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Organic carbon 

and ecosystem energetics



Where does the organic energy come from in lakes and rivers?
Different surface-to-perimeter ratios

Different sources and forms of energy



Allochthonous (produced outside the ecosystem 

boundaries) versus autochthonous (produced 

inside the ecosystem boundaries) sources of 

organic carbon

Particulate organic matter (POC)

Dissolved organic carbon (DOC)

Various forms of organic carbon in aquatic ecosystems



Coarse Particulate 

Organic Matter

(CPOM)

Fine Particulate Organic Matter (CPOM)



How much DOM, FPOM and CPOM is transported by streams?



How much DOM, FPOM and CPOM is transported by streams?

o DOC flux dominates overall

o Change point when larger 

debris (i.e., CPOC) are 

mobilized at a critical discharge 

(cf Hulmstroem curve)



The roles of wood

• Geomorphic and environmental 

heterogeneity foster biodiversity 

• Geomorphology and lateral 

connectivity / floodplains

• Nutrient and organic matter dynamics



DOC (or DOM): Energy basis for microbial heterotrophs

Photosynthesis (CHO)
Respiration

DOC metabolism

CO2 and CH4 productionCO2 assimilation

DOC

CO2



Browning of surface waters

o Light regime

o Metabolism

o Contaminant transport

DOC as the largest pool of reduced 

carbon in the world’s aquatic 

ecosystems
A major intermediary to the global carbon cycle



DOM pool

Humic substances (majority of the 
DOC)

The formation of humic substances occurs during 

the degradation of aquatic and terrestrial plant 

material (celluloses, hemicelluloses, and lignin) by 

fungi and bacteria. 

Humic substances in soils and sediments can be

divided into three main fractions: 

humic acids, fulvic acids, humin

Generally highly abundant in freshwaters, colored

(brown, yellow) and conferring color to the water



DOM Pool

Non-humic substances

Carbohydrates 

Proteins

Peptides

Amino acids

Lipids

Waxes

Pigments... 
• Biomolecules that also contain N and P

• Low concentrations in freshwaters

• High bioavailability to the microbial metabolism

• High turnover

• Important to biogeochemical cycling



• Thousands of DOM molecules contained within the water of streams, 

rivers and lakes

• Distribution skewed towards relatively few abundant molecules and 

numerous non-abundant molecules



Bathia et al 2010

Aromatic

Compounds

(humics)

Aliphatic

Compounds

(alkenes)

Van Krevelen diagram

Separating molecular groups based 

on O:C and H:C ratios, as well as on 

N and P



Precipitation Residence time

Annual temperature Chemodiversity
Precipitation, hydrological residence time, 

annual temperature and chemodiversity as 

drivers of molecular-level patters DOM 

composition across Swedish lakes

Shown are chemical groups assigned to 

combustion derived polycyclic aromates, 

vascular plant-derived polyphenols, 

unsaturated phenolic compounds and 

aliphats



Wildfires and black carbon in streams and rivers
• The incomplete combustion of organic molecules produces a 

chemically diverse suite of pyrogenic residues termed black carbon. 

• The significance of black carbon cycling on land has long been 

recognized, and the recognition of dissolved BC as a major 

component of the aquatic carbon cycle is developing rapidly. 



• Black carbon: ca. 26.5±1.8 x 106 tons per 

year

• ca. 10% of DOC concentration

• Interesting because black carbon was 

long thought to be insoluble
• Highly oxidized, hence potentially of little 

relevance to the carbon metabolism

Wildfires and black carbon in streams and rivers



Wildfires and black carbon in streams and rivers

Fate of dissolved black carbon

• Photodegradation by solar radiation

• Biodegradation (low) by microorganisms

• Flocculation and deposition (estuaries)

• Storage in oceans



Glacier ice includes ancient DOM (ca. 4000 to 8000 years 

BP, terrestrial organic carbon from climate optimum )

Upon release, this DOC is highly available to the 

downstream metabolism

Potentially contributing to CO2 outgassing from streams, and 

sustaining their food webs

Mountain glaciers as a 

component of the carbon 

cycle



Impacts of DOC (1)
Light and production in lakes

Brown-water lake



Common wisdom

• Nutrients stimulate primary production (i.e., phytoplankton)

• Primary production stimulates zooplankton production

• Increases fish biomass and ‘catch per unit effort’ (CPUE)

New Zealand

Sweden

Finland

Oligotrophic and mesotrophic lakes



• Lake ecosystem production along a nutrient (P) 

gradient

• The whole-lake primary production, basal 

production by algae and bacteria and production of 

top consumers was negatively related to total 

phosphorus in the lake water. 

• Therefore, factors other than nutrient supply 

controlled the biomass production in these lakes.

Benthic + pelagic PP

PP + bacterial production



• By comparing small unproductive lakes along a water 

colour gradient, it was shown that coloured terrestrial 

organic matter controls the key process for new 

biomass synthesis (the benthic primary production) 

through its effects on light attenuation. 

• Light (I, PAR across the lake volume) is an 

unexpected driver of fish production in boreal lakes 

• Colored DOM (humics) attenuates light, thereby 

reducing primary production and hence fish 

production

• Catchment export of coloured organic matter is 

sensitive to short-term natural variability and long-

term, large-scale changes, driven by climate and 

different anthropogenic influences



• Concentrations of dissolved organic carbon 

in inland waters are increasing

• Conferring brown color to the water

• Shifts in light regime

• Potential deterioration of drinking water 

Browning of streams and rivers



Acid deposition (e.g., sulfur) reduced 

over the last decades

Less acid retention capacity of the soils

Along with heavy precipitations, 

phenolic DOC constituents are washed 

out from soils

What causes browning? 



Impacts of DOC (2)

• DOC and POC are central to the aquatic 

food web and ecosystem metabolism

• Hence, DOC is a major intermediary to 

the carbon cycle and greenhouse fluxes



DOC (or DOM): Energy basis for microbial heterotrophs

Photosynthesis (CHO)
Respiration

DOC metabolism

CO2 and CH4 productionCO2 assimilation

DOC

CO2



The aquatic food web and microbial loop
DOM as the basis of the aquatic food web



ca. 25%

„traditional
food chain“

exudates
exudates &
„sloppy feeding“

Heterotrophs PhotoautotrophsThe microbial loop

Aggregation

• Re-cycling of DOM withing the 

microbial compartment of the aquatic 

food web

• Less or delayed transfer to higher 

trophic levels (i.e., traditional food 

web)

• Spontaneous aggregation of DOC 

molecules into larger particular 

entities allows bypassing the 

microbial loop



ca. 25%

„traditional
food chain“

exudates
exudates &
„sloppy feeding“

Heterotrophs PhotoautotrophsThe microbial loop

Aggregation

Microorganisms, also including 

unicellular grazers and algae, are 

the major engines of DOC dynamics 

in aquatic ecosystems

Hence of carbon cycling in aquatic 

ecosystems



The microbial loop

Size of the pores in the bacterial 

membranes limits the size 

(molecular weight) of the DOC 

molecules that the cell can take up

Extracellular enzymes cleave the 

larger DOC molecules into smaller 

entities

Bacteria are highly abundant and 

very small, hence a large surface 

area by cell volume, translating into 

a potentially large mass flux per 

liter water or square meter surface 

area (see hyporheic ‘bioreactor’)



Degradation of organic matter

• Chemical composition

• Temperature

• Redox

• pH

• Invertebrates (shredders, see RCC)

• UV radiation (photodegradation)

• Physical decomposition 



The respiratory breakdown of organic 

carbon (OC) stored in lake sediments 

increases with temperature

More OC will be respired as temperature 

increases, therefore less OC will be buried 

and stored in the lake sediments

[See various lakes that have stored 

substantial amounts of OC related to lake 

geometry, mixing, terrestrial OC inputs)]



C:N = indicator for organic matter quality

Algal material: C:N ~ 6-20

Lignin-rich material: C:N  > 20

Stoichiometry of organic matter decomposition

Higher availability of N-containing organic 

molecules (e.g., for amino acids, proteins)
Lakes
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• Degradation of leaf litter is a function of 

soluble reactive phosphorus and nitrogen 

concentration

• Nutrient limitation and the  ecological 

stoichiometry of degradation, that is N 

and P are required (e.g., enzymes) to 

degrade leaf litter



• Residence time of leaf litter (organic matter) 

in streams decreases with increasing 

nutrient (N, P) inputs 

• Decomposition and respiration of organic 

matter stimulated by N and P inputs

• More CO2 (from respiratory breakdown) 

evading from streams

• Finer POM/POC exported downstream

• Downstream and vertical (atmosphere) 

consequences



Dissolved organic matter/carbon

• High chemical diversity

• Continuum between particulate and dissolved form

• Concentration and composition changing with 

discharge/hydrological connectivity

• Fuels metabolism of microbial heterotrophs – intermediary to 

carbon cycle

• DOM bioreactivity depends on age and chemical composition

• Browning of surface water

• Drinking water, light regime/primary production

• Increasing temperature stimulates the respiration of organic 

carbon in lakes

• Biological residence of OC in streams depends on nutrients
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