con- 
sequent sulfate release at pH 8.0, we feel that this extraction procedure 
caused little alteration of the organosulfur extracted. An electrophoretogram 
of the final extract from the 0 2  layer is shown in Figure 51. Since this 
extract contained both particulate as well as soluble "S, the component 
exhibiting zero electrophoretic mobility actually consists of two organosulfur 
components, one which is soluble in water and one which is insoluble. We 
believe that the former is a depolymerization product of the insoluble com- 
ponent and dialysis indicates that both components are greater than 12 000 in 
molecular weight. The mobile component apparent in this electrophoretogram 
was identified as inorganic sulfate. Recent analyses (Fitzgerald, unpublished) 
suggest that this sulfate results from the hydrolysis of labile ester linkages 
during the phosphate extraction step. 



100 g sample, Incubate at 28OC 144 hours w ~ l h  

570 nmoles 35~~:-(1000 mCilmmole) 

Add 500 ml 1.0 Nan2 PO4 . shake 30 mln at 40c 

Centr~fuge 20 min. at 1020 x g at 4OC 

I 
I I 

Sedlmented so11 Supernate - non-metabohzed sulfate, discard 

Add 500 ml 0 1 M Na P 0, - 0 1 _N NaOH adjusted to pH 8 0 wtth NaH PO, crystals 

Shake 18 hours at 4°C. centrifuge at a 2 0  x g for 20 mm at 4% 

Sedtmented sod Organosulfur extract A 

Add Na,P2O7 - NaOH as above, shake 30 mln, collect by centr~fugation as above 

I 
I 1 

Sedlmented so11 (d~scard) Organosulfur extract B 

Combme organosulfur extracts A and B, fllter through 

Buchner funnel and d~scard floating debr~s Adlust to 

PH 7 0 uslng 0 1 M NaOH 

1 Dialyze 36 hours at 4.C ln 12,000 MW cut off tub~ng agatnst 5 changes, 4 lhlers delonlzed water 

~ x t r a c i  (>12,000 MW) D~alysts buffer c12.000 MW 

Concentrate by rotary evaporation at 4S0C 

3 5 ~ ~ , 2 -  only 

Re-dialyze sample extract as above 

Extract (maintaln at -20%) 

Figure 4. Procedure for isolation of organosulfur from litter and soil. 

Turnover of isolated organosulfur (Direct measurement) 

Method 

The dialyzed organosulfur extract from the 0 2  layer (approx. 5.0 x lo6 cpm) 
was added to 2.0 g of 0 2  layer material or A1 horizon soil. The samples were 
incubated at 30°c  for various time intervals and extracted using 6 0 0 ~ 1  
volumes of the salt solutions described in Figure 1. Each extract (80~1)  
was subjected to electrophoresis for 2 h at 200 V in 0.1 MKH2P04 - KSHP04 
buffer pH 7.0, and the level of 3 s ~  associated with each component separated 



Figure 5. Electrophoretic analysis of organic sulfur extracted from the 0 2  layer of 
watershed 18. (a), Electrophoretogram scans of the dialyzed-pyrophosphate extract 
before incubation with A-horizon and parent 0 2  layer samples; (b, c, d), electro- 
phoretogram scans of salt extracts of incubation mixtures after 0, 24 and 132h at 
30 "C, respectively. First peak; organosulfur, second peak; inorganic sulfate. 

by electrophoresis was calculated by triangulation after radiochromatogram 
scanning; 

peak hgt. x peak width at 1 hgt. x sensitivity (CPM) 
6.3 

where 6.3 is a constant based on scanning speed and collimator width 
(Packard Instrument Company, 1978). 

Sets of samples from the 0 2  layer and the A1 horizon containing the 
organosulfur extract were also treated with sodium azide (128 mg g-' sample) 
or with glucose and succinate (5 mmole eachg-' sample) and levels of as 
soluble organosulfur, insoluble organosulfur or inorganic sulfate were 
determined. Soluble organosulfur and inorganic sulfate were determined by 
triangulation after electrophoresis of salt extracts as above; whereas, insoluble 
organosulfur is the amount of 3 s ~  which remained non-salt extractable after 
incubation. 



Results 

After addition of the isolated organosulfur extract to samples from the A1 
horizon or the 0 2  layer, most of the 3 5 ~  was found to be in a form not 
extractable by salt solutions (Figure 5b). For the sulfur in this non-salt 
extractable organosulfur form to be mobilized (i.e. solubilized), it must 
either be mineralized to inorganic sulfate or converted to a more soluble, 
lower molecular weight organosulfur form. After incubation at 30 O C  for 24 h 
or 132 h (Figure 5c and 5d, respectively), distinct differences in the distri- 
bution of 3 5 ~  activity in the two sulfur fractions (soluble organosulfur and 
inorganic sulfate) of A1 soils and 0 2  material were observed. In the A1 
horizon, there was a substantial increase in extractable inorganic sulfate 
after 24 h. The levels of soluble organosulfur extracted did not alter after 
either 24 or 132 h of incubation, and the level of extractable inorganic 
sulfate after 132 h did not appear to differ substantially from the level 
observed after 24h.  However, after the initial increase in sulfate observed 
after 2 4 h  of incubation with the 0 2  layer samples (Figure 5c), there was no 
longer any extractable sulfate present in the sample after 132 h of incubation 
(Figure 5d). Also, the levels of extractable organosulfur diminished after 24 
and 132 h. These data suggest that inorganic sulfate and soluble organosulfur 
released during initial incubation of 0 2  layer material may be re-incorporated 
into an insoluble non-salt extractable organosulfur form after prolonged 
incubation. 

Since the levels of inorganic sulfate and soluble organosulfur appeared to 
fluctuate considerably during incubation of A1 horizon and 0 2  layer samples, 
the levels of sulfate, soluble organosulfur, and insoluble organosulfur were 
monitored every 12 h for 144 h. The results indicated that transformation 
of sulfur among these pools is a dynamic process in both the A1 horizon 
(Figure 6a) and in the 0 2  layer (Figure 7a). Samples from both horizons 
exhibited substantial changes in the levels of inorganic sulfate present within 
short time intervals. While mineralization does occur in the A1 horizon, it 
only appears to occur at a slightly higher rate than reincorporation. in the 0 2  
layer, however, there was an initial increase in sulfate followed by reincor- 
poration of sulfate at a much higher rate than mineralization. 

The influence of sodium azide (an inhibitor of sulfate incorporation by 
aerobes), or glucose and succinate (stimulators of sulfate incorporation) was 
also monitered every 1 2 h  for 144h. When incorporation activities were 
inhibited by treatment with sodium azide, the levels of extractable inorganic 
sulfate increased in both the A1 and 0 2  samples (Figures 6b and 7b) above 
those of the controls (Figures 6a and 7a). Treatment of samples with a 
mixture of glucose and succinate exerted no net effect in the A1 horizon 
(Figure 6c) but stimulated incorporation to such an extent in the 0 2  layer 
that there was no extractable sulfate present after 72 h of incubation (Figure 
7c). Although the lack of effect by glucose in the A1 horizon appears at first 
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desulfated directly. The possibility that sulfate is produced directly from 
both soluble and insoluble organosulfur and not completely by a process 
where soluble organosulfur is an intermediate cannot be excluded since 
soluble organosulfur levels do not diminish in the absence of azide (i.e. it may 
be regenerated through depolymerization of the insoluble component). 

Discussion 

Investigation of pathways for the generally of organic sulfur from sulfate 
and data relating to  the sulfur turnover potential of this fraction may have 
far reaching implications in terms of our understanding of ecosystem pro- 
cessesassociated with this element. With a few exceptions (Likens et al., 1977; 
Cole and Johnson, 1977), the quantity of sulfate entering forest ecosystems 
in acidic precipitation is in excess of that leaving in stream flow. Thus, most 
forested watersheds accumulate sulfur from this anion (see e.g., Johnson 
et al., 1982), and forests of the Coweeta basin are no exception (Swank and 
Douglass, 1977). The incorporation of sulfur into organic matter together 
with sulfate adsorption (Johnson et al., 1980, 1982; Swank et al., 1984) may 
account for this apparent accumulation. 

The process whereby sulfate is incorporated into organic matter also 
immobilizes the anion and may thus lessen the adverse effect of acidic pre- 
cipitation by retarding nutrient loss from these forests. As Johnson and Cole 
(1980) pointed out, any process which reduces sulfate mobility will also 
reduce cation leaching from forest ecosystems. A detailed understanding of 
the sulfate incorporation process is therefore a major prerequisite in the 
assessment of the effects of atmospheric deposition on forest ecosystems. In 
contrast t o  agricultural systems in which this process and the associated levels 
of organic sulfur are reasonably well documented, it should be clear from this 
paper and other recent work (Mitchell et al., 1984) that forested systems have 
been neglected (see also Tabatabai and Bremner, 1972; Bettany et al., 1973, 
1979; Fitzgerald, 1976; Freney, 1979; David et al., 1982). 

The potential for organic sulfur turnover must have equal importance in 
explanations of watershed sulfur budgets and assessments of atmospheric 
deposition impacts. Clearly, if the tendency for this fraction once formed to  
generate sulfate is great, then the contribution of organic formation to sulfur 
accumulation will be slight. Moreover, the buffering effect that this process 
has on cation leaching will also be transitory. Thus, increased knowledge of 
factors which regulate the rates of organic sulfur formation and mineralization 
is critical to our understanding of the environmental significance of these 
processes. Data presented here suggest that sulfur incorporation depends 
primarily upon the level of available sulfate and energy; no compound has yet 
been found which directly influences the turnover process. Because the 
formation of a covalent sulfur linkage, e.g. an ester linkage, requires the 
expenditure of energy (2 moles ATP per ester linkage formed; see Dodgson 
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Figure 8. Postulated conversions between non-salt extractable organic sulfur, salt 
extractable organic sulfur and inorganic sulfate in soils and forest floor layers of the 
Coweeta basin. COS, ester sulfate; C-S, carbon bonded sulfur. 

et al., 1982), it was not surprising to find that energy sources such as glucose 
stimulated the formation of organic sulfur at least in the 0 2  layer. The use of 
azide in this work shows that when the rate of organic sulfur formation is 
reduced, the level of available sulfate from mineralization is increased. 
Alternatively, when the rate of organic sulfur formation is stimulated by 
glucose little sulfate is made available. These data suggest that the energy 
supply to this system indirectly controls the level of sulfate from organic 
sulfur minerization by exerting a direct control over the rate of organic 
sulfur formation. 

On the above basis, it might be predicted that sulfur incorporation is a 
more relevant ecosystem process in mesicenergy rich forest sites whereas 
mineralization may dominate energy deficient-more xeric sites. Alternatively, 
the interconversion between organic and inorganic sulfur occurring in either 
site may be in equilibrium; the direction of which is determined by carbon 
input and hence by energy availability. Thus, even in a forest site which is 
deficient in available carbon, some organic sulfur will be formed to  an extent 
dependent upon the degree of carbon deficiency which exists at any given 
time. Moreover, mineralization under these conditions should continue until 
the energy level falls below a threshold which makes organic sulfur formation 
impossible. Presumably, this threshold level is determined by the importance 
of the latter process in relation to other energy-requiring process taking 
place simultaneously in the forest site under consideration. In conclusion, it 
should be emphasized that these predictions are based upon laboratory 
derived data and as such are subject to influences associated with sampling 



which may not exist in the field. A further verification of these predictions 
will entail not only laboratory analysis of samples taken from a variety of 
forest ecosystems but will also depend upon detailed study of these processes, 
in situ. 

Current concepts relating to the formation and mineralization at forest 
soil organic sulfur are summarized in Figure 8. 
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