Author responses to:

Interactive comment on “Modeling anaerobic soil organic carbon
decomposition in Arctic polygon tundra: insights into soil geochemical
influences on carbon mineralization” by Jianqiu Zheng et al.

Referee #1

The manuscript proposes a new model to study organic matter decomposition under anaerobic
conditions from arctic soil with a focus on implementing the effects of temperature and pH. The
research direction is of a great importance and the authors attempt to formulate such effects on
carbon decomposition from arctic is also interesting. However | believe the representation of the
manuscript could be significantly improved. My major concern is that the current form of
presenting the manuscript is not self-standing and a lot of refers has been done to authors
previous publications that makes it difficult to follow and evaluate the content efficiently.

One of the main goals in this paper (anaerobic model development) is to develop mechanistic
representation of methanogenesis, iron reduction and associated pH feedbacks. This goal
required data on soil geochemical properties, Fe(lll) and Fe(ll) concentrations and pH changes
during incubations to be synthesized from previous publications. It is not feasible or appropriate to
reproduce the high level of detail in those coordinated soil geochemistry measurements, which
are described in the cited material. We will clarify the sources of data in a revised manuscript and
ensure data are available through a public archive. The new datasets included in this manuscript
covered a broad range of microtopographic features to evaluate how the new model applies to
soils under different environmental settings.

Similarly, model description is not complete and no clear hierarchy of the model development and
formulation is provided. | understand that the main model has been developed previously but this
should not lead to a discontinuous representation that will be non-informative for audience with
different background. | strongly suggest improving the model representation and at minimum
including a clear schematic with explicit steps that should be taken in formulating such model.

This is a good suggestion regarding better model documentation and archiving. To clarify the
workflow in the manuscript, we are reorganizing the section that introduces the model and adding
a new flow chart in the Supplementary material explaining how the synthesized data product is
used to inform model development. We are also including a detailed model description in the
Supplementary material, supplementing Figure 2 that demonstrates the main structure of the new
model. Detailed descriptions of the carbon pool cascade adopted from CLM-CN model,
thermodynamically-based growth equations for methanogenesis and iron reduction, and the
WHAM model implementation to represent pH buffering will be included in the Supplementary
material. Detailed instructions to run the model with our database (redox.dat) under PHREEQC
framework will also be included with an example input file. A permanent DOI is reserved for code
and additional details on model implementation. It will be accessible once we finalize the
manuscript revision.

Other comments:

- Introduction was well-written and provided important and necessary information. However |
would still encourage authors to try shortening it that would be focused on the main message of
the paper.

We will condense the introduction section to be more focused on introducing explicit processes
that are missing from current Earth System Models (ESMs).



- While authors acknowledge the key role of hydrolysis to convert SOM (particulate organic
matter) to DOC, they have simply ignored this step and no discussion is provided on how the step
1 (Figure 2, conversion of SOM to DOC) is modelled and if hydrolysis is taken into account in the
current model.

Hydrolysis is generally recognized as the rate-limiting step during anaerobic carbon
decomposition. As stated in the second paragraph in section 2.3, hydrolysis and fermentation
include multiple reactions steps, and we combined hydrolysis and fermentation together in one
step using an empirical approach. This is a practical assumption for three reasons: (1)
Microorganisms that degrade cellulose anaerobically usually also ferment sugars following
hydrolysis; (2) Current characterization of SOM in Arctic soils is insufficient to differentiate
multiple hydrolysis and fermentation steps: the few reports on Arctic soil exoenzyme activities do
not survey the full range of hydrolytic reactions required for biomass decomposition such as
endoglycosidases. Thus, data are not available to support multiple hydrolysis and fermentation
steps in the model; (3) The lumped hydrolysis and fermentation step still allows us to use this
reaction as the rate-limiting step in the model, which fits the observations presented in Figure 3.
We will clarify this representation of hydrolysis in the revised manuscript’s introduction.

Step 1 (Figure 2, conversion of SOM to DOC) is calculated using the indirect fraction of the
original respiration factor from CLM-CN carbon decomposition cascade. The detailed description
is included in the commented code file (can be accessed at https://dx.doi.org/10.5440/1430703,
once the manuscript revision is finalized). We are also including detailed description in the
Supplementary material.

- How the model deals with large discharge rate of DOC that is common in permafrost soil due to
lateral flow?

The Barrow Environmental Observatory is located on the flat Arctic coastal plain, where lateral
flow is minimal after snowmelt. Precipitation roughly balances evapotranspiration in most areas
during the thaw season. Dealing with lateral flow requires transport processes, which are beyond
the scope of current manuscript. However, it is a good target for future research to model different
sites, and we are actively working towards coupling PHREEQC capabilities (chemical equilibrium
and kinetics) with thermal hydrology models to address transport.

- More explanation on how fermentation step is formulated in the model would be helpful.
- More explanation on how parameterization has been done and how it has been used in the
current model would be nice.

The fermentation step is parameterized as a single reaction following first order kinetics.
C¢H, ;06 + 4H,0 — 2CH;CO00~ + 2HCO3 + 4H* + 4H,

As stated in the second paragraph in section 2.3 and first paragraph in section 2.4, the above
stoichiometry of fermentation reaction is a lumped process representing production of low
molecular weight organic acids (in this case, acetate), CO2 and H2 from labile carbon (we used a
constant molecular formula CeH120s, representing monosaccharides.

Methanogenesis and iron reduction are parameterized using individual growth equations of

acetoclastic methanogens, hydrogenotrophic methanogens and iron reducers utilizing acetate or
H2. In the revised manuscript, we will include more detailed description on growth equations, and
a summary of kinetic rate constants and half saturation constants in the Supplementary material.

- Q10 values are represented as soil layer combinations. Was there no effect of soil layer? Or
there is a correlation with soil depth? More explanation would be helpful.



The initial production rates of CO2 and CHa4 used for Q10 calculations showed strong depth
effects, as demonstrated in Table S5. Thus we reported the temperature effect (Q10) using
grouped soil layers. We further conducted a t-test on the estimated Q10 values for CO2 and CHas
production, respectively (Table S6). These analyses were mentioned in section 3.2. We will add
an additional line for clarification in this section.

- In schematic Figure 2, it is shown that conversion of SOM to DOC produces CO2-? What is the
process for this production? Is it general?

In the original CLM-CN carbon decomposition cascade, each carbon pool is associated with a
respiration factor representing carbon loss as CO2. Now in our new model, this factor is split into
a direct fraction that is respired to COz2, and an indirect fraction that goes to DOC pool. We kept
the direct fraction to represent microbial respiration. CO2 production is also required in anaerobic
systems for microbial biomass formation: forming reduced cellular components such as lipids
must be offset by CO2 production to balance electrons in the system. In the revised manuscript
we will address this briefly in the discussion of Figure 2 and add more detailed explanations in the
Supplementary material.

- Representation of Table 1 should be improved. Is table 1 and Table S4 representing different
system? Please be clear in the captions of the Tables.

Gas production data used in the statistical analysis in Table 1 are converted to per gram carbon
basis, while in Table S4, data are reported on per gram dry soil basis. The reason we decided to
report two tables is due to the high correlations of WEOC, TOAC and soil moisture in respect to
SOC. Such correlations conceal the relationships between gas production and other soil
geochemical properties. Though it was briefly mentioned in the first paragraph of section 3.2, we
will clarify the differences in the revised manuscript and highlight the differences between two
tables.

- In the text, it is mentioned that “The maximal production of COZ2 is about 2/3 of the initial
carbon.” Where this number came from?

This calculation is based on the stoichiometries of equation A1, A2 and A4. When starting with 1
mol of labile carbon (CeH1206), 1/3 of the carbon is released as CO2 during fermentation, and 2/3
of the carbon forms acetate, which can be further respired as CO: via methanogenesis (1/3 of
initial carbon) or iron reduction (2/3 of initial carbon). We will replace this sentence with a more
general statement: For complete mineralization, the fraction of initial carbon respired as COz is in
the range of 2/3-1.

- What "process rich carbon decomposition model" mean?

That statement means that we explicitly included mechanistic representations of chemical
equilibrium processes to allow simultaneous thermodynamic and pH calculations. We will clarify
this in the revised manuscript.

- In Figure 8, could you also show the data at 8C which other data points are normalized with? Is
only two data points enough to make a conclusion? How do you illustrate huge variations in
observation data? What are the actual values for CO2 and CH4 production rates at 8C? is it for
observations? Is absolute data are comparable? Where is the Shaded area mentioned in the
caption?



Data at -2 and 4 °C in this figure are normalized to rates measured at 8 °C from corresponding
soil samples. i.e. the value for each point at 8 °C is set to 1 in respect to the y-axis scale in the
figure. There were 14 averaged observed values for each temperature (each representing a
unique soil microtopographic feature x soil layer combination). The absolute values of CO2 and
CHa production rates are plotted in Figure 4 for each temperature. There are huge variations in
observations among different soil microtopographic feature x soil layer combinations. We will
clarify this interpretation in the revised manuscript.

The shaded areas are plotted around each colored line representing model simulations using
different temperature response functions. They are quite small, indicating stronger model
uncertainties generated from different functions rather then the designated time scale used to run
model simulations.

- In Figure 3, notations for Figure 3a are not clear. For example LCP-C1-07?

The notations of treatment (soil microtopographic feature x soil layer combination) are
summarized in Table S1. For example, LCP-C1-O means Low Centered Polygon-Center (the first
soil core)- Organic layer. LCP-C2-M means Low Centered Polygon-Center (the second soil core)-
Mineral layer. With these notations one can easily identify the microtopographic feature from the
figure. We will add an additional line referencing Table S1 for clarity in the revised manuscript.

- In general, | found it difficult to follow the model results in the form that are represented in
Figures 3, 6 and 7, 9. Is there a simpler way of showing the model results that one could extract
the trends?

Figure 3 is a bar graph showing changes in WEOC and TOAC pool after incubation. Factors we
here include different soil microtopographic feature x soil layer combinations, three different
incubation temperatures, and variations among triplicate incubations. All these are essential to
demonstrate why we made the model assumption that the DOC pool is in equilibrium state, and
the rate-limiting step is the fermentation of DOC into organic acids (Figure 2, process 2).

Figure 6, 7 and 9 are model sensitivity analyses. Variations of +25% and +50% were applied to
tested parameters (x-axis), the resulting output changes were plotted in bars (y-axis). For
example, in Figure 6, when the initial pH is decrease by 8% and 17%, CH4 production decreased
by 40% and 80%, respectively. We will provide such an example in the revised text to clarify
interpretation.

Referee#2

This paper examines aerobic and anaerobic soil organic matter decomposition in the context of
iron, and pH. This is an important contribution to the understanding of soil carbon dynamics in
permafrost regions which hold vast reservoirs of carbon that could potentially be released under
future climate change. Unfortunately, this manuscript has flow problems with substantial logical
gaps between a traditional correlative analysis and the process rich model. More concerning is a
lack of documentation on how the process rich model was developed, making the simulation
results of this study unreproducible as is. This paper tries to do both a traditional
regression/correlation style analysis and a nonlinear process rich simulation. From what | can tell
the traditional analysis is solid, although the lack analysis scripts make it difficult to evaluate.
However, the connection to the process rich simulation is tenuous at best. In addition, I'm not
clear how the data was incorporated into the simulation and how the simulations were validated



with the data. | would consider splitting this into two papers, one with the traditional analysis and
a second with the model development, parameterization, and validation. While this is not required
it would make the manuscripts easier to write. As is there remains work needed on the flow and
connection between these two components.

We appreciate the positive feedback on the synthesis data analysis and the constructive
suggestions on making the connections between data synthesis and model development. We are
keeping the data synthesis and modeling components together, since the sole purpose of this
data synthesis is to facilitate model development. To clarify the workflow in the manuscript, we
are revising the model introduction (section 2.3) and adding a new flow chart explaining how the
synthesized data product is used to inform model development. For example, the bar graph
showing changes in WEOC and TOAC pool after incubation (Figure 3) is the motivation to make
the model assumption that DOC pool is in equilibrium state, and the rate-limiting step is the
fermentation of DOC into organic acids (Figure 2, process 2).

We are also including a detailed model description in the Supplementary material. While Figure 2
demonstrated the main structure of the new model, a revised version of Figure 2 will include the
complete CLM-CN carbon decomposition cascade (including the litter pools that currently we are
not using in our model) to demonstrate how the carbon pools are adopted from CLM-CN model
and modified for our modeling purpose. The new modeling components developed in this work,
including thermodynamically-based parameterization for methanogenesis and iron reduction, and
WHAM model implementation to represent soil pH buffering, are going to be discussed in great
detail in the Supplementary material.

I would like to see some discussion of scaling of these microscale processes to macroscale
models.

We will expand our current discussion in section 4.4.

This study needs a lot more detail to make model development reproducible. The link to github
code is a start but documentation is completely inadequate and lack of permanent DOI on the
repository means that the codebase might not be there for future studies. The code needs to be
commented with major algorithms summarized in functions. README needs instructions on
running codebase with a summary of the content of each file. Alternatively this could be submitted
as a markdown file with input-function-output format with inline comments explaining approach.
Include version number for PHREEQC. Right now, | would not consider this study to be
reproducible and it is difficult to evaluate the model results without this context.

We appreciate these suggestions to improve model documentation. Currently the commented
model is in the writephrq.py file. To make the model easier to follow, we have added step-by-step
instructions on the github site, including PHREEQC installation, how to run the model with our
database (redox.dat), and how to create PHREEQC exacutable .phrq files using the python script
we have provided. A permanent DOI is reserved for model code and additional details on model
implementation is included. We will include example input and output files with detailed
comments. It will be publicly accessible once we finalize the manuscript revision.

I’'m concerned that the authors both use a simple correlation analysis to argue for inclusion of
various dependent variables in the proposed highly complex non-linear model. In particular, |
would not have expected a strong correlation between moisture and SOC given the typical non-
linear sensitivity function used to describe respiration response to moisture (though this is
possibly explained by the range of moisture conditions considered). In addition, low correlations
could be explained by non-linear responses. At the risk of adding yet another analysis to an
already confusing study, | would suggest that instead the authors use a paired scatter plot to
visually show the relationships between these variables. This will demonstrate that there is no



strong non-linear relationship and that the correlation coefficients are sufficient to describe the
relationship.

The correlation between soil moisture and SOC is indeed an interesting result. Measurements of
total soil carbon are highly correlated with gravimetric water content in BEO soils (Pearson r =
0.80, P < 0.0001). We will include a paired scatter plot in the revised version. We suggest several
alternative explanations. First, high water content in saturated areas preserves organic matter by
limiting oxygen diffusion, as the reviewer notes below. Second, undecomposed organic matter
binds water tightly, even at low matric potential. Third, high organic matter composition creates
large pore volumes that fill with water in saturated soils.

Line by line reactions:

P1L23 While anaerobic decomposition certainly is missing from many ESMs, I'm not sure | would
claim that it is the main driver for model uncertainty. There are several processes which could
improve model performance that are currently being investigated and this tripped me up reading
through the abstract.

We agree that the statement is oversimplified. We will change that to “one of the reasons” driving
model uncertainty in saturated soils.

P3L5 Models traditionally do however consider O2 limitation with increasing moisture saturation.
I’'m almost certain that the authors are aware that traditional moisture sensitivity functions are
typically rationalized to have decreasing decomposition under high moisture due to limited O2
diffusion (Orchard and Cook 1983). What this typically does not extend to CH4 emissions, it does
implicitly include anaerobic decomposition. A review of implicit vs explicit process representation
in decomposition models may be more appropriate here then an outright claim that anaerobic
decomposition is not included in ESMSs.

Yes, we are aware of the use of moisture functions as a proxy of decomposition level. The
suggested term of “ implicit vs explicit “ is a very nice summary of the problem we were trying to
identify in current ESMs. We will summarize implicit vs explicit approaches used in current ESMs
to simulate carbon decomposition under anaerobic conditions.

P41.28 60days is a short incubation to try to fit a full soils model to. | want to see concerns about
time scale addressed somehow here.

The length of incubation time was selected because the thaw season in Barrow is about 60-90
days. We have briefly mentioned this in the model development section, as the short incubation is
the main reason we adopted the CLM-CN carbon decomposition cascade, since we have no data
to fit a full carbon model. We will add additional discussions in both section 4.3 and 4.4 to talk
about the limitations of model validation from current datasets and some future considerations.

P4L.38 Why was the 4C dropped form the Q10 calculation??

Originally, we fitted the data from 3 different incubation temperatures. There was no significant
difference between the Q10 values estimated by two approaches. We will add an additional line
to clarify.

P5L2 These package citations are less useful without the associated analysis script. Could this
please be included in either the Sl or as a separate DOI citation?

We believe the statistical analysis packages listed here are well documented and applied in this
project using standard methods. We will clarify this sentence and provide scripts that are
essential for model development through online distribution (see below).



P5L12 Please be go into more detail on the adaptation of CLM here. Figure 2 is extremely useful
but this could use more detail here or in the Sl. | would urge the authors to restate the model
formulation (even when explicitly drawing on previous work) since frequently it is not clear what
portions were modified for the current model. Please include a set of full mathematical equations,
descriptions appropriate algorithms, and a fully commented code base used to run the models.

In the revised manuscript, all these will be included in the Supplementary material. A DOI citation
will be available for both model code and synthesized data product (can be accessed at
https://dx.doi.org/10.5440/1430703, once the manuscript revision is finalized). A fully commented
code base and step-by-step instruction will be provided with example input and output files.
Readers will be able to run our scripts from their own computers.

P6L5 Well that is certainly creative model initialization.
Thank you!

P6L22 ‘further adjusted’ Could the authors clarify? Right now it reads as an ‘expert tuned” model
which is not current best practices given the range of parameter fitting tools that exist.

This is a good suggestion. We do not have valid data to verify the biomass of specific functional
groups. This lack of data is due to the technical challenges we are facing while doing DNA and
gPCR based quantifications. That's the main reason we used thermodynamically-based growth
equations to build microbial biomass directly into reaction kinetics. However, we still need a
starting point of gross microbial biomass estimations, so the values were selected from previous
modeling work done in the Arctic regions. We will add additional explanations in the revised
manuscript.

P6L25 This feels like a very limited sensitivity analysis. An a priori 50% uncertainty seems to be a
relatively tight bound for a soil model, especially given the 3 orders of magnitude that was
mentioned previously.

The main purpose of sensitivity analysis is to demonstrate the direction and magnitude of
changes. We agree that additional sensitivity analysis on these parameters would be helpful. In
the revised manuscript, we will add additional sensitivity analysis in Figure 7.

P8L7 How was the model calibrated?

The model was calibrated by fitting both CO2 and CH4 production data in two separate steps. We
are adding a flow chart explaining how the synthesized data were incorporated into model
development and validation.

P9IL 18 Was this perturbation analysis done independently of the previous perturbations?

Yes, the perturbation analysis was done independently of previous perturbations.



