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 Sulfur is poorly understood in terms of aquarist although well 
studied in the academic realm and both terrestrial systems and in wet-
land cycling. Aquatic macrophytes utilize sulfur in the form of sulfate, 
(SO4). This oxidized form is reduced to Sulfur (S) and incorporated into 
amino acids required to manufacture proteins. Sulfur is also essential for 
the production of chlorophyll and utilization of phosphorus and other 
essential nutrients. It is essential in both Photosystems I and II as well as 
the electron transport chain. Sulfur ranks equal to nitrogen for optimiz-
ing macrophyte production and quality. It increases the size and weight 
of macrophytes and enhances the efficiency of nitrogen for protein 
manufacture. Macrophytes that have a high nitrogen requirement must 
have adequate sulfur to optimize nitrogen utilization. Generally, sulfate 
(SO4) is rarely limiting in the aquatic plant aquarium. Some aquarist 
may find they lack sulfur if they do not add any SO4 to their tanks and 
also have very soft water. This is very rare but possible. Since Mg++, 
Ca++ and K+ are also lacking in such waters adding Ca (SO4) or K2 
(SO4) is often added thereby reducing the potential for limiting condi-
tions. Most tap water has sulfate as the anion to balance the cations such 
as Na+, K+, Mg++ and Ca++. Excess sulfate is often blamed for H2S in 
substrates, but this is not directly related, it requires a high level of or-
ganic loading for hy-
drogen sulfide pro-
duction to occur and 
very low O2 levels 
which is caused by 
bacterial respiration, 
not deep substrates. 
Bacterial respiration 
of Sulfate into H2S is 
the entire process; 
this requires the bac-
teria to first remove 
O2 from the upper 
layers and then bacte-
ria to reduce the sul-
fate. If there is no 
organic matter to de-
compose, then the 
substrate will not be-
come anaerobic. In 
older substrates, this 
build up of organic 
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nitrogen for optimiz-
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duction and quality.” 
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… There is a large energy 
requirement for the re-
duction of SO4 into S in 
the second and third line/
step in figure 1. Note the 
enzymes required for 
each transformation. The 
formation of these en-
zymes requires proteins. 
Without them, the macro-
phytes cannot take up N, 
P, K, or S.…. 

Limiting any one of these nutri-
ents stunts the macrophytes 
and takes some time for them 
to recover and rebuild their 
uptake systems and internal 
biochemical pathways 

“Sulfate uptake in 
plants is highly 
dependent upon 

temperature, and the 
size of the internal cell 

sulfate pool. .” 

matter can sometimes cause the substrate to sour, simply using a gravel vacuum, uprooting 
plants routinely, disturbing the layer well can alleviate this issue. Hydrogen sulfide is highly 
toxic and often forms the characteristic black substrate patches or layers and produces the foul 
rotten egg smell. A common myth is that the high levels of sulfate can cause the hydrogen sul-
fide, but without a large amount of organic matter, the substrate can be very deep without any 
reduction of sulfate into hydrogen sulfide.  
 

 
Sulfur deficiency and excess in Macrophytes. 
 
Sulfur deficiency in terrestrial plants is characterized by stunted growth, delayed maturity, and 
general yellowing of plants. Yellowed plants are also characteristic of nitrogen deficiency. 
However, unlike nitrogen deficiency which begins in the older leaves and progresses up the 
plant, sulfur deficiency symptoms begin in the young, upper leaves first. Sulfur deficiencies are 
often misdiagnosed as nitrogen problems, leaving growers to wonder why their nitrogen appli-
cations are ineffective. This can also be applied to many aquatic macrophytes as well since they 
also have the same pathways and demands for chlorophyll. In many crops, a severe sulfur defi-
ciency causes the entire plant to turn yellow. In monocots like corn and small grains (many 
macrophytes also are monocots); however, yellow stripes that run parallel to the leaf blade are 
common. Sulfur deficiency is most frequently observed on very sandy soils with low organic 
matter content during seasons of excessive rainfall which is why some organic matter is impor-
tant and wetland systems. Highly soluble iron concentrations can interfere with sulfur metabo-
lism and limit the availability of phosphorus (Sahrawat, 2004). This is generally not discussed 
in aquatic horticulture as many assume that Fe2+ is limiting. Excess sulfate: uptake is not inhib-
ited by large molar excesses of nitrate, chlorate or phosphate. However, it is inhibited by vari-
ous group VI anions such as structurally related to sulfate. Sulfate in turn inhibits uptake of 
chromate and to a lesser extent selenate. It has been suggested that Group VI anions might com-
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“Yellowed plants are also 
characteristic of nitrogen 

deficiency. However, unlike 
nitrogen deficiency which 
begins in the older leaves 

and progresses up the 
plant, sulfur deficiency 
symptoms begin in the 

young, upper leaves first. 
… ” 

pete with sulfate for uptake by the sulfate uptake mechanism (Anderson, 1980).  
 

 
 
Sources of Sulfate: 
 
Some fertilizer salts that provide sulfur include potassium sulfate (18% S), potassium-
magnesium sulfate (23% S), magnesium sulfate (14% S), gypsum (16.8% S), ammonium sul-
fate (23.7% S), and elemental sulfur (90% S). In general, tap water often has more than enough 
for aquarist doing routine regular water changes.  
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“… This regulation 
suggests that non 

limiting stability is the 
key to maintaining an 
adequate environment 
for good growth  ...” 

Biosynthesis uptake and assimilation pathways:  
 

Sulfate uptake, reduction and the synthesis of cysteine and methionine in plants 

 
Figure 1 

 
 

What is relevant and important in figure 1 is that the Sulfur is taken into the cell and the energy 
required to assimilate it. You can see that iron (Fd = ferric reductase), Phosphate (PPi and O-
phosphohomoserine) and nitrogen (NH4+ among others) all play integrated interwoven roles in 
macrophyte growth and protein synthesis.  If a macrophyte is lacking any of these nutrients, it 
slows or stops the protein production and thus the growth. These nutrients are interconnected. P 
is exchanged for S in the first step. There is a large energy requirement for the reduction of SO4 
into S in the second and third line/step in figure 1. Note the enzymes required for each transfor-
mation. The formation of these enzymes requires proteins. Without them, the macrophytes can-
not take up N, P, K, or S. Limiting any one of these nutrients stunts the macrophytes and takes 
some time for them to recover and rebuild their uptake systems and internal biochemical path-
ways. This is a common theme throughout horticulture, deficient symptoms and macrophyte 
recovery.      
 
Sulfate uptake in plants is highly dependent upon temperature, and the size of the internal cell 
sulfate pool. Sulfate uptake is inhibited by respiratory inhibitors (cyanide, low O2), uncoupling 
agents (e.g. 2,4-dinitrophenol ) and ATPase inhibitors  (Anderson, 1980). There appear to be 
two uptake systems; high-affinity and low-affinity (as for dual uptake systems discussed with 
nitrate….again, a very common theme in macrophytes). Several types of sulfate transporters 
have been identified in plant roots which are part of the starvation-induced, high-affinity uptake 
system (Smith et al, 1995b; 1997). An interesting second type of sulfate transporter genes ap-
pear to encode low-affinity transporters that may load sulfate into the vascular tissue in roots 
and unload it into leaf cells, or which may transport sulfate between cellular or subcellular com-
partments (Chrispeels et al, 1999; Takahashi et al, 1996; 1997; 2000; Smith et al, 1995a). Plants 
tend to have similar abilities when nutrient levels change and up regulate uptake to take advan-
tage of prevailing conditions at the maximum efficiency. Plants are not static. They change 
adapt to their environmental conditions.    
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“… As the redox 
potential falls and 

ferric ions are reduced 
to ferrous Fe2+, the 

levels of iron and 
phosphate in solution 

increase 
dramatically ....” 

 
 
Variation: 
 
Varying the levels between high and low levels of sulfate, nitrate and phosphate clearly forces 
the macrophyte to up and down regulate these various uptake enzymatic systems and pathways. 
In general, the small microphytes, (the noxious weedy algae) can respond to the environmental 
changes faster and are often induced by such changes. The reasons for this rapid response by the 
microphytic algae are they attempt to take advantage by getting a rapid jump to establish first. 
The larger macrophytic plants and larger algae are better at more stable environments. This 
regulation suggests that non limiting stability is the key to maintaining an adequate environment 
for good growth for selectivity of the types of macrophytes and microphytes that you wish to 
culture. While the low level near starvation methods can and do certainly work, these levels are 
very low, thus difficult to measure and maintain. In efforts to maintain these low levels, lower 
light, lower limiting levels of CO2 and in some cases some nutrients can be done to approach 
such a method routine at very low levels that is stable. This is rather difficult to measure and 
implement. Thus it is much more manageable to approach the method at the higher end and 
maintain a higher wide ranging level of nutrients. This allows easier measurement, easier fertili-
zation practices and provides a much larger buffer zone. In the past, many aquarists have as-
sumed higher nutrient levels were the root of the microphytic noxious algae issues. This may be 
true with respect to NH4+ in aquariums (Barr, 2000). Many questions remain as the upper end 
of many nutrients as to what constitutes a negative excess concentration. They appear to be 
quite high and sulfate seems to be one that possesses a very wide range.   
 
Sulfur, Soil and Rice: 

The availability of SO4 in aquatic systems is determined by the balance between ionic forms, as 
affected by redox potential and pH, changes the solubility and strength of adsorption/exchange 
and therefore the amount of that nutrient available for plant uptake.  At low redox potentials, 
sulfur is reduced and H2S, hydrogen sulfide, is released.  Because the concentration of sulfates 
is higher in salt water wetlands, sulfide emission is also higher, and toxicity greater.  Toxicity 
can occur as the result of contact with roots, or with reduced availability of sulfur to plants be-
cause it precipitates with trace metals.  Zinc and copper can also be limiting because they pre-
cipitate with sulfur.  If ferrous iron is present, it will precipitate with sulfides.  Ferrous sulfide 
(FeS) give many wetland soils their black color, and is the source of sulfur commonly found in 
coal deposits. In the case of nitrogen, the ionic form (NO3 and NH4+) also changes the uptake 
mechanism. Sulfur, however, is taken up by the roots of most plants (and through the thallus in 
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macroalgae) in the oxidized sulfate form. There is evidence that some wetland plant species, such as Spartina alterniflora can also 
assimilate sulfide into proteins (Carlson and Forrest, 1982; Peterson, Howarth and Garritt, 1986). It is not known whether rice also 
can assimilate sulfide, but it appears unlikely to be a major source of sulfur to the plant as rice is sensitive to low levels of sulfide in 
its tissues. The level of total S and sulfate-S in wetland rice soils varies widely. The mean concentrations reported for total S in rice 
wetland soils of a number of different countries range from 83 to 1176 µg (S) g-l dry weight (2.6 to 37 µmol g-l) , while the mean 
sulfate-S levels range from 2 to 210 µg (S) g-l dry weight (0.06 to 6.6 µmol g-l) Generally, the S content of rice hydrosoil is related to 
soil texture, with light textured soils containing less S than clay soils (Parkpian et al., 1986). The total sulfur content is also corre-
lated to total organic matter content (Reyes et al., 1985), with a large significant fraction of the total S in the soil being present as 
organic sulfur (Blair and Lefroy, 1987). The same is generally true of natural freshwater wetlands. There is normally higher organic 
matter content correlated with higher total sulfur content (Giblin and Wieder, this volume).  
 

 
 
The significant fraction of soil S present as organic sulfur has to be mineralized to sulfate (or perhaps sulfide, if rice behaves like salt 
marsh grasses) before it is available to plants. This mineralization depends not only on microbial activity but also on the nature of the 
organic matter. The mineralization of organic matter in wetland rice soils is enhanced by the annual wetting and drying cycles, gen-
erally high soil temperatures, and generally high and balanced nutrient supply. In contrast to many natural wetlands of the temperate 
zone, there is likely to be less build-up of organic matter that is resistant to decomposition. In addition, after each rice crop there is a 
substantial input of predominantly readily mineralizable organic matter from floodwater flora and fauna, rice roots and, depending 
on residue management practices, rice shoots. As production increases, as a result of management practices, so the mineralizable 
organic matter and therefore sulfur returned to the system is likely to increase.  
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Sulfate biogeochemical cycle: 

 
Figure 2 

Sulfate in wetland water and substrate solution of the oxidized layers may be taken up by plants, immobilized into organic matter, 
sorbed on to anion exchange sites, removed by leaching and runoff or reduced to sulfide. Soil biota will incorporate some sulfate into 
organic matter, but with the relatively short generation time of many of these organisms the turnover should be rapid. Sorption of 
sulfate from the floodwater and oxidized surface soil layer will be affected by changes in the anion exchange capacity (AEC), the 
sulfate concentration, and changes in the concentration of competing anions although as mentioned, little is known about these com-
peting anions real impact. In acid soils, the pH increase that occurs with flooding would decrease the sorption capacity, while flood-
ing of alkaline soils would increase sorption capacity over time. Whatever the change in anion exchange capacity, the net effect on 
sulfate sorption will also depend on changes in the concentration of potentially competing anions such as Fe2+. As the redox poten-
tial falls and ferric ions are reduced to ferrous Fe2+, the levels of iron and phosphate in solution increase dramatically (Patrick, Go-
toh and Williams, 1973; Chang, 1976; Samosir, Blair and Lefroy, 1988). The increased phosphate in solution is likely to increase the 
sulfate in solution by competition with sulfate for adsorption sites in the substrate (Parfitt, 1980; Nagarajah, Posner and Quirk, 1970). 
At the onset of flooding, CO2 and bicarbonate accumulate from organic matter decomposition through aerobic respiration. The bicar-
bonate ion will also compete with sulfate for sorption sites as well and so is likely to increase the sulfate in solution. Samosir (1989) 
found in a pot experiment using 35S-labelled fertilizers, that over 80% of the rice plant's S was derived from a surface application of 4 
g (S) m-2 (13 mmol m-2), applied as potassium sulfate, yet when the same application was incorporated 7 to 21 cm below the surface, 
only 34% of the plant's S came from the fertilizer. The lower recovery from deep placement was most likely due to reduction to sul-
fide and precipitation of the sulfide. However, a lower biomass of roots at depth may also have contributed to this finding.  
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Ratios and concluding remarks: 
 
Generalized ratios for S in plant biomass are as follows:  
P:S = 2:1 
N:S = 15-17:1 
 
It is important to note that plants can and do store sulfate in large amounts in their vacuoles. Limiting the water column may not re-
flect a plant limitation over short time frames. It is therefore suggested to limit most nutrients at high growth rates for a 21-30 day 
time frame to deplete any reserves. Many aquarist make the error of assuming the water column reflects directly the status of the 
plant at that same time.  This is seldom an issue with sulfate, but when approaching limitation studies, this certainly needs addressed 
well before making conclusions.  
Assimilation and uptake occurs primarily in the leaves in plants. In some cases, adding K2SO4 appears to improve plant growth even 
though K+ is non limiting, this is rare, but maybe due in part to the SO4. Like PO4, not much is required for plant nutrition and de-
mand. As N and P play central roles, so does S, thus its uptake and assimilation is intimately linked to other nutrients that can cause 
co limitations that may appear similar to N deficiencies.      
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