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Modeling soil carbon:
First-order decomposition models

• Carbon loss rate is “first order”: Proportional to the 
carbon content of each pool

• Each pool has a characteristic, fixed turnover rate k
• Current ecosystem and larger scale models mostly 

use some version of this

Plant detritus
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Iron redox cycling is important in arctic tundra soils

from fermentation and respiration (root ? microbial)

immediately following the thaw while methanogene-

sis increases as the season progresses (Fig. 7). High
concentrations of acetate, which is produced by

fermentation and consumed in acetoclastic methano-

genesis, are present in pore waters collected from near
the organic-mineral horizon boundary, while low

concentrations are present near the surface and at
depth (Fig. 3). Acetoclastic methanogenesis is the

dominant CH4 producing pathway across the BEO

(Throckmorton et al. 2015), and decreasing concen-
trations of acetate from July to August may be

attributed to decreasing production via fermentation

and increasing consumption to produce CO2 and CH4.
Similar trends were observed in anoxic incubations of

LCP soils, in which organic acids initially accumu-

lated before being consumed to generate CH4 (Roy
Chowdhury et al. 2015; Herndon et al. 2015a).

While CO2 increases only slightly with depth,

dissolved CH4 concentrations increase sharply and

are highest (up to 0.4 mmol L-1) near the permafrost

boundary at all sites (Fig. 2). Methane concentrations

varywith soilmoisture in themiddle of the active layer;
that is, CH4 concentrations are high in transitional and

low-centered polygons where soils remain saturated at

the surface but low in flat and high-centered polygons
that experience seasonal drying (Fig. 4b). Our results

support observations by Wainwright et al. (2015) that
CH4 efflux is high from LCP soils but low from HCP

and FCP soils, regardless of topographic position.

Methane concentrations at depths [20 cm exceed
concentrations reported for shallow inundated soils

(\0.1 mmol L-1) in an adjacent drained thaw lake

basin (Lipson et al. 2012;Miller et al. 2015), indicating
that measurements of CH4 near the soil surface

(\15 cm) significantly underestimate total production

within the thawed soils. Although CH4 losses can be
mitigated by aerobic oxidation of CH4 to CO2 during

diffusion through an oxic surface layer (Moosavi and

Crill 1998; Pearce and Clymo 2001), dissolved gases

Fig. 7 Conceptual model of Fe and organic matter cycling in
saturated tundra soils presented as a cross-sectional view of an
idealized tundra active layer in a low-centered polygon. The
diagram shows components of Fe cycling that include reduction
of iron oxides, diffusion of soluble Fe species, and oxidation of
soluble Fe to form Fe(III)-oxyhydroxides and organic-bound

Fe(III). Components of C cycling shown include decomposition
of plant matter, sorption of aromatic DOM to iron mineral
surfaces, and production of carbon dioxide and methane via
respiration, fermentation, and acetoclastic methanogenesis
pathways

410 Biogeochemistry (2015) 126:397–414
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Carbon dioxide and methane fluxes respond to 
inundation

274 FUNK ET AL.: INFLUENCE OF WATER TABLE ON CARBON CYCLING 
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Figure 2. Net ecosystem CO 2 flux from taiga bog 
microcosms over a 130-day simulated growing season under 
controlled conditions in the Duke University phytotron. Each 
flux is a 10-day average, where 0 is day 0-9; 10, day 10-19; 20, 
day 20-29, etc. Fluxes are averages of values weighted for 20 
hours of light and 4 hours of dark. The water table treatment 
lowered the water table in one half (n=20) of the microcosms 
to 15 cm below the soil surface and was begun 30 days after 
thaw was initiated (arrow). Water table was maintained at the 
soil surface in the other 20 microcosms. Error bars are 1 
standard error. 

after 20 days, with net uptake occurring in some cores. 
Lowering the water table to -15 cm after 30 days tripled 
CO2 emissions when compared with cores maintained with 
the water table at the soil surface. Fluxes (mean + SE) in 
the low water table cores peaked (11 +_ 3.5 g CO2 m -2 d -1) 
20-30 days after the treatment began. Fluxes in these cores 
decreased (varying from 4.5 to 9.2 g m -2 d -1) but remained 
greater than the high water table cores, which varied 
between -1 and 3 g m -2 d-1. Mean microcosm respiration 
was always greater than CO2 uptake in both low and high 
water table treatments, resulting in net emission of CO2. 
Respiration accounted for differences between the treatment 
groups since ecosystem photosynthesis (dark-light CO2 
flux) was similar in the high and low water table cores 
(means of 5 + 2 and 4 + 3 g CO2 m-2 d-1, respectively) and 
always showed uptake of CO2 by the plant cover following 
thaw. Lowering the water table increased core to core 
variation during the sampling periods and increased 
temporal variation in individual core microcosms. The 130- 
day effiux from low water table cores was 958 + 297 g 
CO2 m-2, nearly 3 times greater than the 376 + 150 g CO2 
m-2 effiux from the high water table cores. 

Methane Flux 

Methane fluxes were low (<1 mg CH4 m -2 d -1) during 
the first 30 days of thaw (Figure 3). Measurable CH4 flux 
began in high water table microcosms 30-40 days after 
thaw began (10-20 days after the treatment started). Fluxes 
(mean + 1 standard deviation) increased to 10 + 8 mg CH4 
m-2 d-1 after 80-90 days (50-60 days after the treatment 

began). The rate of increase in outward CH4 flux slowed 
after 80 days, but fluxes remained high relative to the low 
water table cores, which had peak outward fluxes of <0.70 
+ 1.1 mg CH 4 m-2 d- 1. Net uptake (peak value of - 1.8 + 
3.3 mg CH4 m-2 d-l) of CH4 occurred during 3 of 10 
measurement periods after the treatment started in the low 
water table cores. There was little temporal variation in 
individual core fluxes and low variation between cores with 

a low water table when compared with the high water table 
microcosms. Measurable fluxes occurred in some low 

water table cores, though most were below detection 
limits. Methane fluxes from high water table cores were 8- 
33 times greater than fluxes from low water table cores at 
peak rates. High water table microcosms produced 613 +_ 
646 mg CH 4 m-2 over 130-days, while low water table 
cores consumed 5 + 197 mg CH4 m-2 during that time. 

Carbon Monoxide Flux 

Microcosms emitted 3-4 mg CO m -2 d -1 during early 
thaw (Figure 4). Outward fluxes of CO decreased as soils 
thawed, with net uptake occunfng after 40-50 days (10-20 
days after the treatment began) in both high and low water 
table microcosms. Uptake of CO continued in low water 
table cores at rates of-1 to -3 mg CO m2 d-1 for the rest of 
the simulated growing season. High water table cores 
began emitting CO (1-2 mg CO m -2 d -1) 30-40 days after 
the treatment started (70-80 days after thaw began). 
Emission of CO from the high water table microcosms 
corresponded with the peak in CH4 effiux from these cores, 
but fluxes were only weakly correlated (r2= 0.09) in 
individual core microcosms. Despite net emission of CO 
from the high water table microcosms as a group, uptake 
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Figure 3. Methane flux from taiga bog microcosms over a 
130-day simulated growing season under controlled conditions 
in the Duke University phytotron. Each flux is a 10 day 
average where 0 is day 0-9; 10, day 10-19; 20, day 20-29, etc. 
The water table treatment lowered the water table in one half 
(n=20) of the microcosms to 15 cm below the soil surface and 
was begun 30 days after thaw was initiated (arrow). Water table 
was maintained at the soil surface in the other 20 microcosms. 
Error bars are 1 standard deviation. 
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microcosms over a 130-day simulated growing season under 
controlled conditions in the Duke University phytotron. Each 
flux is a 10-day average, where 0 is day 0-9; 10, day 10-19; 20, 
day 20-29, etc. Fluxes are averages of values weighted for 20 
hours of light and 4 hours of dark. The water table treatment 
lowered the water table in one half (n=20) of the microcosms 
to 15 cm below the soil surface and was begun 30 days after 
thaw was initiated (arrow). Water table was maintained at the 
soil surface in the other 20 microcosms. Error bars are 1 
standard error. 

after 20 days, with net uptake occurring in some cores. 
Lowering the water table to -15 cm after 30 days tripled 
CO2 emissions when compared with cores maintained with 
the water table at the soil surface. Fluxes (mean + SE) in 
the low water table cores peaked (11 +_ 3.5 g CO2 m -2 d -1) 
20-30 days after the treatment began. Fluxes in these cores 
decreased (varying from 4.5 to 9.2 g m -2 d -1) but remained 
greater than the high water table cores, which varied 
between -1 and 3 g m -2 d-1. Mean microcosm respiration 
was always greater than CO2 uptake in both low and high 
water table treatments, resulting in net emission of CO2. 
Respiration accounted for differences between the treatment 
groups since ecosystem photosynthesis (dark-light CO2 
flux) was similar in the high and low water table cores 
(means of 5 + 2 and 4 + 3 g CO2 m-2 d-1, respectively) and 
always showed uptake of CO2 by the plant cover following 
thaw. Lowering the water table increased core to core 
variation during the sampling periods and increased 
temporal variation in individual core microcosms. The 130- 
day effiux from low water table cores was 958 + 297 g 
CO2 m-2, nearly 3 times greater than the 376 + 150 g CO2 
m-2 effiux from the high water table cores. 

Methane Flux 

Methane fluxes were low (<1 mg CH4 m -2 d -1) during 
the first 30 days of thaw (Figure 3). Measurable CH4 flux 
began in high water table microcosms 30-40 days after 
thaw began (10-20 days after the treatment started). Fluxes 
(mean + 1 standard deviation) increased to 10 + 8 mg CH4 
m-2 d-1 after 80-90 days (50-60 days after the treatment 

began). The rate of increase in outward CH4 flux slowed 
after 80 days, but fluxes remained high relative to the low 
water table cores, which had peak outward fluxes of <0.70 
+ 1.1 mg CH 4 m-2 d- 1. Net uptake (peak value of - 1.8 + 
3.3 mg CH4 m-2 d-l) of CH4 occurred during 3 of 10 
measurement periods after the treatment started in the low 
water table cores. There was little temporal variation in 
individual core fluxes and low variation between cores with 

a low water table when compared with the high water table 
microcosms. Measurable fluxes occurred in some low 

water table cores, though most were below detection 
limits. Methane fluxes from high water table cores were 8- 
33 times greater than fluxes from low water table cores at 
peak rates. High water table microcosms produced 613 +_ 
646 mg CH 4 m-2 over 130-days, while low water table 
cores consumed 5 + 197 mg CH4 m-2 during that time. 

Carbon Monoxide Flux 

Microcosms emitted 3-4 mg CO m -2 d -1 during early 
thaw (Figure 4). Outward fluxes of CO decreased as soils 
thawed, with net uptake occunfng after 40-50 days (10-20 
days after the treatment began) in both high and low water 
table microcosms. Uptake of CO continued in low water 
table cores at rates of-1 to -3 mg CO m2 d-1 for the rest of 
the simulated growing season. High water table cores 
began emitting CO (1-2 mg CO m -2 d -1) 30-40 days after 
the treatment started (70-80 days after thaw began). 
Emission of CO from the high water table microcosms 
corresponded with the peak in CH4 effiux from these cores, 
but fluxes were only weakly correlated (r2= 0.09) in 
individual core microcosms. Despite net emission of CO 
from the high water table microcosms as a group, uptake 
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Figure 3. Methane flux from taiga bog microcosms over a 
130-day simulated growing season under controlled conditions 
in the Duke University phytotron. Each flux is a 10 day 
average where 0 is day 0-9; 10, day 10-19; 20, day 20-29, etc. 
The water table treatment lowered the water table in one half 
(n=20) of the microcosms to 15 cm below the soil surface and 
was begun 30 days after thaw was initiated (arrow). Water table 
was maintained at the soil surface in the other 20 microcosms. 
Error bars are 1 standard deviation. 

Funk et al., 1994: Water table manipulation

CO2 emissions: 
Decrease with inundation

CH4 emissions: 
Increase with inundation
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Most large-scale models 
calculate CH4 fluxes based on 
heterotrophic respiration rate, 
water table position, and 
temperature

628 R. Wania et al.: WETCHIMP methodology

Table 5. A general description of the dependencies of CH4 production, CH4 oxidation (does not include atmospheric CH4 oxidation) and
CH4 flux. All of the fluxes are modulated by a CH4-producing area (see Fig. 6). Parameters and variables used in the models were harmonized
where possible, but identical names do not indicate identical values in the different models.

Model CH4 production (P ) CH4 oxidation (O) Atmospheric CH4 oxidation (Oatm) Net CH4 flux (F )

CLM4Me P = RhetrCH4:CfpHfpEQ10 O = Omaxf[O2]f[CH4]f2Q10 Oatm = Ro,maxf[O2]fatm[CH4]f[CH4]f2Q10 F = (P � O)ftransport� Oatm

DLEM P = PmaxClabilefT fpHf2 Otrans = Otrans,maxfplanttransfT

Osoil = Osoil,maxf[CH4]fTsoilfpHfoxid,2 Oatm = Oatm,maxfatm[CH4]fTairfpHfoxid,2 F = (P � Otrans� Osoil)ftransport� Oatm

IAP-RAS P = fT – – F = Pf2Q10

LPJ-Bern peat P = RhetrCH4:CfrootfWTP O = f[O2]f[CH4]rO2 – F = (P � O)ftransport

LPJ-Bern wetlands P = RhetrCH4:C – – F = P

LPJ-Bern rice P = RhetrCH4:C – – F = P

LPJ-Bern wetsoils P = RhetrCH4:Cf2 – Oatm = fatm[CH4]fT f2fsoil F = P � Oatm

LPJ-WHyMe P = RhetrCH4:CfrootfWTP O = f[O2]f[CH4]rO2 – F = (P � O)ftransport

LPJ-WSL P = RhetrCH4:Cfecosys – – F = P

ORCHIDEE P = R0ClabilefWTPfT Q10 O = fWTPf[CH4]Q10 – F = (P � O)ftransport

SDGVM P = RhetrCH4:CfWTPfT Q10 O = 0.9P – F = P � O

UW-VIC P = R0fNPPfrootfT Q10 O = f[CH4]Q10 – F = (P � O)ftransport

current atmospheric CH4 concentration growth rate (Pison
et al., 2013).
The wetland CH4 emissions, ECH4(g, t), are computed for

each grid cell, g, and for each time step, t , through the fol-
lowing equation:

ECH4(g, t) =
X

WTPi

SWTPi
(g, t)DWTPi

(g, t), (4)

where SWTPi
is the fraction of g covered by a wetland whose

water table position (WTP) is equal to WTPi . DWTPi
is the

CH4 flux (i.e. g CH4 (m�2 ofwetland) time�1) for a wetland
whose water table position is equal to WTPi . SWTPi

and
DWTPi

are, respectively, computed by (i) the coupling be-
tween a TOPMODEL (Beven and Kirkby, 1979) approach
and ORCHIDEE, and (ii) the coupling between a (slightly
modified) version of the Walter et al. (2001a) model and OR-
CHIDEE.
The main modification to the Walter et al. (2001a) model,

as described in Ringeval et al. (2010), concerns the methano-
genesis substrate. A fraction, ↵, of the natural labile car-
bon pool computed by ORCHIDEE is used to estimate the
methanogenesis substrate. The ↵ parameter also encom-
passes the methanogenesis base rate at the reference tem-
perature (see Ringeval et al., 2013). ↵ has been optimized
against three sites then extrapolated on all grid cells sharing
the same vegetation type (boreal, temperate or tropical).
In contrast to LPJ-WHyMe and its derivatives, OR-

CHIDEE did not implement wetland-specific PFTs (plant
functional types). Instead, a fraction of the mean natural la-
bile carbon pool over the grid cell is used to estimate the
substrate supply.

For the computation of SWTPi
in each grid cell, TOP-

MODEL allows distribution of the mean water deficit com-
puted by ORCHIDEE according to the sub-grid topographic
index distribution. This leads to the diagnostic of the grid-
cell fraction with a null deficit. The mean deficit over the grid
cell is computed from a gap to the field capacity (and not to
the saturation, which cannot be reached in ORCHIDEE). The
saturated wetland extent is computed from these “field capac-
ity extents” using a shift of the topographic index distribution
into each grid cell. The value of this shift is the same for all
grid cells and has been chosen to obtain a global coverage
by wetlands close to 4%. The simulated wetland extent has
been evaluated both through the induced modification on the
simulated river flows and against the GIEMS data (Ringeval
et al., 2012). The TOPMODEL approach is used to simulate
not only the saturated wetland extent but also the wetland
extent with a WTP below the soil surface.

3.7.1 WETCHIMP set-up

In the simulations performed for the WETCHIMP inter-
comparison, the WTPi values chosen for each grid cell are:
0, �3 and �9 cm. A value of water table position equal to
0 means that the water is at the soil surface while negative
values corresponds to water table position below the soil sur-
face. Thus, for each time step, three fractions of each grid
cell are given: (i) a fraction covered by a saturated wetland,
(ii) a fraction covered by a wetland with a mean WTP equal
to�3 cm (i.e. where the deficit is between 0 and�6 cm) and
(iii) a fraction covered by a wetland with a mean WTP equal
to �9 cm (i.e. where the deficit is between �6 and �12 cm).

Geosci. Model Dev., 6, 617–641, 2013 www.geosci-model-dev.net/6/617/2013/

Wania et al., 2013, GMD
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First order model formulation

SOM

CH4CO2

(Unsaturated) (Saturated)
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Carbon dioxide and methane fluxes respond to 
inundation
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Figure 2. Net ecosystem CO 2 flux from taiga bog 
microcosms over a 130-day simulated growing season under 
controlled conditions in the Duke University phytotron. Each 
flux is a 10-day average, where 0 is day 0-9; 10, day 10-19; 20, 
day 20-29, etc. Fluxes are averages of values weighted for 20 
hours of light and 4 hours of dark. The water table treatment 
lowered the water table in one half (n=20) of the microcosms 
to 15 cm below the soil surface and was begun 30 days after 
thaw was initiated (arrow). Water table was maintained at the 
soil surface in the other 20 microcosms. Error bars are 1 
standard error. 

after 20 days, with net uptake occurring in some cores. 
Lowering the water table to -15 cm after 30 days tripled 
CO2 emissions when compared with cores maintained with 
the water table at the soil surface. Fluxes (mean + SE) in 
the low water table cores peaked (11 +_ 3.5 g CO2 m -2 d -1) 
20-30 days after the treatment began. Fluxes in these cores 
decreased (varying from 4.5 to 9.2 g m -2 d -1) but remained 
greater than the high water table cores, which varied 
between -1 and 3 g m -2 d-1. Mean microcosm respiration 
was always greater than CO2 uptake in both low and high 
water table treatments, resulting in net emission of CO2. 
Respiration accounted for differences between the treatment 
groups since ecosystem photosynthesis (dark-light CO2 
flux) was similar in the high and low water table cores 
(means of 5 + 2 and 4 + 3 g CO2 m-2 d-1, respectively) and 
always showed uptake of CO2 by the plant cover following 
thaw. Lowering the water table increased core to core 
variation during the sampling periods and increased 
temporal variation in individual core microcosms. The 130- 
day effiux from low water table cores was 958 + 297 g 
CO2 m-2, nearly 3 times greater than the 376 + 150 g CO2 
m-2 effiux from the high water table cores. 

Methane Flux 

Methane fluxes were low (<1 mg CH4 m -2 d -1) during 
the first 30 days of thaw (Figure 3). Measurable CH4 flux 
began in high water table microcosms 30-40 days after 
thaw began (10-20 days after the treatment started). Fluxes 
(mean + 1 standard deviation) increased to 10 + 8 mg CH4 
m-2 d-1 after 80-90 days (50-60 days after the treatment 

began). The rate of increase in outward CH4 flux slowed 
after 80 days, but fluxes remained high relative to the low 
water table cores, which had peak outward fluxes of <0.70 
+ 1.1 mg CH 4 m-2 d- 1. Net uptake (peak value of - 1.8 + 
3.3 mg CH4 m-2 d-l) of CH4 occurred during 3 of 10 
measurement periods after the treatment started in the low 
water table cores. There was little temporal variation in 
individual core fluxes and low variation between cores with 

a low water table when compared with the high water table 
microcosms. Measurable fluxes occurred in some low 

water table cores, though most were below detection 
limits. Methane fluxes from high water table cores were 8- 
33 times greater than fluxes from low water table cores at 
peak rates. High water table microcosms produced 613 +_ 
646 mg CH 4 m-2 over 130-days, while low water table 
cores consumed 5 + 197 mg CH4 m-2 during that time. 

Carbon Monoxide Flux 

Microcosms emitted 3-4 mg CO m -2 d -1 during early 
thaw (Figure 4). Outward fluxes of CO decreased as soils 
thawed, with net uptake occunfng after 40-50 days (10-20 
days after the treatment began) in both high and low water 
table microcosms. Uptake of CO continued in low water 
table cores at rates of-1 to -3 mg CO m2 d-1 for the rest of 
the simulated growing season. High water table cores 
began emitting CO (1-2 mg CO m -2 d -1) 30-40 days after 
the treatment started (70-80 days after thaw began). 
Emission of CO from the high water table microcosms 
corresponded with the peak in CH4 effiux from these cores, 
but fluxes were only weakly correlated (r2= 0.09) in 
individual core microcosms. Despite net emission of CO 
from the high water table microcosms as a group, uptake 
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Figure 3. Methane flux from taiga bog microcosms over a 
130-day simulated growing season under controlled conditions 
in the Duke University phytotron. Each flux is a 10 day 
average where 0 is day 0-9; 10, day 10-19; 20, day 20-29, etc. 
The water table treatment lowered the water table in one half 
(n=20) of the microcosms to 15 cm below the soil surface and 
was begun 30 days after thaw was initiated (arrow). Water table 
was maintained at the soil surface in the other 20 microcosms. 
Error bars are 1 standard deviation. 

Funk et al., 1994: Water table manipulation

CH4 emissions: 
Increase with inundation (but delayed)
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Methane emission decreases with presence of 
alternative electron acceptors such as Fe(III)

586 D. A. Lipson et al.: Arctic coastal tundra ecosystem

Fig. 6. Dissolved gases in soil pore water from high and low areas
within flooded and unflooded treatments: (A) CO2 and (B) CH4 at
a depth of 0–5 cm over four dates in 2009; (C) CO2 and (D) CH4
at 0–5 cm and 5–15 cm depth on 1 August 2009. The Y-axes are
scaled logarithmically. Refer to Table 3 and the text for statistical
significance.

Fig. 7. Relationship between concentration of CH4 (log-
transformed) and the ratio of Fe3+ to total Fe dissolved in soil pore
water in topographically high and low areas. Separate regression
lines are shown for low (solid) and high (dashed).

similar spatial patterns (Table 5). CO2:CH4 was reduced in
flooded areas (F = 19.5, P < 0.001) and in topographically
low areas (F = 51.8, P < 0.001). Differences among dates
were not significant in this analysis.
Dissimilatory Fe(III) reduction over the course of the sum-

mer was monitored as changes in the reduction state of Fe-
bearing minerals in the soil. Acid-extractable Fe(III) de-
clined throughout the season as Fe(II) increased, indicat-
ing net Fe reduction (Fig. 8c). There was significantly
more acid-extractable Fe(II) in low areas of the landscape

Fig. 8. Indicators of anaerobic processes in soils collected in 2009.
Production rates of (A) CO2 and (B) CH4 in anaerobic laboratory
incubations of soil from flooded and non-flooded treatments. (C)
Seasonal changes in acid-extractable Fe(III) and Fe(II) from high
and low areas of the landscape.

(P = 0.015). Flooding effects were not statistically signifi-
cant. Seasonal Fe reduction rates calculated from either the
increase in Fe(II) or the decrease in Fe(III) in the acid solu-
ble fraction were greater in low elevation areas (high: 6.4–
27.4mmole Fem�2 d�1; low: 28.0–36.4mmole Fem�2 d�1,
with low and high ranges based on1Fe(II) and 1Fe(III), re-
spectively).
In contrast to these measures of anaerobic activity, more

general measures of microbial biomass showed more sub-
tle responses to water table. Microbial biomass C, mea-
sured by fumigation-extraction, showed no significant ef-
fects of flooding, topography or date (Fig. 9a). Microbial
biomass N (measured as ninhydrin-active N released by fu-
migation extraction) showed marginally significant effects
driven by lower means in flooded, low-elevation areas in

Biogeosciences, 9, 577–591, 2012 www.biogeosciences.net/9/577/2012/

Lipson et al., 
Biogeosciences, 2012
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Permafrost incubations have documented Fe(III) 
reduction interaction

Permafrost 
incubations:
• Fe(II) concentration 

increases over time 

• Methane production 
increases are delayed

Roy Chowdhury et al, 
GCB, 2015

J. Zheng et al.: Impacts of temperature and soil characteristics 6629

1.2 and 1.3 for transition layer and permafrost, respectively.
If we assume that iron reduction is coupled to acetate oxi-
dation to produce CO2, stoichiometric calculations suggest
that iron reduction could account for 96 % and 70 % of CO2
produced in the transitional and permafrost layers at �2 �C.
At 8 �C iron reduction could account for 74 % and 61 % of
acetate oxidation in the transitional and permafrost layers.

4 Discussion

The widespread ice-wedge degradation in the Arctic causes
morphological succession and hydrological changes in tun-
dra ecosystems (Liljedahl et al., 2016). FCP and HCP fea-
tures represent successively more degraded polygons. De-
spite clear geomorphological differences between polygon
types that affect drainage, vegetation, and snow cover, the
frozen FCP and HCP organic layers share similar gravimet-
ric water contents, pH, SOC, and Fe(II) concentrations. Per-
mafrost from both polygons contains more water, dissolved
CH4, and Fe(II) than organic layer soils indicating more re-
ducing environments. Concentrations of CH4 measured in
soil pore water from FCP and HCP cores increased with
depth. These results are consistent with field measurements
of CH4 dissolved in soil water sampled from the sites during
the thaw season (Herndon et al., 2015b). This CH4 gradient
suggests CH4 oxidation in the upper organic layer. Therefore,
we developed the following hypotheses for CH4 production
and oxidation, which were informed by previous studies of
methane cycling in temperate ecosystems but untested in the
Arctic. (1) CH4 is produced in the more reduced subsurface,
and consumed by methane oxidizers at the upper section of
the soil column where O2 is available. (2) Methane produc-
tion has a higher temperature sensitivity than CH4 oxidation,
and is likely to exceed the CH4 consumption rate in wet areas
in response to warmer temperature.

Aerobic CH4 oxidation is usually assumed to be limited
by O2 and CH4 diffusion. Therefore, upper layers of soil, the
rhizosphere, and soil at the water table would be expected
to have the highest CH4 oxidation activities (Shukla et al.,
2013; Gulledge et al., 1997). The abundance of the pmoA
marker gene for CH4 oxidation decreased with soil depth
in HCP trough soils (Yang et al., 2017) and in permafrost-
affected soils from the Canadian Arctic (Frank-Fahle et al.,
2014), consistent with that conceptual model. Thus, the or-
ganic layers of FCP and HCP in the BEO tundra would
have higher potential for CH4 oxidation. However, the high-
est CH4 oxidation potentials were observed in the transi-
tional and permafrost layers of FCP, the only layers with
active methanogenesis. This result suggests that most active
methanotrophs are found in these deeper soil layers, where
CH4 is available as a carbon and energy source.

Our results demonstrated that CH4 oxidation might not
be primarily O2 diffusion limited, but rather limited by the
availability of CH4 in this system. The highest CH4 oxi-

Figure 7. Changes in total organic acids carbon (a, b) and Fe(II)
concentrations (c, d) in soils from transition layer and permafrost
of FCP during anoxic incubations. Total organic acids (µmol C g�1)
were calculated from the concentrations of individual organic acids
(Table S5). Error bars for Fe(II) concentrations are ±1 standard de-
viation from three replicate incubations.

dation potentials were measured below the rhizosphere, in
suboxic layers where CH4 has accumulated. Given that half-
saturation constants for CH4 and O2 used in methanotrophy
models vary over 1–2 orders of magnitude (Segers, 1998; Ri-
ley et al., 2011), aerobic CH4 oxidation could occur through-
out much of the soil column, as advective, diffusive, or plant-
mediated transport processes introduce O2 into the soil. Oth-
ers have observed deep soil CH4 oxidation activity in peat-
lands (Hornibrook et al., 2009), fens (Cheema et al., 2015),
and wet tundra (Barbier et al., 2012), often correlated with
water table depth (Sundh et al., 1994).

The water table in the center of Barrow LCPs and FCPs
varies somewhat during the thaw season but remains close
to the surface (< 10 cm below surface for most of the thaw
season; Liljedahl et al., 2015, 2016). Precipitation balances
evapotranspiration during the thaw season, with little lateral
runoff (Dingman et al., 1980), and volumetric water contents
remain constant for these features (http://permafrostwatch.
org, last access: 3 November 2018). In HCPs, the water ta-
ble drops up to 20 cm below the surface following snowmelt
(Liljedahl et al., 2015), and the soils have a lower volu-
metric water content. Due to limited drainage in the flat
coastal plain, the frozen cores analyzed here are represen-
tative of field conditions for much of the thaw season. Water
isotope analysis demonstrated that most water in the deep
active layer comes from summer precipitation rather than
seasonal ice melt (Throckmorton et al., 2016). Precipita-
tion during September and October 2011 was above aver-
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incubation temperature, +8 °C. The equations used to
fit each data set and the estimated parameter values
determined for each temperature curve (!2, +4, and
+8 °C) are shown in Table S2. Because of the gross dif-
ferences in cumulative CH4 concentration, the curve fit-
ting parameters could not be directly compared across
all samples, and initial rates were not useful for com-
parison.
Replicate cores from LCP center and trough analyzed

for cumulative CH4 concentrations at +4 °C from
organic and mineral horizons, respectively, were not
significantly different (P < 0.01, data not shown) from
each other. Methane concentrations in the permafrost
from two center cores were, however, statistically dif-
ferent (P < 0 .01, C.I. = 95%, data not shown). Kruskal–
Wallis test revealed significant differences between
organic, mineral, and permafrost horizon CH4 produc-
tion rates at !2, +4, and +8 °C at P < 0.001 in the LCP
centers. Rates of CH4 production in the ridge and
trough organic horizons were significantly lower at all
temperatures compared to the polygon center (Table 2).
Furthermore, comparing the temporal changes in mean
cumulative CO2:CH4 at 8 °C for the active layer
revealed a significant (P < 0.05) decrease in the ridge
and trough within ~20 days of incubation indicating an
increase in their methanogenic potential under
extended anaerobic conditions (Fig. 4).
At !2 °C, the lag phase was significantly longer than

at the higher temperatures. Methanogenesis thus
appeared to be inhibited under low temperature condi-
tions. The high sensitivity of CH4 production to temper-
ature could be observed in the organic horizons of the
center (Q10 = 22), ridge (Q10 = 5.6) and trough
(Q10 = 5.7). Most of the Q10 values for CH4 formation,
shown in Table 2, exceed values for CO2 in the same
samples, demonstrating higher temperature sensitivity.
Due to the discontinuity in CH4 production at !2 °C,
the rate model proposed by Ratkowsky et al. (1982)
[Eqn (9)] better fit the data than the exponential func-
tion from Eqn (8). Predicting the temperature sensitiv-
ity of reactions using Q10 values presumes that each
system share the same mechanism at each temperature.
We demonstrate that if the low CH4 levels observed
were due to the inhibition of methanogenic growth at
!2 °C or a different mechanism, the Q10 framework
could be poorly predicting CH4 production at near-
freezing temperatures.

Changes in Fe(II) concentrations and pH

Concentrations of Fe(II) increased during anoxic incu-
bations, concurrent with a rise in pH that indicated
biological reduction in Fe(III) oxyhydroxides. The high
levels of total iron in soils from the BEO and previous

(a)

(b)

(c)

Fig. 4 Mean comparison plot of cumulative CO2:CH4 concen-

trations at 8 °C under anaerobic conditions averaged across soil

horizons at each incubation time-point in (a) Center, (b) Ridge

and (c) Trough. (Note that Y-axis scales are different). Error bars

represent standard errors of the mean values. Significant differ-

ences were observed between initial (Day 5) and cumulative

(Day 55) CO2:CH4 in Trough and Ridge samples (P < 0.05, Tu-

key’s post hoc test).

Published 2014.This article is a U.S. Government work and is in the public domain in the USA., Global Change Biology,
21, 722–737
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Chemically explicit model with Fe(III) reduction
Implemented in PFLOTRAN

SOM

DOM O2

CO2

Fe 
Oxides

Fe(III)

Fe(II)

CH4

Model compared with laboratory permafrost soil 
incubations (Measurements: Zheng et al., 2019)

H+
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What happens under different inundation patterns?

• Oxic period renews Fe(III) availability by oxidizing Fe(II)

• Fe(III) mineral is depleted gradually during anoxic period by Fe reduction

• With repeated, shorter oxic periods, more time is spent in Fe reduction phase 
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Effects on gas fluxes
• CO2 efflux is 

supported by Fe(III) 
reduction at the 
beginning of each 
anoxic period

• CH4 efflux is 
suppressed until Fe(III) 
is depleted
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Effect of soil pH 
pH is not included in ecosystem models

• Fe(III) reduction is sensitive to pH, 
which affects Fe oxide solubility

• Higher pH lowers Fe(III) reduction 
rates and increases CH4 efflux

4

5

6

Initial pH:
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Comparing across a range of inundation patterns and pH

• CH4 flux:
– Decreases strongly with 

more inundation cycles
– Decreases strongly with 

lower initial pH

• CO2 flux:
– Increases with more 

inundation cycles
– Small relative increase

but magnitude large 
relative to CH4 flux

– Weak increase with 
lower initial pH
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Modeling redox interactions 
in tidal wetlands

Simulated reaction network including redox reactions (some 
species including CO2 and H+ not shown) Preliminary simulation of depletion of terminal electron acceptors over time

• SO4
2- reduction important in 

saltwater-influenced environments
• Denitrification important at interface 

of rivers with high N loading
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Preliminary simulations of tidal fluctuations (Jiaze Wang)
In
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• Oxygen in top layer fluctuates with tidal flooding cycles
• Nitrate produced from decomposition under oxic

conditions
• CH4 only produced in layers where SO4

2- is depleted
m
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Geochemical interactions with upland carbon cycling

• Manganese (Mn) is a key 
factor in lignin-degrading 
enzymes

• Plants take up Mn from 
deeper soil layers and 
deposit in leaf litter

• Mn bioavailability is
sensitive to pH and redox
state, which control Mn-
bearing mineral
reductive dissolution

Litterfall

Cellulose

DOM

CO2

Model including Mn:

H+

Mn3+

Soil organic 
matterBirnessite

Litter Mn content

Mn peroxidase
Root Mn2+ uptake

Mn2+
Lignin

Sulman and Herndon, in prep.
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Geochemical interactions with upland carbon cycling
• Manganese plays an important role in lignin decomposition
• Mn bioavailability is sensitive to soil pH and redox cycling
• Project led by Beth Herndon

Sulman and Herndon, in prep.
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Integrating redox reactions into the E3SM Land Model

• PFLOTRAN will be coupled to 
ELM using the Alquimia
interface via ELM’s External 
Model Interface (EMI)

• This builds on existing interface 
work and allows flexibility in 
reactions and geochemical 
simulators
– Other chem codes like Crunch, 

PHREEQC, etc. could be used 
instead of PFLOTRAN in the future

– Reaction networks and chemical 
components can be modified 
without changing ELM code
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Open estuary waters 
(MPAS-Ocean)

PFLOTRAN reaction networkCoastal 
wetland PFT
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Head of tide

Open water interface

ELM column PFLOTRAN reactions (repeated in 
each layer)
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Conclusions:

• CO2 and methane emissions depend on more than just whether soil is 
inundated

• Alternate terminal electron acceptors such as iron can support microbial 
respiration and suppress methanogenesis

• Simulating redox chemistry and pH fluctuations can improve model 
representation of CO2 and methane fluxes in wetland ecosystems

• Simulating geochemical interactions can also improve model
representation of key aerobic processes such as lignin decomposition

• Models that do not include these processes may overestimate methane 
emissions and underestimate organic matter decomposition in iron-rich 
soils with dynamic water tables


