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Reviewer #1 (Remarks to the Author):

This is a really fascinating topic and I agree the working out the stability of SOC at depth
is crucial. I very much enjoyed reading the intro, although I felt in places the thoughts
were not fully formed (see below).

Generally, the experimental setup needs to be much clearer. I understand why a lot
must go into the supplementary, but it isn’t clear to me which sections of the methods
correspond to the field and the incubations (the field is not really mentioned in the
methods or supplementary, just the intro).

On a similar note, in the methods there are sections in the main text that do not tell the
reader how much soil was used, dry or wet, and what machine was used to determine
the values. In particular the Soil geochemical properties section (line 549) has no
reference to the method used and is lacking all the information I have mentioned. Please
could you go through and make sure for the methods that has made it in, there is
sufficient information to understand broadly what was done?

I'm really sorry about this next point, but I'm having problems differentiating between
the different reds in the figures (cambisol and vertisol especially). The green is easier
although still not very distinguishable. My suggestion would be to have each soil type
the same colour and have filled/empty symbols for the topsoil/subsoil. And dashed or
solid lines. I'm not colourblind, but this is a problem for me and likely to be worse for
certain others.

Additionally, figure 1 is very busy. It is interesting, but there is a lot going on. Could you
move the mean SOC age inset somewhere else? This is also true of figure 3. There is so
much going on it confuses the eye, and the red green colourscheme is difficult because
you automatically compare the reds and the greens, where actually for panel a I realised
I should probably be looking at the dashed vs the solid lined. I think pull out the insets
and put them beneath the decomp graphs as a set, make the legend bigger and more
obvious, and change the colourscheme or presentation of planted/unplanted because it
conflicts with the topsoil/subsoil.

I am surprised you did not include any microbial diversity data to pair with the isotopic
data. Is this in the pipeline in a different paper? I think it would strengthen your points
somewhat to be able to directly show microbial community or enzymatic activity rates.

Line 61: half of SOC- do you mean locally? Surely this cannot be a general overall
estimate, as many soils are shallower than 30cm? Could you clarify?

Lines 69-73: you don’t mention abiotic limitations on biological activity at depth- low
temperatures, increasingly anaerobic conditions. Do you not consider these to be
important factors in protection of SOC in deep layers?

Line 90: why might this be? Do molecules that escape rapid metabolism get washed
downwards through the soil profile? Is there evidence for this?

Line 110: how deep are we talking? Again, are the abiotic variables like temperature and
aeration not a consideration?

Lines 442: What happened to the 25-40cm deep soil? Does this not represent an
interesting transition zone?

Line 445: this is rather hot, nitrogen based molecules are likely to be inaccurate much
above 70°C. Using 105°C comes with the caveat that organic matter is likely to be lost
(Reynolds 1970, Journal of Hydrology, 11, 258-273; Lekshmi et al. 2014, Measurement,
54, 92-105).

Line 280: this is the first time this point has come up, and I think it needs to be dealt
with in the intro or people will be wondering why (like I did).

Supplementary lines 200-206: I am concerned about the addition of fertiliser to only the
planted soils- would this not lead to accelerated priming effects? If so, the planted and
unplanted treatments are not comparable.



Reviewer #2 (Remarks to the Author):

Manuscript NCOMMS-22-26671 tests a novel bioenergetics-based framework for soil
organic matter persistence as a function of soil depth. The dynamics and persistence of
soil organic matter has received a great deal of attention over the past 20+ years. The
community has undergone a paradigm shift in understanding the major controls on soil
organic matter persistence - from chemical composition of recalcitrant moieties, to
mineral association and ecosystem properties. These are well synthesized by Schmidt et
al 2011, cited in the manuscript. The challenge from the new paradigm, however, has
been how to make the proposed, emergent property of ecosystem-level persistence
measurable, modelable, and predictable. And hence it appears that a new paradigm is
being developed, based on bioenergetics and rooted in thermal analysis techniques. This
manuscript represents an important contribution to this new paradigm development,
with strong conceptual underpinnings and appropriate and rigorous experimental design
and data.

The experimental study is well designed. All methods are appropriate, and calculations
appear to be correct and valid. The combination of multiple thermal analyses methods,
along with incubations and isotopic analyses make for a robust set of observations that
support the conclusions drawn by the authors. When not necessarily creating an
extensively comprehensive dataset (as would a meta-analysis of a large, global
dataset), the inclusion of soils with differing mineralogy (ie, surface reactivity) makes
the observations even more robust. Reporting and visualization of the results is highly
appropriate, with some caveats:

1. In Table 1, "Depth effect” might be better reported as an actual statistical outcome.
That is, rather than a mean relative/absolute change, it could be reported as the ANOVA
effect size (which can be calculated multiple ways). Alternatively, a statistical test (p-
value, etc.) might be reported to demonstrate the degree to which the difference falls
outside the range attributable to natural variability.

2. There are a large number of loading arrows in Fig 2a. Perhaps only show those that
are "significant” in that they are deemed the most important and worth of explanation
in the main body of the text.

3. The caption refers to the width of the decomposition arrow being proportional, but
the differences in width are perhaps too subtle to be immediately noticeable. Perhaps
elements of the cartoon can be further exaggerated to highlight the points being made.

The manuscript is very well written and I have very few, very minor editorial comments
(see below). However, I did find that a large portion of the discussion section (lines 245
through 343) is largely an elaboration of what is in the results section. Perhaps it's
because the results section is written sufficiently clearly and understandably, the first
part of the discussion seems somewhat redundant. Going forward from line 344 is what
I consider to be a discussion in the conventional sense. Perhaps the discussion section
as a whole can be shortened for conciseness. Alternatively, the goals of the elaboration
of the results can be to place observations in context with other values reported in the
literature rather than a repetition of what is in the results section. I understand there
are likely few reported data to compare to, as this is an evolving paradigm with novel
experiments. Another possibility would be to elaborate on the conceptual framework
(both historically as it seems related to the early ecosystem work of Odum) and then
place the observations within this framework, rather than to elaborate on the results
themselves.

In terms of editorial comments, the text is largely free of grammatical and linguistic
errors. However, I would recommend that the terms "higher" and "lower" by reserved
for vertical position since the study involves samples taken higher and lower in the soil
profile. Instead, these terms should be replace in comparisons with terms that are more



directly equivalent to ">" and/or "<", such as "larger/smaller"”, "greater/lesser", etc.
Also...

In46: "reactivity contexts" in stead of "context"

In60: "30 cm deep" instead of "depth"

In101: "To date" instead of "So far"

In106 and throughout: The term "field" implies measurement potential performed "in-
situ” and literally in the field. I think this term can be omitted in most usages in the
manuscript.

In109: I don't think "genericity" is a word, and even if so, it's awkward. Replace with
"robustness”

In128: "Microbial biomass" instead of "biomasses"

In162: "in soil columns" instead of "on soil columns™

In167: "consisted of" instead of "in"

In218: "high amounts" instead of "amount"

In219: "mineral composition"” instead of "nature"

In219: omit "indeed”

In226: omit "in contrast”

In351: "have often" instead of "has often"

Overall, I find the manuscript to be of sufficient rigor, quality and novelty for publication
in Nature Communications with only minor revisions.

Prof. Alain Plante
University of Pennsylvania



REPLY TO REVIEWERS
Manuscript NCOMMS-22-26671
Reviewer #1 (Remarks to the Author):

This is a really fascinating topic and | agree the working out the stability of SOC at depth is crucial. |
very much enjoyed reading the intro, although I felt in places the thoughts were not fully formed (see
below).

Comment: Generally, the experimental setup needs to be much clearer. | understand why a lot must go
into the supplementary, but it isn’t clear to me which sections of the methods correspond to the field and
the incubations (the field is not really mentioned in the methods or supplementary, just the intro).
Response: To improve clarity, we reformatted the structure of the methods section so to have one
subheading specifically dedicated for each of these two parts of our study (See L. 394 to 547).

Comment: On a similar note, in the methods there are sections in the main text that do not tell the reader
how much soil was used, dry or wet, and what machine was used to determine the values. In particular
the Soil geochemical properties section (line 549) has no reference to the method used and is lacking all
the information | have mentioned. Please could you go through and make sure for the methods that has
made it in, there is sufficient information to understand broadly what was done?

Response: The methods section has been complemented with the additional information you suggested,
especially for soil geochemical properties which are fully located in the main text manuscript instead of
the supplementary. More methodological details about the plant isotopic labelling and soil incubation
experiment are also now provided in the main text instead of the supplementary.

Comment: I’m really sorry about this next point, but I’m having problems differentiating between the
different reds in the figures (cambisol and vertisol especially). The green is easier although still not very
distinguishable. My suggestion would be to have each soil type the same colour and have filled/empty
symbols for the topsoil/subsoil. And dashed or solid lines. I’m not colourblind, but this is a problem for
me and likely to be worse for certain others.

Response: We modified the figures according to your suggestion to improve their readability.

Comment: Additionally, figure 1 is very busy. It is interesting, but there is a lot going on. Could you
move the mean SOC age inset somewhere else?

Response: The information in the inset about mean SOC age has been moved in Table 1. To improve the
figure readability, we reduced the number of variables in the ordination from 25 to 18.

This is also true of figure 3. There is so much going on it confuses the eye, and the red green
colourscheme is difficult because you automatically compare the reds and the greens, where actually for
panel a | realised | should probably be looking at the dashed vs the solid lined. | think pull out the insets
and put them beneath the decomp graphs as a set, make the legend bigger and more obvious, and change
the colourscheme or presentation of planted/unplanted because it conflicts with the topsoil/subsoil.
Response: All the modifications you suggested have been implemented in the current version of the
figs.3, 4 and 5.

Comment: | am surprised you did not include any microbial diversity data to pair with the isotopic data.
Is this in the pipeline in a different paper? | think it would strengthen your points somewhat to be able
to directly show microbial community or enzymatic activity rates.

Response: We have not measured microbial diversity or enzymatic activities in this study for several
reasons. The depth-dependency of the diversity and structure of microbial communities is clearly an
interesting question, but has already been the subject of excellent publications®. We also believe this
is a peripheral question that is not essential to test our main hypothesis, and the significant investment



we made into the energetic aspect central to our study did not allowed us to address this question.
Enzymatic activity data would have been very relevant to our question but measuring in situ enzymatic
activity rates in soil is very challenging. Standard methods usually rely on addition substrates and thus
rather reflect potential enzymatic activities which may not reflect in situ patterns since substrate
availability in real-world soils is notoriously limited at depth.

Comment: Line 61: half of SOC- do you mean locally? Surely this cannot be a general overall estimate,
as many soils are shallower than 30cm? Could you clarify?
Response: No, we are actually talking about global SOC stocks. This has been clarified here:
L. 59-60. “a major portion corresponding to around half of the global SOC stock is stored in deeper
soil layers (subsoil)>®.
This is based on the most up to date global soil organic carbon (SOC) inventory®, which by the way
showed in its Fig. 15 that the vast majority of world soils are more than 50 cm deep.

Comment: Lines 69-73: you don’t mention abiotic limitations on biological activity at depth- low
temperatures, increasingly anaerobic conditions. Do you not consider these to be important factors in
protection of SOC in deep layers?
Response: We added a new sentence in the introduction to explicitly consider the importance of these
factors in deep SOC persistence:
L. 74-77. “Suboptimal environmental conditions such as low temperature and anaerobic conditions
have additionally been mentioned”®, and obviously represent key drivers of deep SOC persistence
for permafrost and peatlands. Empirical evidence supporting their importance for mineral well-
aerated soils remains however limited®*%,”
Since our study does not include specific soil types such as permafrost and peatlands/wetlands for which
climatic factors are important drivers of deep SOC persistence, we also modified this sentence at the
end of the introduction so to circumscribe the scope of inference of our study:
L. 107-109. “We thus investigated here the bioenergetic control of the depth-dependency of SOC
dynamics in temperate well-aerated mineral soils.”

We also added this sentence in the methods section to be clarified that three soil profiles are all well-
aerated:
L. 383-384. “The three soil profiles studied were well-aerated since none showed reductimorphic
features, and redoximorphic features were present only in the vertisol.”

Comment: Line 90: why might this be? Do molecules that escape rapid metabolism get washed
downwards through the soil profile? Is there evidence for this?
Response: There studies providing evidence that molecules percolate downwards through the soil
profile and contribute to the formation of deep SOC in addition to inputs from plant roots'?*3, This
comment points that it could be important to briefly mention the factors contributing to deep SOC
formation, so we added a new sentence about this in the beginning of the introduction:
L. 60-63. “Deep SOC formation can derive from dissolved organic matter and colloidal organo-
mineral particles percolating downward through the soil profile, as well as organic matter inputs by
deep plant roots, accumulation of eroded soil downhill and bioturbation by soil fauna such as
earthworms®12-14

Comment: Line 110: how deep are we talking? Again, are the abiotic variables like temperature and
aeration not a consideration?

Response: Deep SOC refers to SOC located at depth greater than 30 cm, which is how deep SOC is
already defined in the beginning of our introduction. Abiotic variables like temperature and oxygen
availability are indeed not our main consideration, and our study was not specifically designed to test



the importance of these factors. Since our results provide however some interesting clues about the

importance of these factors, we now dedicate a specific paragraph to this question in the discussion:
L. 311-322 “Suboptimal environmental conditions have been mentioned as potentially important
driver of deep SOC persistence’8. Our results largely confirmed empirical studies showing that their
importance for mineral well-aerated soils remains limited®t. The smaller decomposition rates of
native SOC for subsoil than topsoil under temperature and moisture-controlled conditions in the
absence of roots indeed demonstrates that the slowing of SOC dynamics with depth cannot be merely
driven by abiotic conditions such as cold or waterlogged pedoclimate and oxygen limitation at depth.
Furthermore, our result of a decline in ysoc with depth contrasts with the idea that increasingly
anaerobic conditions within microaggregates with depth lead to deep SOC persistence even for well-
aerated soils. This is because it should theoretically involve an increase in ysoc by preferential
preservation of highly reduced organic matter®. This mechanism may however be central in
permanently waterlogged soils in wetlands and peatlands'®t’.”

Comment: Line 280: this is the first time this point has come up, and | think it needs to be dealt with in
the intro or people will be wondering why (like I did).

Response: As explained above, a dedicated sentence about abiotic limitations on biological activity at
depth has been included in the introduction following your suggestion.

Comment: Supplementary lines 200-206: | am concerned about the addition of fertiliser to only the
planted soils would this not lead to accelerated priming effects? If so, the planted and unplanted
treatments are not comparable.

Response: Fertilizer has been added only to planted subsoils. As mentioned in the previous version of
the manuscript, it was critical to fertilize only the planted subsoil and the not unplanted subsoil to avoid
excessive concentrations of mineral nutrients, which already tend to accumulate in soils in absence of
rhizodeposition and nutrient uptake by plant roots!®2°. Could this fertilization of planted subsoils have
led to accelerated rhizosphere priming effects? Most studies on this topic showed that fertilization have
usually small and rather negative effects on both priming effects?'?2 and rhizosphere priming effects?24,
Given this literature pattern and the fact that our fertilization allowed to reach similar soil mineral N
concentrations between planted topsoil and subsoil microcosms (Supplementary Table 8), we are
confident than the larger rhizosphere priming effects for subsoil than topsoil is not driven by our
fertilization treatment.

Comment: Lines 442: What happened to the 25-40cm deep soil? Does this not represent an interesting
transition zone?

Response: We agree that it might have been interesting to include an additional soil layer modality with
intermediate depth to test whether the depth effect is rather linear or nonlinear with a potential threshold
level. However, we rather chose to keep our experiment simple by not including this intermediate depth
since the test of our main hypothesis required many measurements that we could not afford to apply on
more soil layers.

Comment: Line 445: this is rather hot, nitrogen-based molecules are likely to be inaccurate much above
70°C. Using 105°C comes with the caveat that organic matter is likely to be lost (Reynolds 1970, Journal
of Hydrology, 11, 258-273; Lekshmi et al. 2014, Measurement, 54, 92-105).
Response: We are sorry about that but there has been a mistake in reporting this actually. In fact, we
proceeded following standard methodology with soil been air-dried, while only a subset of soil been
dried at 105 °C to measure soil moisture. This point has been clarified in the manuscript:
L. 396-397. “These soil cores were first sieved at 2 mm and a portion was air-dried at room
temperature. A portion of the air-dried soil was also ground (<250 um) to homogeneity.”

Reviewer #2 (Remarks to the Author):



Manuscript NCOMMS-22-26671 tests a novel bioenergetics-based framework for soil organic matter
persistence as a function of soil depth. The dynamics and persistence of soil organic matter has received
a great deal of attention over the past 20+ years. The community has undergone a paradigm shift in
understanding the major controls on soil organic matter persistence - from chemical composition of
recalcitrant moieties, to mineral association and ecosystem properties. These are well synthesized by
Schmidt et al 2011, cited in the manuscript. The challenge from the new paradigm, however, has been
how to make the proposed, emergent property of ecosystem-level persistence measurable, modelable,
and predictable. And hence it appears that a new paradigm is being developed, based on bioenergetics
and rooted in thermal analysis techniques. This manuscript represents an important contribution to this
new paradigm development, with strong conceptual underpinnings and appropriate and rigorous
experimental design and data.

The experimental study is well designed. All methods are appropriate, and calculations appear to be
correct and valid. The combination of multiple thermal analyses methods, along with incubations and
isotopic analyses make for a robust set of observations that support the conclusions drawn by the authors.
When not necessarily creating an extensively comprehensive dataset (as would a meta-analysis of a
large, global dataset), the inclusion of soils with differing mineralogy (ie, surface reactivity) makes the
observations even more robust. Reporting and visualization of the results is highly appropriate, with
some caveats:

Comment: In Table 1, "Depth effect” might be better reported as an actual statistical outcome. That is,
rather than a mean relative/absolute change, it could be reported as the ANOVA effect size (which can
be calculated multiple ways). Alternatively, a statistical test (p-value, etc.) might be reported to
demonstrate the degree to which the difference falls outside the range attributable to natural variability.
Response: A new column giving the parameter ‘partial n?’ has been added to provide to the ANOVA
effect size about depth effect. We specified below Table 1 what represent partial #2:
L. 879-880. “Partial n? indicates the proportion of variance associated with the depth effect after
accounting for soil type effect. ”
We also fully explained how it was calculated in the supplementary methods:

L. 318-322. “Partial n? of depth effect on SOC properties is calculated as the sum of squares for the
depth effect divided by the total sum of squares (after accounting for the variance associated with
soil type effect). It was computed using the ‘eta_squared’ function of the ‘effectsize’ package® on a
linear mixed-effect model fitted using the ‘Imer’ function of the ‘Ime4’ package®® and including ‘soil
layer’ as a fixed factor and ‘soil type’ as a random factor.”

Comment: There are a large number of loading arrows in Fig 2a. Perhaps only show those that are
"significant” in that they are deemed the most important and worth of explanation in the main body of
the text.

Response: To help our readers catching the important information in the ordination without being
overwhelmed by too much data, we reduced the number of variables from 25 to 18 in Fig 2. We basically
removed the variables that are somewhat redundant or only corroborating other variables. For
instance, the three variables about thermal stability has been removed since they only confirm the trend
about activation energy. We similarly removed the HI and Ol indices, which mainly confirmed the trend
about the degree of reduction of SOC. The variable fMOAM has been removed because it is strictly
equal to 1-fPOM. The variable Si, and Al, has been merged (Sio+Al,) since they both inform us about
aluminosilicates. Note that we maintained the presence in Table 1 of the variables removed in the
ordination since they remained interesting for the readers.



Comment: The caption refers to the width of the decomposition arrow being proportional, but the
differences in width are perhaps too subtle to be immediately noticeable. Perhaps elements of the cartoon
can be further exaggerated to highlight the points being made.

Response: This is a good idea. We modified Fig. 6 according to your suggestion. We took that
opportunity to further improve this figure by showing the depth patterns in SOC persistence,
accessibility, energy quality, energy limitation of SOC decomposition and root density and energy

supply.
The manuscript is very well written and | have very few, very minor editorial comments (see below).

Comment: However, | did find that a large portion of the discussion section (lines 245 through 343) is
largely an elaboration of what is in the results section. Perhaps it's because the results section is written
sufficiently clearly and understandably, the first part of the discussion seems somewhat redundant.
Going forward from line 344 is what | consider to be a discussion in the conventional sense. Perhaps the
discussion section as a whole can be shortened for conciseness. Alternatively, the goals of the
elaboration of the results can be to place observations in context with other values reported in the
literature rather than a repetition of what is in the results section. | understand there are likely few
reported data to compare to, as this is an evolving paradigm with novel experiments. Another possibility
would be to elaborate on the conceptual framework (both historically as it
seems related to the early ecosystem work of Odum) and then place the observations within this
framework, rather than to elaborate on the results themselves.

Response: We agree that there was quite a lot of redundancy between the results section and the
beginning of the discussion section, probably because we were too focused on discussing of all the
results point-by-point and compared them to previous studies. Following your first suggestion, we
shortened the discussion section for conciseness by reformatting it into a more synthesis version
centered around our hypothesis and key findings (L. 254 to 370). This allowed to reduce the length of
the discussion section by 20 %, that is from 1,844 to 1,516 words.

Comment: In terms of editorial comments, the text is largely free of grammatical and linguistic errors.
However, | would recommend that the terms "higher" and "lower" by reserved for vertical position since
the study involves samples taken higher and lower in the soil profile. Instead, these terms should be
replaced in comparisons with terms that are more directly equivalent to ">" and/or "<", such as
"larger/smaller”, "greater/lesser", etc. Also...

In46: "reactivity contexts" instead of "context"

In60: 30 cm deep" instead of "depth”

In101: "To date” instead of "So far"

In106 and throughout: The term "field" implies measurement potential performed "in-situ" and literally
in the field. | think this term can be omitted in most usages in the manuscript.

In109: | don't think "genericity" is a word, and even if so, it's awkward. Replace with "robustness”
In128: "Microbial biomass" instead of "biomasses"

In162: "in soil columns" instead of "on soil columns™

In167: "consisted of" instead of "in"

In218: "high amounts" instead of "amount”

In219: "mineral composition" instead of "nature"

In219: omit “indeed"

In226: omit "in contrast”

In351: "have often” instead of "has often”

Response: We performed all the corrections you recommended. Thanks for your careful review that
helped us improve the manuscript.



Overall, 1 find the manuscript to be of sufficient rigor, quality and novelty for publication in Nature
Communications with only minor revisions.

Response: We warmly thanks you for your consideration of our work.
Prof. Alain Plante
University of Pennsylvania
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