Reviewer 3

This work compares drivers of soil organic carbon in observations (using two random forest
models) and in two mechanistic models (MIMICS and the new MES-C model) with the goal
of identifying poorly represented or missing drivers in mechanistic models. Overall, I think the
goal of this work is admirable and the authors present some interesting results highlighting
CEC as a missing driver and different types of relationships between NPP and SOC for
observations (nonlinear) and models (linear) which provide areas for models to improve. The
paper would benefit from clearer language, more detailed methods, and some re-organization.
My comments below explain in more detail but I think the way the observations/random forest
models are referred to needs to be more consistent and clear for readers; the choice of which
models to present in each figure needs to be clarified; the description of MES-C (which seems
to be a brand new model) needs to be much more detailed; and the discussion would benefit
from a reorganization to either combine with the results or differentiate itself from the results
to focus on more high level findings. I think this paper has a lot of great information in it that
will be useful to readers once there is some more detail and organization.

We would like to thank the reviewer for time and feedback on this manuscript. We’ll revise
the manuscript through according the reviewer’s comments on all sections. Please find our
point-by-point responses below.

Specific Comments:

Title: I feel this title is a little too broad for the paper scope, especially since only two relatively
similar models are investigated. Perhaps something a bit more specific either about comparing
to an ML model or about environmental drivers? For example, the title could be: “Comparative
ability of two mechanistic soil biogeochemical models in representing environmental drivers
of soil organic carbon” or something along those lines.

Thank you for this constructive suggestion. We will carefully reconsider and revise the title to
ensure it more clearly conveys the specific aims and contributions of our manuscript.

Abstract: It would be helpful to mention the scale of the study (globally-distributed) in the
abstract.

Thanks for your suggestion, we’ll mention that this study is conducted at global scale in the
Abstract in the revised manuscript.

Lines 50-51: I am not sure I agree with this statement. We’ve seen a proliferation of
microbially-explicit SOC models in the last decade, many of which are cited throughout the
introduction. Perhaps it’s better to highlight that these models are relatively under tested,
especially compared to Century or RothC.

We thank the reviewer for this insightful comment. We agree that many microbially-explicit
SOC models have been developed over the last decade. However, these models have not been
widely incorporated into Earth System Models to improve the representation of SOC dynamics
under different climate conditions, largely due to a lack of rigorous testing. We will revise the
manuscript to make this point clearer.



Line 69: It could be helpful here to mention that we might have more confidence in microbially-
explicit models, given they represent microbes, which we know empirically to be important to
SOC cycling. See Bradford et al., 2016 for commentary on having confidence in model
projections: Bradford, M.A., Wieder, W.R., Bonan, G.B., Fierer, N., Raymond, P.A.,
Crowther, T.W., 2016. Managing uncertainty in soil carbon feedbacks to climate change.
Nature Climate Change 6, 751-758.

Thanks for the good suggestion here, we’ll revise L69-L71 to “Nevertheless, microbially-
explicit SOC models have the potential to increase our confidence in projecting SOC feedback
to climate change because they explicitly represent microbial processes that are known to
influence SOC cycling. However, it remains important to rigorously evaluate and reduce their
uncertainties before incorporating them into large-scale modelling frameworks”.

Paragraph at line 104: I appreciate this paragraph overviewing benefits and drawbacks of
ML/ALI One thing I feel is missing here is finding a sufficiently large training dataset to use
AI/ML techniques to predict effects under climate change or conditions they are poorly trained
on. Process-based models assume the underlying processes/equations won’t drastically change
under novel conditions, such that equations in that model will still hold in unseen conditions,
but my understanding is that AI/ML techniques don’t have that same strength. I admittedly
have more knowledge on the process-based modeling side here, so I would be curious if the
authors think this should be addressed.

We thank the reviewer for this thoughtful comment. We agree that AI/ML approaches are
constrained by the availability and coverage of training data, and they generally have less
capacity to extrapolate to novel conditions compared to process-based models. To mitigate this
limitation, we compiled a global dataset spanning a wide range of vegetation types and
environmental conditions, and we applied cross-validation to evaluate the model on
independent data excluded from training. We will clarify this point in the revised manuscript.

Line 148: More current versions of MIMICS use reverse M-M kinetics (see Wieder et al., 2018
and forward). This could be considered in the discussion.

Wieder, W.R., Hartman, M.D., Sulman, B.N., Wang, Y.P., Koven, C.D., Bonan, G.B., 2018.
Carbon cycle confidence and uncertainty: Exploring variation among soil biogeochemical
models. Global change biology 24, 1563-1579.

Thanks for the information. We tested both forward and reverse Michaelis—Menten kinetics
and did not find significant differences in simulated SOC or prediction accuracy in this study.
Therefore, we used the forward Michaelis—Menten kinetics as represented in the default
MIMICS formulation (Wieder et al., 2015).

Line 183: It seems MES-C is a new model the team developed — is that correct? I found it a bit
surprising to have a new model in this work and not have that introduced in the introduction.
Assuming this is indeed a new model, it would be helpful to have much more information on
philosophy of the model, the equations that make up the model, what environmental variables
it uses, and how parameter values were determined.

Thanks for the suggestions here. The primary focus of our manuscript is on applying multiple
artificial intelligence methods to identify and analyse potential weaknesses of process-based



models in representing environmental controls on SOC, rather than on model development
itself, therefore we didn’t mention it in the introduction.

We agree that providing more detail about MES-C is essential for understanding our study, and
we will include a detailed description of the model’s philosophy, equations, environmental
variables, and parameterisation in the revised manuscript.

Lines 183-189: I am struggling with the fact that there is no particulate organic matter-like pool
in MES-C. Could the authors address this? In the current structure there is no representation of
“lower quality” or “chemically recalcitrant” soil organic matter, which is a considerable
proportion of soil organic matter in many ecosystems.

Thanks for the valuable comment. In many models, particulate organic carbon (POC)
represents relatively large, undecomposed or partially decomposed material such as litter and
roots. In MIMICS and MES-C, this role is represented through two litter pools, metabolic and
structural litter. The allocation of inputs between these pools is determined by litter quality
(lignin content and C/N ratio), which captures how chemical properties influence SOC
stabilization. Thus, while MIMICS and MES-C does not include an explicit “POC” pool, the
structural litter pool functions analogously by representing lower-quality, more recalcitrant
organic matter.

Table 1: I suggest using MAP and MAT instead of AP and AMT, respectively, to make it easier
for the reader to understand these drivers in the results.

Thanks for the good suggestion, we’ll replace AP and AMT with MAP and MAT throughout
the revised manuscript.

Section 2.3: It seems the authors are choosing different parameter sets for each of the 12
clusters — is that correct? Parameters in both models have environmental drivers that modify
fluxes and so these additional changes to parameters based on environmental differences seem
a bit redundant. However, I also see how it could improve model fit. To that end, I would
appreciate the authors reflecting on this choice and if kept, adding justification to the methods.

Thanks for this thoughtful suggestion. Most parameters in the model (see Table S1) are either
fixed across all sites or directly linked to site-specific properties (e.g., allocation of litter into
metabolic vs. structural pools). However, some key parameters remain uncertain (see Table S2
and S3) and require calibration to better constrain model behaviour. For example, the SOC
desorption process is unlikely to be universal at the global scale but instead varies with
environmental context. For this reason, we optimized these uncertain parameters within the 12
environmental clusters to better represent environment-specific processes and to improve
overall model performance. We will revise the Methods to make this rationale clearer.

Line 304: Nice, I like this AIC approach for accounting for different numbers of predictors!
Thanks!
Line 314: Why not RFen?

Here, our aim is to directly compare machine learning and mechanistic models using the same
set of predictors, and to evaluate whether the representation of predictors in process-based



models aligns with observations. For this reason, we used RFinp, which employs the same
predictors as MES-C.

Line 315: I believe the following sections are the XAI techniques right? Could that be said
explicitly here for the reader?

We thank the reviewer for this suggestion. The title of this section is “Explainable Artificial
Intelligence techniques”, and all subsections indeed describe XAl methods. We will make this
point more explicit in the text to guide the reader.

Line 352: Here is where I think the random forests models of SOC for comparison to MIMICS
and MES-C and the random forest models used for XAl, that the reader just finished reading
about, get confusing. In addition, the random forest models for SOC are later in this paragraph
called “ML models”. I think using consistent, clear and distinct language is going to be needed
for the reader. I suggest either calling the initial random forest models “ML models”
consistently or only referring to them as RFenv and RFinp so its super clear to the reader which
random forest models are being referred to at any given time.

We apologize for the confusion. To ensure clarity, we will consistently use the terms RFeny and
RFinp throughout the revised manuscript when referring to the random forest models.

Table 2: Please clarify your SOC units (and thus the MAE and RMSE units). Grams of what
per kilogram of what? Please clarify this throughout the paper.

It’s gram carbon per kilogram soil (g C kg soil!). We’ll clarify the unit in revised manuscript.

Figure 3 and associated text: Panel (a) is RFenv and (b) is RFinp right? As noted above, please
use consistent language to help the reader. I am also wondering why (a) is stylized differently
than the other panels? I understand why (a) might be vertical for space reasons but I find it a
little misleading that is looks different when its displaying the same information. I believe
panels b-c should be colored as panel a for consistency and to help the reader understand that
these plots are showing the same things for different models.

Sorry for this being potentially misleading. We’ll revise the plots to show the results in
consistent colour scheme.

Figure 4 and associated text: Why is RFenv missing here?

Sorry for the lack of clarity here. SHAP values are used to directly compare machine learning
and process-based models using the same set of predictors, and to evaluate whether the
representation of predictors in process-based models aligns with observations. For this reason,
we didn’t show RFe,y here. We’ll state the purpose of the method more clearly in the revised
manuscript.

Lines 395-397: Please be careful to not use causal language here and throughout. Instead, the
authors could say: higher soil temperature was associated with lower SOC and higher silt and
clay was associated with higher SOC.

Thank you for this helpful suggestion. We will carefully revise the manuscript to avoid causal
language throughout.



Lines 395-404: I wonder if simple linear regression would aid in interpretation of these plots.
Currently, it seems interpretation is based on the smoothness of the color gradient, and it could
be more objective to use r-squared values here.

Thanks for the valuable suggestion. We’ll add r? in the revised manuscript to help interpretation
of the results.

Section 3.4: Which observed data is presented here? RFenv or RFinp?
It’s RFinp. We'll state it clearly in the revised manuscript.

Figure 5: Could the short ticks at the bottom of each axis be described more? Which percentiles
do they represent? Also, could the authors justify why high SOC values are not shown?

We apologize for the lack of clarity in Figure 5. The short ticks at the bottom of each axis
represent the 0—100th percentiles of the predictors. High predicted SOC values are not shown
to improve visualization, as including them would compress the main patterns along the y-axis
and make them difficult to interpret. We’ll revise the manuscript to describe the figure clearly.

Section 4.2: It could be useful to comment in this section that CEC is not as widely or easily
measured as clay and silt, making it harder to use in models applied at site scales where site
data is generally used for model inputs. Thus, it might be suggested to measure that more
frequently.

Thanks for the helpful suggestion. We will add a note in Section 4.2 highlighting this point and
suggesting that more frequent measurements of CEC could improve model inputs and
prediction.

Like 563: Is the weaker response or sharp decrease more pronounced in MES-C?

Sorry for the confusion here. We didn’t mean that the sharp decrease is more pronounced in
MES-C. Indeed, we’d like to show that in MIMICS, SOC begins decreasing when soil
temperature exceeds ~2 °C, whereas in MES-C, this threshold is higher at ~5 °C, which means
that MES-C is less sensitive to temperature increases in cold regions. We’ll revise the
manuscript to describe it more clearly.

Lines 563-567: I am not sure I agree with this. The authors seem to be conflating steady state
associations between SOC and temperature with transient sensitivities, and I am not sure those
would necessarily be the same.

We appreciate the reviewer’s point and agree that Figure 5 reflects equilibrium associations
rather than transient sensitivities. Our aim was to highlight differences in how models represent
SOC—temperature relationships at steady state. As we explained above, in MIMICS, SOC
begins decreasing when soil temperature exceeds ~2 °C, whereas in MES-C, this threshold is
higher at ~5 °C, indicating that MES-C is less responsive to temperature increases in colder
regions. We will revise the text to clarify that our interpretation refers to equilibrium spatial
patterns, not transient sensitivities in the revised manuscript.

Lines 583-586: I suggest softening this language since Cotrufo et al., 2013 is a prediction with
mixed support in the literature.



Thank you for the suggestion. We’ll soften the statement in the revised manuscript: “For
example, high-quality litters, which decompose relatively rapidly, potentially enhance
microbial growth and lead to greater necromass production, which may contribute to the
formation of stable SOC”.

Lines 591-594: How was litter quality handled in this study as a model input? Did it vary with
space? The quality of litter is a very influential input in MIMICS (and presumably MES-C
given their similar structure) and so addressing this input would be important here.

The partitioning of litter to metabolic litter is dependent on litter lignin and nitrogen (N) content
(Wieder et al., 2015),

0.85 —0.013 x (lignin/N)

In our study, we parameterized this function using assumed litter quality values. Specifically,
we set lignin/C ratios to 0.15 for grasses and 0.25 for woody plants, respectively. We set C/N
ratios to 35 for aboveground litter and 60 for belowground litter, respectively. And lignin/N
ratios were then calculated as the product of lignin/C and C/N. These values differ between
vegetation types (grasses vs. woody) and litter origin (above- vs. belowground) to reflect in
litter quality. We’ll add this information to section 2.1 Model description.

Discussion, overall: There seems to be quite a bit of restating the results in the discussion — I
wonder if these could be combined to reduce repetition? Or, if not, could the discussion try to
be a bit broader, focusing on consistent findings across methods, rather than covering each
method individually, which lends itself to a restating of the results?

Thank you for the insightful suggestion. We will revise the Discussion to reduce repetition of
results and instead place greater emphasis on consistent findings across methods, as well as the
limitations and uncertainties of this study.

Line 647: I think this paper would benefit from a “Limitations” section that addresses the fact
that only two SOC models that are relatively similar were addressed here and that it seems an
important driver in at least MIMICS and maybe also MES-C is not evaluated (e.g., litter

quality).

We thank the reviewer for this valuable suggestion. We fully agree that there are limitations
and uncertainties associated with both model input and model behaviour in this study. We will
revise the manuscript to include a comprehensive discussion of these aspects.

Line 649: Two random forest models?

Thanks for pointing this out. We’ll change it to ‘two random forest models’ in the revised
manuscript.

Line 658: MIMICS doesn’t have pH representation — could that be stated clearly here?

Sorry for the lack of clarity here. We’ll state that pH is not represented in MIMICS here in the
revised manuscript.
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