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Electron shuttling by humic substances in wetland soils: exploring a novel control 
on anaerobic decomposition.
Crisand N. Anderson, and Jason K. Keller, Schmid College of Science, Chapman University, Orange, CA

Introduction:
Peatlands are a diverse group of wetlands defined by

highly organic soils. On a global scale, these ecosystems

store 450 Pg of carbon in their soils (~30% of the terrestrial

soil carbon). Additionally, peatlands are of currently

responsible for ~10% of the global emissions of methane

(CH4), a potent greenhouse gas [1].

Like other wetlands, peatlands are characterized by

flooded or saturated soils where oxygen is not present as a

terminal electron acceptor (TEA) for microbial respiration.

Under these anaerobic conditions, respiration uses a

number of alternative TEAs (e.g., SO4
2-) to mineralize

organic carbon to CO2 [2]. These inorganic TEAs are

preferentially used based upon their thermodynamic yield

with the least competitive process being the production of

CH4 through methanogenesis (Fig. 1).

Peatlands exist along a conceptual ombrotrophic-

minerotrophic gradient. Ombrotrohpic bogs receive their

hydrologic inputs from the atmosphere resulting in acidic

soil conditions and low nutrient availability. Minerotrophic

rich fens also receive surface or groundwater inputs

resulting in more circumneutral soil pHs and higher

nutrient availability. Intermediate fens are found between

these two end members.

For reasons that are not fully understood ombrotrophic,

bog-like peatlands produce less CH4 than more

minerotrophic, fen-like peatlands. A number of authors

have suggested that the use of humic substances as

organic TEAs in microbial respiration could explain this

pattern [3].

Abstract:
Peatlands store one-third of the earth’s soil carbon

and are responsible for almost 10% of the global methane

flux. Despite their importance in the global carbon cycle,

much of the decomposition in these wetland ecosystems

cannot be explained by any known microbial process.

Additionally, methane production is suppressed for

extended periods by an unknown mechanism in many peat

soils. We explored the potential for humic substances to

act as organic electron acceptors (thereby suppressing

methane production) in peatland soils. Humic reduction

was quantified by comparing the electron shuttling

capacities of oxidized peat soil and peat soil that was

chemically reduced with H2 and a Pd catalyst.

Measurements of electron shuttling capacities were

compared to the rates of methane and carbon dioxide

production during a two month laboratory incubation.

Preliminary results suggest that the suppression of

methane production can be relieved by the chemical

reduction of solid-phase soil humic substances.

Methods: Site description

Soils for this study were collected from three

peatlands at the University of Notre Dame’s Environmental

Research Center in the Upper Peninsula of Michigan.

Cores from a bog (pH=3.66), an intermediate fen (pH=4.20)

and a rich fen (6.06) were collected in the summer of 2009.

Large roots and other debris were removed by hand in an

anaerobic chamber. Root-free peat was frozen until

analysis.

Methods: Laboratory incubations

Root-free peat was homogenized, oxidized, and then

allowed to reduce, both biologically and chemically, for 1

week. Following this reduction period, electron shuttling as

well as CO2 and CH4 production were measured over a 2-
month anaerobic incubation at 22 ⁰C (Fig. 4).

Methods: Statistical analysis

Within each peat type, the initial electron shuttling

values were compared between biologically and chemically

reduced soils using an independent t-test. To facilitate

comparisons between sites, electron shutting, CH4 and

CO2 production over the course of the laboratory

incubations are presented relative to the values measured

in chemically reduced soils. There were significant time *

treatment interactions in repeated measures ANOVAs, so

treatment difference were subsequently analyzed at each

time point using independent t-tests.

Results:

Conclusion:
As we hypothesized, it appears that the reduction

of soil humics can be an important microbial process

in anaerobic peatland soils. As with inorganic TEAs,

the reduction of humics increases CO2 production and

competitively suppresses CH4 production. The

potential role of humic reduction decreases across the

ombrotrophic-minerotrophic gradient, and this pattern

may help explain the low CH4 production efficiency

typically observed in more ombrotrophic (bog-like)

peatland soils. However, even when the soil humic

pool was chemically reduced, the CO2:CH4 ratio was

still high in ombrotrophic soils, suggesting that

additional factors (pH, soil quality, microbial

community, etc…) play a role in regulating CH4

production in peatland soils.

Future Research:
The chemical reduction of the soil humic pool altered

the soil pH in our experimental design. Given the

importance of pH in regulating methanogenesis, future

work will need to better control for this confounding effect.

Our experimental design did not allow us to

distinguish between the electron shuttling capacity of

solid-phase and dissolved soil humics. Ongoing

experiments will better isolate these two pools to

determine where humic reduction is taking place.

Additional chemical characterization of solid-phase

and dissolved humics will help to explore this question

further. We are developing protocols for excitation-

emission matrix (EEM) spectroscopy and electron spin

resonance (ESR) spectroscopy for use in subsequent

experiments.

We are working to measure iron concentrations to

quantify the potential importance of electron shuttling to

Fe(III) in these soils. Iron is generally assumed to be

present is small quantities in these highly organic soils,

but we will quantify this directly.
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Methods: Conceptual approach

The central premise of our experimental design was

that if humic materials were being used as organic TEAs

for microbial respiration, than the humic pool in the soils

would become progressively reduced through time. If this

biological reduction was taking place, the humic pool’s

ability to donate electrons back to a favorable electron

acceptor (e.g., Fe(III)) would increase over the course of an

incubation (Fig. 2).

To test this, we utilized an electron shuttling protocol

adapted from [5]. A subsample of the soil was allowed to

react with Fe(III)-NTA in an anaerobic chamber for 5

minutes (only chemical reduction of Fe(III) was possible).

Fe(II) was measured using a ferrozine method in order to

determine the e- equivalents that were shuttled to the Fe(III)

from the soil humic pool (Fig. 3).

Peat
Fe(III)-

NTA
Ferrozine

Fe(II)

e- equivalents

Figure 3: Electron shuttling assay used to measure the e- equivalents

shuttled to the Fe(III). Adapted from [5].

Figure 2: Left: Model of humics used as an electron acceptor, from [4]. Right:

Hypothesized changes in the oxidized humic pool and the electron shuttling capacity

of the humic pool through time.

Figure 1: Possible terminal electron acceptor for decomposition.

Figure 4: Experimental design for 2 month anaerobic incubations of root-free

soils from the 3 peatlands.

Time

N=3N=3

Figure 5: Electron shuttling following a 1 week chemical reduction. Values

are mean ± 1 S.E. Chemically reduced shuttling values have been corrected

for sulfate concentrations to account for electron shuttling by reduced

inorganic electron acceptors.
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Figure 6: Electron shuttling, CH4 production and CO2 production in biologically

reduced soils relative to chemically reduced soils. Values are mean ± 1 S.E.

** = p<0.01; * = p<0.05.
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Figure 7: Ratio of CO2:CH4 produced during the final incubation period (6-8 weeks).

Values are means ± 1 S.E. The horizontal dashed line shows the 1:1 ratio predicted

for a purely methanogenic system.

In the final incubation period, CO2:CH4 ratios decreased

along the ombrotrophic-minerotrophic peatland gradient. In the

bog soil, even the chemically reduced soils still had a ratio

~10:1. This suggests that even after the humic pool was fully

reduced (i.e., no competitive suppression of methanogenesis),

there were still fundamental constraints on CH4 production in

this soil.

In the bog soil, the difference in electron shuttling

capacity for the biologically and chemically reduced soils

decreased through time (Fig. 6). This suggests that

microbial respiration was able to reduce the soil humic

pool in this soil. CH4 production was inhibited and CO2

production was stimulated in the biologically reduced bog

soil (Fig. 6) suggesting that an alternative TEA was

present. These differences disappeared as the soil humic

pool became progressively reduced by the microbial

community.

Similar patterns were observed in the intermediate

fen, although differences between chemically reduced and

biologically reduced soils were not as pronounced (Fig. 6).

In the rich fen, there were few differences between

treatments, suggesting that microbial reduction of the soil

humic pool was not an important anaerobic carbon

mineralization pathway in this soil (Fig. 6).

Soils from the bog (B) and intermediate fen (IF) had

higher electron shuttling potentials after being chemically

reduced compared to biologically reduced soils. In the

rich fen (RF) there was no difference between these

treatments (Fig. 5). This suggests that more ombrotrophic

soils (B and IF) have the greatest potential for humic acids

to have an effect on methanogenesis.

Hypothesis:

We hypothesize that humic reduction is an

important decomposition process in anaerobic

peatland soils. Humic reduction will

competitively suppress methanogenesis, and

this process will be most pronounced in more

ombrotrophic peatlands.
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