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Figure 1  Callitriches and Cabomba in a fast flowing stream in central 
California.                                                                                                       
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Why is organic carbon 
even relevant? 

Carbon represents a potential 
energy source for bacteria in 

aquariums ... 

“The Organic Carbon 
fraction is divided into 
three main divisions: 
Dissolved Organic 
Carbon, Microbial 

Biomass Carbon, and 
Particulate Organic 

Carbon.” 

                                                                                                                 Figure 2 
 
 Figure two shows the carbon cycle in a typical aquatic ecosystem. Many 
aquatic plant hobbyists are familiar with the DIC fraction (HCO3/CO2) of this 
cycle1. Fewer hobbyists are familiar with the organic fraction in carbon. This 
fraction is virtually never addressed with only one exception2 when discussing 
aquatic plant growth and cycling in the hobby, yet it is the foundation in nutri-
ent wetland cycling and substrate transformations. 
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“Are Planted Tanks 
Organic Carbon 

limited? ...” 

Table 1 shows the main features of the carbon cycling in a wetland and aquarium. 
 
 Carbon exists in inorganic and organic forms. Organic forms typically 
consist of long chains or rings of carbon atoms which constitute a part of living 
matter or part of substances derived from living matter such as decaying vegeta-
tion and humic acids. The cycling of carbon involves transitions of carbon be-
tween organic and inorganic states. These transitions are affected by, and them-
selves affect, a number of physical/chemical factors including light through se-
lective absorption, temperature, dissolved oxygen(generally a positive correla-
tion), pH (generally reducing pH), redox potential(positive correlation), ionic 
composition of the water, as well as biological factors such as productivity. The 
organic fraction of carbon is divided into three main divisions: 
 
• Dissolved organic carbon  (DOC) 
• Microbial biomass carbon (MBC) 
• Particulate organic carbon (POC) 
 
 Perhaps a good question to ponder since few have discussed this topic in 
context of planted aquariums: why is organic carbon even relevant? 
  
 Carbon represents a potential energy source for bacteria in wetlands and 
aquariums as reduced carbon, an electron donor. Carbon limitation can occur 
within the microbial community; this is distinct from CO2 limitation. New 
aquariums and substrates are generally carbon limited and unless the aquarist 
adds a source of organic carbon, the bacterial cycling will progress at a slower 
carbon limiting rate. Typically after a month or two, there is enough build up of 
organic carbon to adequately support a bacterial population that is able to han-
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“There is a great deal of 
discussion on substrates 

in aquatic 
[environments] but much 

less focus on these 
[carbon] 

transformations and at 
what ranges they 

occur.” 

dle a fish load and cycle the nutrient waste produced by the aquarium. If no car-
bon source is added initially, the plant decay will provide some as well as the 
fish waste, but this results in algal blooms in many newer aquariums. 
 
 Are planted tanks organic carbon limited? Bacteria are more similar to 
most algae in terms of size and they often compete and cooperate directly for 
nutrient sources. Some such as Cyanobacteria are bacteria yet are radically dif-
ferent than any other bacterial groups and possess Chlorophyll a and thykloids. 
This line blurs within some groups Microphytes (algae) that often take advan-
tage of poor microbial growth due to carbon limitation with high nutrients to 
bloom (Gurung et al 1999). Adding a source of carbon, such as soil, mulm, 
peat, leonardite, old tank water will prevent this from occurring and quickly es-
tablish a stable bacterial population. 
 
 The reverse can occur as well. Excessive waste loading from large fish 
population and feeding, decaying plant matter, rapid algal die off may also add 
a shock load of carbon lowering the oxygen levels to dangerous levels for the 
fish, potentially producing hydrogen sulfide (H2S). Decaying bulbs, stems, 
leaves or roots in aquariums often will form H2S gas in the substrate and form 
and a distinctive black color will appear when removed. H2S will not form 
unless there is sufficient organic matter combined low oxygen levels. If the or-
ganic matter is removed, the H2S will no longer form. It is advisable to remove 
excess organic matter from a substrate periodically, gravel vacuuming or dis-
turbing on a routine schedule. This can vary from months to years depending on 
the loading rate. Aquariums that have a high fish load, have new plants added 
and removed often, possess driftwood and /or over fed often will have lower 
oxygen levels due to microbial respiration. Such aquarium substrates will re-
quire an increased cleaning frequency. Well developed and stable root systems 
will increase the rate of decomposition by bacteria due to plant oxygen trans-
port to the substrate. Aerobic bacteria are roughly 18 times more efficient than 
anaerobic bacteria at decomposing organic carbon. Additionally, the uprooting 
plants can accomplish removal and reduce the amount of organic carbon load 
preventing excessive reduction. These are several factors influencing this load-
ing and decomposition and they change with time. Aquarist may want to add 
organic carbon in the initial stages of the set up and later start a routine to re-
move it periodically as it builds up after several months. This is good practice 
and the substrate should be uprooted or vacuumed periodically and yearly on 
average. Little remains in the substrate that is useful for the Macrophytes after 
one year and the organic carbon only serves to depress dissolved oxygen levels 
and provide a source of NH4 for algae. From a horticultural perspective, the 
aquarist does not want to culture large amounts of bacteria, nor algae, so re-
moval will decrease this fraction considerably and reduce the biomass of bacte-
ria. 
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“Adding ‘mulm’ […] 
is a good practice 

when setting up any 
new aquarium…” 

 
 Oxygen diffuses slowly in water, so slowly, in fact, that it is often used 
up by microbial activity faster than it can be replenished.  This affects root res-
piration and impacts nutrient availability. Some soil components can be 
changed to toxic forms such as hydrogen sulfide. Redox potential is the meas-
ure of electron availability in a solution.  It involves releasing oxygen, gaining 
hydrogen, or gaining an electron.  It is driven down by microbial activity, as 
metabolizing organisms seek terminal electron acceptors to allow their harvest 
of energy from substrate compounds. Redox is often measured in terms of an 
electrical potential, millivolts, and mV. Organic decomposition can occur in the 
presence of any number of terminal electron acceptors, including O2, NO3-,  
Mn 2+, Fe 3+, SO4= .  It occurs most rapidly in the presence of oxygen, and 
slower for other electron acceptors. Redox potential drops through a sequence 
of electron acceptors: 

Table 2 
 
 In aquariums, the amount of carbon loading added to the substrate will 
determine the redox value and the forms of these nutrient transformations. Ide-
ally the aquarium will some moderate reduction to occur, roughly 100 to 0 mV, 
the aquarist does not want sulfur reduction to occur. Table 2 outlines the redox 
potentials that facilitate the reduction of various nutrients and compounds by 
bacteria in the sediment (Reddy, 2003). There is a great deal of discussion on 
substrates in aquatic macrophyte horticulture but much less focus on these 
transformations and at what ranges they occur. Adding organic carbon is posi-
tively correlated with lower redox potentials. Put another way: the more carbon 
(say potting soil) that is added, the more reduction will occur. If no carbon is 
present, no reduction will occur. By loading more fish food or waste, rotting 
plants, peat, leonardite, soil to a substrate, the more the aerobic bacteria will 
oxidize it. When this occurs, the O2 from the water is quickly removed, this 
process can occur very quickly. As the detritus builds up, this further reduces 
the substrate and kills the good bacteria we want that reduces the NO3, Mn 2+ 
and Fe 3+ which are all plant nutrients whereas H2S and CH4 are not directly 
unless re-oxidize (which uses up dissolved oxygen). Figure 3 below shows the 
impact of adding progressively more carbon to the system in a graphical form 
below. 
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         Figure 3 
 
 Adding “mulm”, which is defined as the settled particulate organic ma-
terial after vacuuming a substrate or the particulate matter that settles out after 
cleaning a filter sponge, is a good practice when setting up any new aquarium. 
This provides large amounts of fungi and bacteria to help decompose waste 
quickly as well as a good source of carbon until the plants and fish waste accu-
mulate. This bacteria is live, thriving and in a non dormant state and is far supe-
rior to bottled enzymes and bacterial starter dormant spores. This adds precisely 
what is missing from an established substrate. 
 
 Adding ground peat is also good practice. This is not as nearly labile as 
mulm but decomposes at a much slower rate. This allows the substrate to pro-
vide the initial reducing power until the bacterial layers and populations are bet-
ter established in the substrate. As it slowly decays, it releases small amounts of 
carbon and this is cycled into CO2 eventually. Adding a large amount will 
cause the substrate to be too reductive initially and can produce Hydrogen sul-
fide [H2S] gas which has a blackened substrate appearance and a rotten egg 
smell. 
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        Composition of organic matter: 
 
 
Table 3 shows a 
list of the compo-
sition of organic 
matter at ranges 
observed from 
natural systems. 
 
 
 
 
          Table 3 (adapted from Reddy 2003) 
 

Functions of Organic matter: 
• * Source of nutrients for plant growth(K+, Ca++, Mg++, NH4+) 
• * Source of energy for microbial biomass 
• * Source of exchange capacity for cations 
• * Provides long term storage of nutrients 
• * Strong adsorbing agent for toxic organic compounds 
• * Complexation with metals 

 
DOC 
 Dissolved organic carbon [DOC] represents a fraction of carbon that can be transformed by bacteria 
and algae. Attached to this organic carbon are often nitrogen and PO4 groups which are often limiting in the 
water column. Possessing the ability to utilize these dissolved fractions from cleaving them from DOC sub-
units provides a great advantage to both groups. Aquatic Macrophytes generally do not utilize these fractions 
due to availability from the substrate or water column in high enough concentrations to support their vastly 
larger individual biomass. DOC can vary in natural waters from 0.1 to 50 ppm. The substances include alco-
hols, hydrocarbons, fatty acids, pigments, carbohydrates and amino acids. Sources include faunal excretion, 
metabolites from micro and Macrophytes, decay of aquatic organisms and allochthonous (from outside the sys-
tem) organic matter. It can serve as an energy source; adsorb metals and nutrients rendering them unavailable 
for some groups such as macrophtyes. In wetlands, there is a strong relationship between DOC and NO3 con-
sumption due to denitrification (NO3=> N2 gas). This suggest that DOC can be used as a predictor of NO3 
consumption. Whether this occurs in a plant aquarium remains to be seen and DOC is seldom ever tested by 
aquarist. 
 
 Humic substances are polymeric mixtures derived largely from plant material (lignins, cellulose, pro-
teins, and fats) and are resistant to decay. They are divided into three main groups based on chemical charac-
teristics: Fulvic acids, Humic acid and Humin. They are large molecular weight (700 to 30,000 Daltons) aro-
matic generally from secondary synthesis. Their formation in of humic acids in wetlands is still unknown. 
Background information on formation can be found: http://www.ar.wroc.pl/~weber/powstaw2.htm 
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“Carbon is poorly 
discussed in the 

context of aquatic 
macrophyte cycling yet 

applies well to both 
old and new 
aquariums.” 

 They may also hold high concentrations of metals in solution as well as 
reduce toxicity of certain metals by complexing. This can increase the bioavail-
ability of metals. This generally occurs at the functional groups on humic and 
fulvic acid’s –COOH, phenolic OH and C=O groups. The order of decreasing 
affinity or organic groupings for metal ions is approximately: 

The order of decreasing ability of metal ions to chelating is: 
 

Fe3+ > Cu2+ > Ni2+ > Co2+ > Zn2+ > Fe2+> Mn2+ 
 
 Light can also be attenuated from higher concentrations. Phenol oxidase 
is active under aerobic conditions and is associated with lignin and phenolic 
compound degradation. Humic acids can bind enzymes causing inhibition by 
binding one or more sites on the surface to form a monolayer on the protein’s 
surface producing hydrophilic(less water loving) than the protein itself. This 
impacts photosynthesis. Humic acids can lower growth due to this effect and 
remove divalent cations (Ca++ etc). Cation suppression in organically stained 
waters permits enhanced use of nutrients and /or organic substrates or com-
pounds hence improving productivity. 
 
 Vitamins are organic compounds that organisms require but cannot syn-
thesize. Some organisms produce vitamins such as bacteria on Elodea that can 
produce B1 and B12. Algae require biotin, thiamine(B1) and cobalamin (B12) 
and Vitamin E can trigger sexual reproduction in Rotifers. 
 
MBC 
 Microbial biomass carbon [MBC] represents the dynamic portion of or-
ganic carbon substrate. Utilization is affected by several features of the organic 
fraction of carbon: elemental composition, types of linkages employed, other 
nutrients present, physical and other chemical factors, and variety of microbes 
present (cooperation vs. competition). Carbon is catabolized 3 main ways: aero-
bic groups such as fungi, plants and archaea, anaerobic bacteria and archaea and 
fermenters which are anaerobic or facultative (will do aerobic respiration unless 
there is no O2, then switch) aerobic bacteria. This process of catabolism in-
volves cooperation between these groups and this takes time to establish and 
form distinct layers in a planted  aquarium. An example: cellulolytic microbes 
hydrolyze cellulose into glucose, then fermentative bacteria oxidize it to form 
acetate, carbon dioxide and hydrogen. Because not all of the catabolic reactions 
involved are energetically favorable on their own, syntrophy (a process in 

-O-(enolate) > -NH2 (amine) > –N=N- (azo) > =N (ringN) > -COO(carboxylate) > -O-(ether) > C=O (carbonyl) 
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which two or more different microorganisms cooperate to degrade a substance that neither can degrade alone) 
is common. An example of syntrophy is the case in which an ethanol fermenter and a methanogen living in 
close approximation carry out two fermentations, one of which is energetically nonfavorable (positive free en-
ergy change) 
 

 2 CH3CH2OH + 2 H2O 4 H2 + 2 CH3COOH + 2 H+ (+19 kJ) 
 
And the other of which is energetically favorable (negative free energy change) 
 

4 H2 + CO2 CH4 + 2 H2O (-131 kJ) 
 
When coupled with hydrogen utilization, fermentative oxidation of ethanol to acetate becomes feasible be-
cause rapid removal of hydrogen makes the overall reaction more favorable (negative free energy change). 
 

2 CH3CH2OH + CO2 CH4 + 2 CH3COOH + 2 H+ (-111 kJ) 
 
So both reactions can proceed 
 
 These hydrogen-producers (Syntrophomonas, Syntrophobacter, etc.) probably generate their ATP when 
they convert acetyl-CoA to acetate at the "end" of beta-oxidation of fatty acids (note that mathanogens can also 
reduce acetate to methane). The rate-limiting step in methanogenesis (Methanobacterium, etc.) is frequently 
generation of hydrogen and acetate by the slow-growing syntrophic bacteria. Syntrophic interspecies transfer 
of hydrogen also occurs with sulfate reducers, homoacetogens, as well as methanogens. In terrestrial habitats, 
methane production in arctic tundra increases when melting occurs, due to increased water content generating 
the anaerobic conditions these bacteria need to function in their syntrophic associations. Another example of 
cooperation is the fact that microbial biomass becomes the predominant substrate in many cases (e.g., sewage 
treatment) where degradation of complex organic substances is occurring. An example of a product resulting 
from the lack of microbial cooperation in degradation of complex organic substances is coal formation, which 
is based on the inability of aerobic filamentous fungi to degrade lignin (major carbohydrate in plant material) 
under anaerobic conditions such as are generated in peat bogs by accumulation of thick layers of dead plant 
material; over time, the pressure generated by sedimentation compacts this material to form coal. Competition 
microbial portions of the carbon cycle are also frequently competitive although it is a cooperative mechanism, 
syntrophic competition for hydrogen is important in succession and in determining relative proportions of mi-
crobes in various habitats. In marine waters, sulfate reducers predominate because the sulfate concentration is 
high and they compete more effectively for hydrogen (especially at very low pH) and catabolize acetate more 
efficiently than methanogens (Methanococcus, Methanosarcina) which can utilize substrates like trimethyl am-
monium (TMA). In freshwater, methanogens predominate because the sulfate concentration is so low gener-
ally that sulfate reduction occurs slowly, mostly at interfaces between water and anaerobic sediments (mud), so 
the methanogens located here can compete more effectively for hydrogen and they use it to reduce carbon di-
oxide to generate methane (and energy). 
 
 Beta glucosidase enzyme activity is what cycles most of the organic carbon produced by the plants. 
This enzyme is most productive with high aerobic conditions (High O2 levels). Labile organic compounds 
(Compounds that constantly are undergoing change) repress activity of Beta glucosidase. High activity occurs 
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in the detritus layer and decreases with depth in the sediment (Wright, Reddy 
2001). Phenol oxidase is highly sensitive to available O2 as well and helps to 
decompose many humics in the water column and aerobic layer in the sediment
(Wright, Reddy 2001). This supports more efficient and more rapid cycling by 
having high O2 levels present in an aquarium. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        Figure 4 
 
POC 
 Particulate organic carbon [POC] represents a fraction that is generally 
labile and active in the cycling or carbon. It is separated by size from DOC and 
generally seen as detrital materials that can be seen macroscopically. Microsites 
can occur on individual grains involving numerous potential sites for bacteria 
and algae. Various fauna shred POC into smaller size fractions and as bacterial 
and fungal decompose the POC further, it becomes DOC. 
 
Concluding remarks: 
 
 Carbon is poorly discussed in the context of aquatic macrophyte cycling 
yet applies well to both old (potentially over accumulation) and new aquariums
(virtually always not enough carbon). These carbon fractions can have both 
positive effects on aquatic macrophyte growth and inhibit photosynthesis. Add-
ing humic acids and DOC to aquatic macrophyte aquariums often results in a 
trade off between increasing the bioavailability of various complexation with 
trace metals and enzyme suppression. Depending on the system, this can work 
in favor of horticulture if the trace metals are low or limiting while if the trace 
metals are frequently dosed at high levels, the humic acids would suppress the 
decomposers. Carbon is at the center of decomposer’s role in the planted aquar-
ium. Too much organic carbon will cause the substrate to sour, while too little 
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provides no microbial support in new set ups. Water changes or activated car-
bon can remove and reduce the DOC concentration to make it easier on the 
aquarist to dose bio-available NO3, PO4, K+ and accurately test for active con-
stituents rather than organically bound non available nutrients. Maintaining 
higher dissolved O2 levels from either filtration and surface movement or high 
plant production allows optimal rates of degradation of detritus. Substrates 
should be vacuumed and cleaned periodically. This loading of organic carbon 
controls O2 levels to some degree, determines what ions are present in available 
form through bacterial and fungal processes in the substrate. The main focus of 
this section is that the reader grasp the relationship between increased organic 
Carbon and (reduced O2 levels) and increase in Redox potentials(-> a more re-
ducing environment). 
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