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Dear Editor,

This manuscript is a revised version of C8695/2015. As suggested in the decision letter, we submit a
more complete and more detailed manuscript that takes into account all the comments and
suggestions of the reviewers. In addition, we now highlight clear hypotheses and justification in the
introduction. As requested, the manuscript also benefited from a thorough editing for language by
the senior authors.

Thank you very much for the review of our manuscript. We found the comments made by both you
and the referees to be very constructive and believe that the manuscript, revised in light of them, is
significantly better. We list below the specific responses to the individual points raised by the
referees and detail the changes made in the manuscript. For easy reference, the original comments
are presented in black, and our responses in bold italic red. Below this point-to-point response, you
will find the manuscript version with tracked changes.

Our results have not been published elsewhere and are not under consideration for publication
elsewhere. All authors have seen and agreed to the version submitted.

Sincerely,

Francois Wiaux, PhD
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Interactive comment on “Quantitative estimation and vertical partitioning of the soil carbon dioxide
fluxes at the hillslope scale on a loess soil” by F. Wiaux et al.

1. Editor decision

Associate Editor Decision: Publish subject to minor revisions (Editor review) (17 Apr 2015) by Daniel
Obrist

Comments to the Author:
Dear Dr. Wiaux,

| now have received detailed second reviews by two of the three previous reviewers. Both reviewers
were pleased with the direction of the revisions, and both commented that the manuscript has
greatly improved compared to the first submission, in particularly in regards to focus.

At the same time, both reviewers pointed out that there still are significant issues with the quality of
writing, including stylistic issues, typos, as well as consistency in the use of units and order of figures.
Both reviewers also commented that some sections (in particular the introduction and results
section) now are extremely short and at times are lacking details, and that the manuscript lacks clear
hypotheses and justification in the introduction. Similarly, the discussion sections needs
improvement in order to clearly highlight the novelty and implications/impacts of the study results.
Further, the manuscript needs to improve referencing to other published studies to clarify
differences/similarities of results observed in this study compared to others.

In spite of the significant amount of remaining issues, | expect that these can be addressed in a
relatively short time period as there are no substantial flaws with data or data analysis (so mainly
editorial issues as well as improved introduction/discussion sections). | therefore decided to move
ahead recommending revisions of this manuscript. | encourage the authors to address all comments
of the two reviewers; if the authors can successfully address the remaining issues, | will move ahead
quickly with an editorial decision accepting this manuscript.

With best regards,

Daniel Obrist



2. Anonymous Referee #1
Overall comments

This is the second time | have reviewed this manuscript. | think the shortening and focusing of the
manuscript has greatly improved this paper, which is now focused much more on soil CO2 profiles,
vertical contributions to fluxes, and controlling variables. | still think this is a strong dataset with very
sophisticated processing of results, | am particularly impressed how the authors could differentiate
between contributions of various depths layers to CO2 fluxes, that is really valuable and highly
interesting.

Having said that, the manuscript lacks a clear hypothesis and reasoning for the need of this study.
The manuscript still has a lot of editorial issues (lines of argumentation, implications, typos, etc), and
| suggest that the senior authors of this manuscript really help with editorial issues. The introduction
and results sections is quite thin and very short, and should be expanded in certain areas. The results
section should present quantitative relationships between variables (e.g., correlations, or other
methods to clarify how much variability is explained by variables, this can be added in the text, no
need to add additional figures). This would allow for better quantitative description of the controlling
factors and therefore would give the discussion section more credibility (i.e,. more than qualitative
description of how physical processes control fluxes/emissions). Finally, | am doubtful how the
authors can clearly differentiate between contributions of physical factors versus microbial factors,
as they are both strongly interlinked.

| am recommending “major review” to fix these remaining issues, although | think the required
changes can be implemented easily as they mainly are related to editorial issues and improving
discussion/introduction, and don’t reflect a structural deficit of the data or analysis performed.

Abstract:

Line 22. Start with the purpose and goal of this study, it needs to be clear why this study was
conducted, rather than just stating “We assessed...” A clear hypothesis might help as well.

This has been considered.We have revised the introduction and have identified a clear objective
(last paragraph of introduction). In summary, we highlight in our introduction that although
literature suggests that soil physical controls are important, little data to illustrate it exists,
especially showing the temporal evolution and the vertical profile description of CO, fluxes and
abiotic variables.

Line 30-31: | don’t think that the fact that 90-95% of the soil flux originated from the surface 10 cm
alone supports that soil OC at deeper depth is stabilized — there just could be very little carbon at
depth, so you need to state there is plenty of OC carbon (even labile pools) present at higher depths
(e.g., Figure 1) but apparently these pools aren’t mineralized and don’t contribute to surface flux.

There is indeed a large stock of soil OC at depth which is characterized by a large pool of labile OC.
This information is given in Figure 1. We assume that these important labile OC pools are
mineralized and contribute to surface flux, but the OC stocks at the footslope are so huge that
important amounts of labile OC can still be observed.

Line 32-35. You should clarify the new results of this study, e.g., that CO2 fluxes at the footslope are
controlled by water content and therefore diffusivity. What are the major implications and meanings
of this?

There are two main implications, which are now clearly described in the discussion and at the end
of the abstract:



- this study highlights the need to consider soil physical properties and their dynamics when
assessingand modeling soil CO2 emissions.

- if hydrologic regimes change and that footslope soils become drier (reaching moisture conditions
favorable for micro-organisms respiration and gas transfer), there is a large amount of potentially
easily decomposable OC stored at depth that can suddenly decompose and be emitted to the
atmosphere.

A key conclusion/discussion point of this study might be how surface flux measurements compare to
gradient-based diffusion approaches, and what vertical measurement resolution and soil parameters
(porosity/diffusivity/soil water content) need to be characterized to obtain reliable fluxes based on
soil CO2 characterization?

Thank you for this helpful suggestion, we now briefly discuss this issue on section 2.6.
Introduction:
Line 50: can you expand on this study, how much did subsoil fluxes contribute.

We have largely developed the first paragraph in this way, explaining the importance of
understanding and quantifying the contribution of subsoil fluxes.

Line 54-57: Can you pls. clarify why this needs to be done in agro-ecosystems, and why you expect
patterns to be different than in forests? Please expand on the results from forests, what the
implications of this are, and why this needs to be repeated/studies in ago-ecosystems. E.g. how
important are agro-ecosystems for CO2 fluxes worldwide? Etc. While the revised paper now is
shorter and more focused, the introduction should be expanded to clarify why this study is needed,
what the anticipated differences are to forest sites, and what the anticipated differences may be .

We have largely developed the second to last paragraph in this way, explaining the importance of
understanding and quantifying the contribution of crop soils compared to forest soils.

Line 63: some clear hypotheses of your expected patterns would help here.

We added this sentence: “Based on a previous study (i.e. Wiaux et al., 2014b), we expect
differences in respiration along the topographical gradient, i.e. 30% more at the downslope and
50% more at the backslope, relative to the uneroded summit position.”

Materials and Methods:

Entire section: we measured....we inserted....we adjusted... | normally don’t mind active language,
but starting each sentence with “we” is not good style. This section (and the full manuscript) should
be edited for language and flow. It seems that the writing was left to a student without appropriate
internal review by all involved authors — please fix and edit.

We apologize for this. The entire manuscript has beenrevised by the senior authors and edited for
language.

Lines 79 to 86: could you clarify why these parameters were measured. It is clear, but a short
statement introducing the need for these measurements would help the flow of this section.

We have now created the section 2.2. “Soil physical and bio-chemical properties” were the goals
and the protocols for measuring all soil parameters are clearly described.

Lines 120: We measured VWC at a depth of 10, 25, 35, 50, 70 and 95 cm depth — should be changed
to “we measured VWC at depths of....”



This has been corrected.

Lines 126-128: Is it really the only goal to calibrate the soil gas diffusion model. The authors might
want to expand on this stating that a goal is to compare gas diffusion-based fluxes with surface
fluxes. | think the authors have a unique ability to clarify how detailed diffusion measurements and
soil properties are needed in order to appropriately predict/model surface fluxes.

We agree with the reviewer that this is an interesting result. However, in order to focus our study
(as requested in the previous rounds of review), we prefer not to provide an in-depth analysis of
the different methods. It should also be noted that we adjusted the parameters of the gas diffusion
model in order to fit the calculated CO, fluxes to the surface flux measurements. Hence, direct
diffusion measurements were not available. We measured soil water retention curve and porosity
to have some indicators of the diffusion coefficients, but we later optimized these parameters in a
realistic range of values. As a consequence, we prefer not focus on the importance to measure soil
properties to calculate CO, fluxes. We hope that this response satisfies the reviewer.

Lines 147-150: | don’t understand these statements.
This has been rephrased and clarified.

Lines 190-199: ok, | guess | now understand, that the discrete surface flux measurements are used to
calibrate the diffusion model, and that the measured soil CO2 gradients are used for larger temporal
coverage.

Yes, this is correct, see above. In response to this comment, we have slightly reworded this section.

Still, | think this study has a unique opportunity to compare these two methods and add a good
discussion about the challenges/needs when using soil CO2 gradients to predict surface fluxes (i.e.,
characterizing diffusivities and their temporal/spatial variability).

We agree with you but we previously made the choice to not add this comparison issue in this
paper to make it shorter and more focused. However, we agree that this is a unique opportunity to
explicitly show a comparison between these two methods. Without expanding too much about this
in the discussion, we add a new figure (Fig. 5) which illustratesthe comparison between gradient-
based calculation and observation of surface CO, fluxes, which allowed the optimization of the
calculated fluxes. However, we present it as a part of the M&M section and do not discuss it as a
result.

Results

Entire section 3.1. What | am missing is how these figures link. All (most) of these variables are
directly linked, e.g., soil water content affects diffusivity which in turns affects CO2 concentration
profiles and fluxes. The authors need to link these figures, e.g., they could explain how much of the
variability of certain factors are directly driven by others (e.g., how much of the variability in CO2
concentrations or diffusivity are directly linked to soil water content)? Maybe | am missing something
here, but just showing/presenting all these variables separately without showing the connections
does not make a lot of sense to me.

In Wiaux et al. (2014b), we already performed a detailed statistical analysis highlighting the role of
each factor in soil respiration and how much of the variability of certain factors are directly driven
by others. Hence, we prefer not to repeat this analysis with just another data set of measurements.
We argue that the novelty of the present paper is related to the analysis of the temporal dynamics
of each factor and its distribution along the soil profile. However, we refer to the linkages between
the variables using the Wiaux et al. (2014b) study.

Lines 215: What statistical tests were done to evaluate differences? Please clarify.



While we focus here on the variability of soil temperature along time and along soil profiles, we do
not have any replicates in space for each soil depth. Hence, a strong statistical analysis to compare
temperature dynamics between slope positions is not possible. In addition, comparing time-series
is difficult with statistics. Our comparison remains qualitative. We have identified this more clearly
in the revised manuscript.

Line 218: in air? Surface soil? Please clarify.
This has been considered.

Lines 228 to 230: soil gas diffusivities are directly linked to water content, so the word “in contrast”
doesn’t seem correct. The authors should refer to the correlations (and dependence) of diffusivity to
soil water content in describing the patterns (i.e., link Figures 6a and 6c).

This has been considered.

Line 243-244: Clearly, these differences are highly significant, but a test should be done and
significance levels reported.

See previous comments above.
Line 246: what model? Clarify what is done here.

The model built in this study to represent soil CO, concentration profiles (Eq. 2). This have been
précised in the manuscript.

Lines 253-255. The authors should expand on the spatial/temporal patterns of CO2 fluxes, what are
temporal and spatial patterns, ...

Actually, we already expanded on the profile distribution in the section 3.3 dedicated to the vertical
partitioning of CO; fluxes. Also, the temporal dynamics of CO, fluxes are discussed in the previous
subsection.

...correlations to soil parameters (temperature, SWC, diffusivity, CO2 profiles), etc.
See previous comments above.
Discussion:

Lines 272 to 276: can you give the predictive power (e.g., r2, or percent variability explained) that is
explained by temperature at both locations, rather than just describe this qualitatilvely. The
correlations/%variability explained could be added to the results section as suggested above, and
then could be discussed here.

The reviewer has already suggested this in his comments for the results section. We provide a
detailed answer to these comments in that section.

Lines 278 — 380: you should quantify this, rather than suggest. You could add the correlation
coefficients or %variability explained by each in the results section when reporting patterns in figure
6.

Idem

Line 283 — 288: This section needs referencing, there is a large amount of literature on this, the
authors need to discuss their results with those of the literature.



We added additional references in the manuscript (i.e. Ball, 2013; Bauer et al., 2012; Castellano et
al., 2011; Davidson et al., 1998; Perrin et al., 2004; Webster et al., 2008b) and briefly discussed our
results in the context of these studies.

Note that the impact of soil gas diffusion on CO2 emission is also further discussed in the next
paragraph.

Lines 293-297. The authors should put this discussion in respect to the fact that 90-95% of fluxes
occurred from the top 10 cm at this location. So does the diffusion barrier prevent contribution from
deeper soil levels, and would contributions be likely higher without the diffusion barrier? This
discussion should be expanded.

This has been considered and further discussed in this section.

Line 295 to 297: This discussion is a bit thin (are key) — please discuss in detail how continuity and
diffusion barriers regulate soil gas emissions, this seems a key point of this study but it is not
reference or discussed well.

This has been considered and further discussed in this section.

Lines 298-310: this section needs improvement, and | doubt the authors clearly separate between
physical processes and microbial processes since both are highly are interconnected. For example,
earlier in the discussion, the authors state that a the footslope, high VWC limits the transfer of CO2
along the sol profile and/or reduces production of CO2 due to a lack of oxygen - so microbial
respiration is controlling CO2 production also here, although the underlying reason is not substrate
or temperature limitation but likely oxygen limitations — this seems to directly contradict the
statements here (lines 307-310). This discussion should be clarified.

We do not agree that these are contradictory explanations. Oxygen limitations do not imply zero
oxygen levels and no CO, production, but a reduced potential for production. We only suggest that
this reduced potential is to some extent compensated for by the very large OC stock that is found in
these footslope soil profiles Hence, even if gas diffusion is limited (and that consequently oxygen
supply for micro-organisms is limited), CO, is produced. This CO, accumulates under the diffusion
barrier. This accumulated CO, is later emitted when VWC decreases under a threshold value which
allow a significant gas diffusion.

This has been clarified in the manuscript.

Line 312: can you clarify how? | assume you need both respiration AND carbon amount to infer about
persistence?

Yes indeed. This has been developed in our previous publications (i.e. Wiaux et al., 2014a,b).

Line 320-322: | would disagree with this statement, why should forest soil and agro-ecosystems not
be comparable. The differences should be clearly discussed, what could cause/contribute to the
differences? | assume if other sites don’t have such high water saturation, or not such strong
diffusion barriers, then CO2 fluxes probably are related to substrate concentrations? Please clarify.

Comparing forest and crop soils is difficult because of the important part of the autotrophic
respiration coming from roots in forest while this can be easily avoided in croplands. We have
elaborated on this topic in the manuscript.

However, we tried to achieve a qualitative comparison of our results with the stufy of Goffin et al.
(2014) in forest ecosystems. This has been detailed in the manuscript.



Line 323-324. The authors should quantify relative controls of different variables in the methods
section, then they could be quantitative rather than qualitative.

See above. In Wiaux et al. (2014b), we already performed a detailed statistical analysis
highlighting and quantifying the role of each factor in soil respiration and how much of the
variability of certain factors are directly driven by others.

Line 355: add: and likely the transfer of 02 to deeper soil depths.

This has been considered.



2. Anonymous Referee #3

Overall comments:

This review represents the second time | have seen this paper and in general | am pleased with the
way the authors addressed the criticisms of the previous version. Eliminating the modeling section
greatly helped focus the manuscript and for me it was easier to understand the manuscript. A few
issues remained that | think need to be addressed before it can be published but these are mainly
editorial. | think the methods section could be rearranged | a bit since it jumps back and forth
between different methods. | also may have identified a few new issues that | did not comment on in
the previous version, partly because in my previous review | focused on some ‘bigger-picture’ issues.
My apologies for that. Below | have outlined my comments.

Introduction

| would suggest including Schmidt et al 2011 in either the introduction or discussion. This paper
argues that low decomposition rates of organic matter in soils may be because of physical conditions
(high moisture/low 02) or other means of protection rather than chemical composition. This would
fit well with the objectives and results of this manuscript.

This has been added in the introduction.
Line 41: spell out OC the first time
This has been considered.

Line 41-42: whether or not climate change represents a positive feedback would depend on the
current conditions and the type of change that occurs. Warming may have a positive effect in mesic,
temperate environments but not in arid conditions. You may want to expand on this a little bit more
and be explicit about the types of changes (temperature vs. precipitation changes) you expect to
happen and how they may affect decomposition.

This has been detailed: “Under our temperate climate, temperature increase as well as summer
drought would constitute potential climatic changes (IPCC, 1990; 1992) which are supposed to
increase OC turnover (e.g. Davidson and Janssens, 2006).”

Line 50-51: If the OC is highly processed you would not expect large contributions of this OC to the
total decomposition flux. However, Schmidt et al argue that physical conditions may prevent
decomposition of ‘deep’ OC even if this OC would be easily decomposable under optimal conditions.

We have added the contrasted assumption of Schmidt et al in the mlansucript and compare these
different points of view. This points to the need of in-situ measurements of both OC stocks and CO2
fluxes along deep soil profiles are needed to elucidate the issue of soil-atmosphere C exchange in
the case of buried OC.

Line 55-57: Would you expect ag soils to be different from forest soils in terms of the contribution of
deep vs. shallow OC to the total CO2 efflux? | am missing the development of clear hypotheses.

We agree on the need to clarify the differences between forest and agro-ecosystems. It does not
differ in terms of deep OC contribution, but more on CO, fluxes measurements. We have now
explicitly developed this point at the end of the introduction.

Materials and Methods
Line 75-76: The soil classifications are based on the FAO system so | would reference that.

We have now refered the IUSS WRB classification system of soils (FAO) as requested.



Line 79-83: Was porosity mentioned in previous papers? If so, than | would also add a few lines about
how OC and labile OC were measured. In other words, why describe how porosity was measured but
do not describe how OC and labile OC were measured if all of these were reported in previous
papers?

We have now created the section 2.2. “Soil physical and bio-chemical properties” were the goals
and the protocols for measuring all soil parameters are clearly described in details.

Line 84-86: How were the SWR’s determined? Either describe this in more detail or refer to another
paper and see previous comment.

This has been considered. See previous comment.
Line 88: replace purpose-built with custom-built.
This has been considered.

Line 90-91: | am not sure | understand this sentence.

We clarified this: "The analytical precision is function of both the probe characteristic and the value
of the observation. This can be calculated as the sum of 1.5% of the measurement range and 2% of
the observed value.”

Line 113: | would move the section from line 192 describing the LI-COR surface flux measurements to
line 113. In line 123 you mention the surface flux measurements but you have not described these
yet.

This has been considered. This section has been completely restructured and split intotwo parts in
order to make the reading easier and the explanation more coherent.

Line 129-135: | would move this to the section after line 103 and perhaps eliminate the specific
ranges at the various depths.

This seems not relevant to us to move these few lines, but we rephrased it to shorten and clarify
the information about the TDR technique (which has nothing to have with the SWR curve
assessment, contrary to what was suggested by the reviewer).

Line 141-146: | would also move this to the section describing the CO2 measurements.

This has been considered. This section has been completely restructured and split intotwo parts in
order to make the reading easier and the explanation more coherent.

Line 147-150: Perhaps move this to after line 123.

This has been considered. This section has been completely restructured and split intotwo parts in
order to make the reading easier and the explanation more coherent.

Line 162: add that ‘7’ is the depth
This has been considered.

Line 191: Not sure that ‘punctual’ is the right word here. Perhaps ‘instantaneous’ is more
appropriate.

This has been considered.



Line 199: How were the calculated fluxes corrected? Was this done by adjusting specific parameters
such as diffusivity or were the calculated fluxes simply decreased/increased by 5% or 22% to make
the calculated fluxes match the measured fluxes? This is unclear.

As already explained in the manuscript, the calibration by adjusting specific parameters such as
diffusivity ensures the good precision of calculated CO2 fluxes, while the correction based on the
slope of the fit ensures the accuracy of the fluxes. These two steps are necessary and
complementary.

Line 201-208: This section is still a little bit unclear to me. Goffin et al. and Maier and Schack-Kirchner
calculated CO2 production from each soil slice. However, the calculations used by the previous
papers seems to be different from the one presented in the current manuscript. Given that this is a
critical part of the paper | would recommend expanding this section and mention the
differences/similarities used between the approach taken in this manuscript vs. the approaches
taken in the other papers mentioned in this section.

We have expanded this section and mention the differences/similarities between this study and
others: “In contrast to other studies (e.g. Pingintha et al., 2010; Turcu et al., 2005), we did not
aggregate the soil diffusivity coefficient for the entire soil profile or for an entire soil layer.
Contrary to Goffin et al. (2014) and Maier and Schack-Kirchner (2014), we did not calculate the CO2
production from each soil slice based on the difference of CO2 concentrations between the top and
the bottom of soil horizons, but we rather assessed a continuous profile of CO2 fluxes and
production.|[...]”

In addition, Eq 2 does not give you the flux but rather the concentration profile so some additional
steps are needed to go from Eq 2 to the actual fluxes at the various depth intervals.

Yes, indeed, but we clearly explain that Eq.2 is introduce in Eq.1 to get the CO, flux. This Eq.1
requests the calculation of soil gas diffusivity, in addition to CO, concentration values.

Line 207: What do the authors mean by a ‘semi-seasonal’ timescale? Can you be more specific?
We have reworded this.
Results

Line 224: | don’t see in the graphs that VWC in the subsoil of the summit profiles reached 0.5
cm3/cm3 (which incidentally is higher than the total porosity). Is this a typo?

Yes this is a typo, we apologize for that. The right value is 0.39 cm3/cm3. This has been corrected.
Line 234-235: Can you expand on this a little bit more? What time periods are you talking about?
This has been detailed in the manuscript.

Line 228: The authors start with discussing fig 6C rather than 6A. | would change the order of the
panels to make it align with the text.

Figures have been re-ordered and renamed. Fig. 6 to Fig. 10 respectively show the spatio-temporal
variation of soil temperature, moisture, CO2 fluxes, concentrations and diffusion.

Please note that different units are being used for the CO2 fluxes between the different panels.
Please make sure to use the proper units consistently.

Direct observations and bulk calculated CO; fluxes are in umol m? s™. This unit suits to comparisons
between directly measured CO, fluxes with calculated CO, fluxes. We then kept these units in the
new Fig. 5.



We used gC m? day™ to smooth the temporal variations of CO, fluxes along months at the time
scale of a year and at the spatial scale of a measurement station on a slope position (footprint of 5
m?).This allows a more clear representation of the spatio-temporal dynamics at these scales.
However, to illustrate the differences of CO, fluxes profiles between different dates, a daily
aggregation would prevent detecting any significant differences, and we argue that it is more
appropriate to express averaged daily fluxes in umol m? s™. Hence, we suggest to not homogeneize
the units in the different panels of the Figure showing CO, fluxes, as the goal is not to compare
data between panels but inside each panel.

This also applies to the CO2 concentrations throughout the text. Sometimes the authors use ppm,
mumol/m3, or %.

We do not use umol/m3 but umol/(m2 sec), which are units of CO2 fluxes.
For CO2 concentrations, we considered your remark and we now use % everywhere instead of ppm.

Line 246: Replace ‘between’ by ‘from’.

Ok.

Line 257: Again, the order in which the results are discussed is different from the order in the figure.
Start with discussing the summit rather than the footslope profile.

This has been considered.

Line 267: Is this negative uptake significant given the high standard deviations? You probably want to
come back to this since this could be an artifact of the calculation method perhaps in combination
with measurement uncertainty.

You’re rigth, this negative uptake is not significant given the high standard deviations. We
therefore not mention it anymore.

Discussion

Line 278-280: | think | understand what the authors are trying to say here but they may want to
expand on this a little bit more. You are basically talking about the relative amounts of water- vs. air-
filled pore space, correct?

Yes indeed, we are talking about water-filled pore spaces. This has been detailed in the manuscript.

Line 299-301: Yes but for CO2 to accumulate it has to be produced as well which is likely related to
the labile OC present. The fact that it stays in the profile is due to the low diffusivity.

We agree that this sentence was confusing. We have rephrased it according to your comment.

Line 301-302: What is the difference between ‘CO2 efflux’ and ‘instantaneous soil respiration’? | am
not sure | understand what you are trying to say here.

The CO, efflux is the observed CO, flux resulting from all transfer and production mechanisms
together. The soil respiration is the CO, flux due to micro-organisms metabolic activity. Hence, if
CO, is stored into soil pore spaces and then later emitted after accumulation phases, the CO, efflux
can deviate from the instantaneous soil respiration.

This has been detailed in the manuscript.

Line 321-322: | would expand on this a little more. While | agree that ag soils and forest soils are very
different can the authors compare/contrast the studies in terms of OC quality, diffusivity, etc.?



See answer to reviewer #1.

Comparing forest and crop soils is difficult because of the important part of the autotrophic
respiration coming from roots in forest while this can be easily avoided in croplands. We precised it
in the manuscript.

However, we tried to achieve a qualitative comparison of our results with the study of Goffin et al.
(2014) in forest ecosystems. This has been detailed in the manuscript.

In general, | think the authors can emphasize the differences in amounts of total and labile OC
between the two profiles and while the footslope profile contains more labile OC in the subsoil, there
is a less of a contribution from the subsoil to the overall respiration fluxes due to physical limitations
(low diffusivity and lack of 02). This information is somewhat implied in the discussion but | think the
authors can bemore explicit about this.

We agree this should be more explicit. We therefore added the following sentence: “In other
words, while the footslope profile contains more labile OC in the subsoil relative to the summit (Fig.
1, Wiaux et al., 2014a), there is a lower contribution from the subsoil to the overall respiration
fluxes due to physical limitations (both low diffusivity and lack of O,).”

In addition, the implications of all of this is that if hydrologic regimes change and footslope soils
become drier, there is a large amount of potentially easily decomposable OC stored at depth that can
suddenly decompose if moisture conditions become more favorable.

Thank you for having summarized this. We have added the following sentence at the end of the
section 4.1. The main implication of these observations is that if hydrologic regimes change and
that footslope soils become drier (reaching moisture conditions favorable for micro-organisms
respiration), there is a large amount of potentially easily decomposable OC stored at depth that
can suddenly decompose and be emitted to the atmosphere.

Line 344: This corroborates the notion by Schmidt et al suggesting that deep organic matter may be
protected because of unfavorable physical conditions rather than substrate limitations.

This is right. We now cite Schmidt et al. (2011) in this paragraph to corroborate our observations.
Table 1: What does ‘NI’ mean?

NI means No Information (i.e. due to a lack of replicates to allow reliable mean and S.D.). This has
been identified in the figure caption.

Figure 5 and 6: | would consider splitting these up in several separate figures so rather than have 5(A)
(a)(b) and 5(B)(a)(b) make two separate figures for temperature (5(a) and 5(b)) and moisture (6(a)
and 6(b)). Similarly, | would split up figure 6 into three figures and make sure that the figure order
matches the order in which the figures are discussed in the text (see below).

This has been considered. Figures have been re-ordered and renamed. Fig. 6 to Fig. 10 respectively
show the spatio-temporal variation of soil temperature, moisture, CO2 fluxes, concentrations and
diffusion.

Figure 6: Make sure the order of the panels is the same as discussed in the text.

This has been checked.
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Abstract

In this study, we aim to elucidate the role of physical conditions and gas tnaresfeanism along soil

profiles in the decomposition and storage of soil organic carb@) {© subsoil layers. We use a

and abiotic variables. We assessed soij fixes throughout two contrasted soil profiles (i.e. summit

and footslope positions) along a hillslope in the central loessobéelgium. We measured time-

series of soil temperature, soil moisture and, €@hcentration at different depths in the soil profiles

for two periods of 6 months. We then calculated thg fC® at different depths using Fick’s diffusion

law and horizon specific diffusivity coefficients. The calcethtfluxes allowed assessing the

contribution of different soil layers to surface Cfuxes. We constrained the soil gas diffusivity

coefficients using direct observations of soil surface @ixes from chamber-based measurements

and obtained a good prediction power of soil surface flt®es with a R2 of 92%.

We observed that the temporal evolution of soil,@&missions at the summit position is mainly - { Mis en forme : Justifié, Espace Aprés :
10 pt, Interligne : Double

controlled by temperature. In contrast, at the footslope, we foundIdhgt periods of C®

accumulation in the subsoil alternates with short peaks of iano@Q release. This was related to

the high water filled pore space that limits the transfe€@f along the soil profile at this slope

position. Furthermore, the results show that approximately 90 to 95 #tedfurface COfluxes

originate from the first 10 centimeters of the soil profile atftlwgslope. This indicates that soil OC in

this depositional context can be stabilized at depth, i.e. below 10hisnstudy highlights the need to

consider soil physical properties and their dynamics when asgessil modeling soil COemissions.

Finally, changes in the physical environment of depositional sodsI(mger dry periods) may affect

the long-term stability of the large stock of easily decomiples®C that is currently stored in these

environments. - { Mis en forme : Police :11 pt, Non Gras
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1. Introduction

Soils play a major role in the global C budget, as they aorato 3 times more C than the

atmosphere(Eswaran et al., 1993; Lal et al., 2088Wever,-Current predictionassessmentsf the

exchange of C between the soil and the atmospimenesponse to environmental changee

associated with large uncertaintiéeaghtonet-al—2008.g. Peters et al., 2010). One of the sources

of this uncertainty iselated to our poor understanding of C dynamics in the deeper Gfyies soil

profile. Rumpel and Kégel-Knabner (2011) showed that deep soil O@hdyhprocessed, but that

subsoil C fluxes from C input, stabilization and destabilizatimtgsses are still poorly constrained.

In addition to this, recent work has highlighted the significarfdbe-lack-of-understanding-oftherole

ef-buried OCin depositional setting for the C cycle-enr-seil-C-emissieng. Berhe et al 2007Van

Oost et al., 2012; Wang et al., 2014; Wiaux et al., 2014). More spdlvifideeplyburied OCthat is

stored imlewnslepecolluvidmsal soils at the bottom of eroding hillslopes. Stallard et al.,

1998)cannot be assumed to be inertidgtherloss as it carsuddentglecompose as a resudf

continued degradation or disturbances such-agobfal warming, desiccation of saturated soils, land

use change, and re-excavation by gullyieg{e.q. Van Oost et al., 2012). Somes studies suggested an

“erosion-induced C source” alon hillslope ranging from 0.37 petagram @eper(Jacinthe and Lal

2001) to 0.8-1.2 petagram C per year (Lal 20@@mes-studies-suggested-an—erosmauced-C

CO- /[ Mis en forme : Indice

flux—are-usefultd his indicateshowsthat more guantitative information on the contribution of déep

to soil-atmosphere C exchange as well an increased understanttiegcohtrolling factors is needed

layers

There is now significant concern about the contribution of@giinic carbon@C) to future climate

change where a climate change driven acceleration of soil €@ngbosition could represent a
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positive feedback on climat@ef e.g. Davidson and Janssens, 2006; Frey et al.,)20h8er our

temperate climate, temperature increase as well as sutinmgght would constitute potential climatic

changes (IPCC, 1990; 1992) which are supposed to increase OC turnoveayalgon and Janssens,

2006).

#iBecent studies highlight the

importance of soibio-physical conditions that may vary substantially with tame across landscapes

(e.g. Dai et al., 2012)n-addition-to-the-combined-effectsTofese studies have shown that, in addition

to the effects ooil moisture, temperature and OC qualégil physical properties (e.g. gas diffusion

barriers) nyay also exert an importass-control onsoil microbial activityand soil CQ fluxes (e.g.

Wiaux et al., 2014%

- Ball, 2013; Maier et al.,

2011) Furthermore ausetioére is

empirical evidence suggesting thalysical protection (i.e. soil aggregateather—than—chemical

compesitioiis a key factor controlling the long-term stability of OC in s@ilg). Schmidt et al., 2011)

Schmidt et al.(2011) also argued that physical conditions maymirédgeomposition of deep OC even

if this OC would be easily decomposable under optimal condikarhermoreélowever othemost

process studies

awarenegndicate that subsoil OC represents an important C store that irgexetively with the

atmosphered.g. Rumpel and Kdgel-Knabner, 201 Becent-studies{Rumpel-and-Kodelabner,

in landscapes with complex topography where buried OC indepositi@agrapresent a significant

part of the total OC storedntributes—substantiallo-soil-C-emissiorg.g. Van Oost et al., 2012;

Wang et al., 2014 andWiaux et al., 2014a).
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In a forest ecosystengoffin et al. (2014) showed that the upper first 30centimetessforesssoil

profile contribute substantially to the total surface,@Ox. However, to our knowledge, a vertical
partitioning has not been evaluated in agro-ecosystems or inmsystigh contrasting soil physical

and/or chemical propertieggro-ecosystems differ from forest ecosysteasertwo—rainpoints

Firstlitter and Ap horizons in forest ecosystedisplay-a-specificaligre characterized by bothhagh

amount and quality of OC (e.g. Brahy et al., 2002; Goffin et al., 2014)e \ihese horizons have

disappeared in crop soils due to erosion, plowing, and export iof @aidues (e.g.Wiaux et al.,

ecosystemsln addition, roots network in forests is dense and difficult toore when installing in

situ _measurement settings compared to cropsoils. This créaserences when measuring

heterotrophic C@fluxes as an indicator of OC turnover (e.q. Davidson et al., 1998; Epron et al., 2006;

Fiener et al., 2012).

In this study, we aim to elucidate the role of physical controlsailratmosphere C{fluxes and its

variation with soil deptHor a cultivated soil To thatthis aim, we present a comparative analysis

between two contrasting soil profiles along an eroded and cultivdisioge. Based-en-gPrevious

studywork (i.e. Wiaux et al., 2014b\we-expectdifferences—in—respiration—-along-the-topoegraphical

30% morerespirationat the downslope and 50% more at the backslope, relative to the uherode

summit_position.HeweverWWhy the-somecontrolling factorshave been identified, the role of soil

physical controlg&ndof the significance of subsdid)C contributions remain unkown.
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The specificobjectives of this study artaen (i) to quantify the relative contribution of soil suréac
and subsoilOC to CQ fluxes through a vertical partitioning of these fluxes; andtdii)dentify the
role of soil physical properties using time-series of suilsture measurements agds diffusivity at

different depths.The selected studyisi

leamy-beltanis characterized by two contrasting soils in terms of soil Hgdital regimes andoil

structureand is representative for the cultivated soils of the Belgian lo#tm be

2. Material and methods

2.1. Study site description

The study was carried out in the Belgian loam belt along &atdt hillslope of 150 meters length
(50.6669°N, 4.6331° W). The site has a maritime temperate climédte an average annual
temperature of 9.7°C and an average annual precipitation of 805 harsldpe percentage in the
backslope area ranges between 8.5 and 16%, with a mean slope of 128fap€hgercentage in the
convex shoulder area ranges between 4 to 8.5%, with an average ©hé%eld was plowed (0-30
cm soil surface layer) every year. Each year, manure andenfaudilization was carried out. The
previous crop rotation was winter wheat, maize and spring wheastiithe site has beendescribed in
detail in Wiaux et al. (2014a,b). For this study, we seleater heasurement stations along the
hillslope: one at the summit and one at the footslope position. Tlhis adDystricLuvisol type at the

summit and a ColluviRegosolin the depositional area at the footslopgSS Working Group WRB,

2007;Wiaux et al., 2014a,b).

simple

2.2. Soil physical and bio-chemical properties - {Mis en forme : Titre 3, Interligne :

In order to characterize the physical and bio-chemical propeftiteseFhe-soi-properties-of-these

two soil profiles we measurdehrve-been

OG-andgsoil porosityand soil water retention (SWR) curpesfiles

Total ardOC, labeile OCand soil porosityvere already characterized by Wiaux et al. (2014 a,b')fand{ Mis en forme : Interligne : Double ]

are illustrated in Fig. 1. Total C (i.e. the sum of organid morganic C) was analyzed usithe-¢ry




149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

combustion—technigad elemental analyz@fariomax—elemental—analyzer Elementar  GmbH).

Instrument precision for total C analyses is 0.05% C concemtrafihe samples were then treated

with 1% HCI in order to remove inorganic CaCO3 and were aedlyamain with the elemental

analyzer. Soil OC concentration was then deduced from the diffetgetween total carbon analyses

before and after 1% HCI treatments.Stable OC was defined as the pool ©F-iéa@tant OC (Siregar

et al., 2005). We guantified the stable OC by mixing 3 g of a@ddsoil with 30 ml of 6 wt % NaOCI

(adjusted to pH 8). The NaOCI-treated soil was then washedefslaakl centrifuged) with de-ionized

water until the solution was chloride free (i.e. no reactvith AQNO3 occurred). The samples were

then dried at 105°C and homogenized before collecting a subsampd¢afo€ measurement by dry

combustion. The labile OC pool was defined as the residual OC pboeldkanot resistant to NaOCI

oxidation. Hence, this labile OC pool should be interpreted as easigratizable OC under ideal

conditions where no other factors play a role in stabilization (e.gi@eoxironment, aggregation,

The total porositv'?) was already characterized by Wiaux et al. (2014a,b) andisgrdted in Fig. 2

Porosity wasare-ilustratednFig—1-and-2,+respectively.

at saturation and after oven drying at 105°C for48h. We ded?i¢exin the mass of water needed to

fill sample pores. We calculated theair-filled porosiyds the difference betweéhand volumetric
water content (VWC). We calculated average and standaidtidevvalues on triplicate samples for

each depth.

The assessment of SWR curves was carried out followingetmmoniywidely used pressure plate

technique: undisturbed soil samples were submitted to severedsing and discrete pressure values

inside a closed chamber, with a precise monitoring of soil wairtent for each pressure level

(Richards and Fireman, 1943je-characterizedoil-water—retention$WR-eurves—usind/e used
undisturbed soil cores at 10, 25, 35, 50, 70 and 95 cm depth, with 3 replitaash depth. We

P {Mis en forme : Police :Non Gras
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SWR observations (Moldrup et al. 2000).

2.23. Monitoring ofMenitering—ef-aterial and measurements techniques for soil

CO2, water and temperature meonitering

We measured soil G@oncentrations usinguspeseustombuilt soil CQprobes. The COsensor in
the probe is based on the CARBOCAP® Single-Beam Dual Wavhlerggi-dispersive infra-red
(NDIR) technology (GMM221, Vaisala corp., Vantaa, Finland). The aoalyprecisionis-is function

of both the probe characteristicand the value of the observatiasn.c@hibe calculated as the sum

0f1.5% of the measurement ranggded-tand 2% of the observed value. The sampling head of the
CO, probe is a cylinder of 18.5 mm diameter and 40 mm long, covered avitATFE
(polytetrafluoroethylene) membrane, enabling gas exchange and pmotagiinst water infiltration.
Since the GMM221 sensors were not designed for wet soil conditiensensors were encapsulated
into an additional perforated PVC tube, providing an additional groteagainst water (Fig. 1). This
tubing method is an adaptation of the technique presented by Yound2Q04). We inserted these
tubes vertically into the soil, after creating boreholes withameter that equals the diameter of the
PVC tubes. This approach avoids the need to backfill the bore Wwbieh will disturb the soil
structure and diffusion process. Two rubber stoppers, one at 155ammthie tube head, and another
at the top of the tube, prevented atmospheric air from penetiatmghe gas sampling volume.
Petroleum jelly on these two rubber stoppers ensured a perfeamhaiwater-tightness and we verified
this under laboratory conditions before using the probes. We usedra mgimbrane to avoid soil

particles entering the perforated tube and to limit further watdtraifon.

We adjusted the concentration ranges of the @8be for each soil depth and for each slope position.

This allowed an optimal fit of the probes to the local conedinmms. Each probe has to characterize

the entire range of values encountered during the seasons whileaenetime; it should have a

sufficiently narrow measurement range to ensure measuremecision At the summit position,

measurements ranged between 0-2 % at 12, 25, 45 cm depth and between 0-5 % at 85 cm depth. At the




200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

footslope position, measurements ranged between 0-5 % at 12 cm depth, Bet@e¥nat 25 and 45

cm depth and between 0-20% at 85 cm depth.

To avoided vegetation growth and any autotrophic contribution to the soil réigpirave covered the

measurement plots with a synthetic permeable geotextile diméncpmplete measurement period. To

battery voltage was lower than 11.5 V. We also corrected soililepr@0O,concentrations

measurements for temperature variations using the empuwicalilas described by Tang et al. (2003).

This allowed removing the impact of temperature on the @@ding of the COprobe, since the

CARBOCAP® technology is temperature dependent. The probe manufgdMaisala corp., Vantaa,

Finland) provided probe specific parameters values for the corrdotimulas.

We also obtained observations of surface, @Gxes by means of a portable infra-red gas analyzer

with an automated closed dynamic chamber (LI-8100A system, LI-CfDRed-States), following

Davidson et al. (2002). The sampling design of these surface ch&@@bdluxes measurements on

the same study site has been described in Wiaux et al. (2014 b).

We monitored soil temperature using a thermistor probe (Therm107, ClaSplemtific Lt., UK).
Analytical precision is 0.4°C. We monitored soil volumetric watentent (VWC) using Time

Domain Reflectrometry (TDR) probesVYe—usedbased ofopp’s equation (Topp et al., 1986

parametemsalibratedinthe close vicinity of our study sifethe—Topps—equation-asdentified
by(Heimovaara, 1993; Garré et al., 20@ff et al, {2013—n-this—studylatterstudythe Topp’s

We recorded water, temperature and,€@ncentration profiles measurements with an automatic data
logger (CR1000, Campbell Scientific Lt., UK), connected to a makigl (AM16/32, Campbell

Scientific, Campbell Scientific Lt., UK).



225 | 2.4. Overall sampling design - {Mis en forme : Titre 3, Interligne :

simple

226

227

228

229

230 | The sampling design igepictedshownin Fig. 4. At each of the 2 slope positions, we measured soil
231 | VWC and CQ concentrations profiles with 3 replicates on each measutedspth (Fig. 4)We

232 | averaged these triplicates, providing an average value forsedicHepth and slope position. This

233 | allows to account for the spatial variability of VWC and ;Gfoncentrations (Maier and Schack-

234 | Kirchner, 2014), by extending the measurement footprint to an area of’c. 5 m

235 | We-ecollectedl8 VWC profileameasurement poin{$ soil depths, 3 replicateslere collectegdat each

236 | of the 2 slope position¥¥e-measurelWC was measured at depthsed-depth-ofl0, 25, 35, 50, 70

237 | and 95 cdepths(Fig. 4).\A

238 | replicates{Fig—¥-We-measuredCO, concentrationsvas measuredt a-depttsof 10, 25, 45 and 85
239 | cm.We-measured-t8piltemperaturat4-soilvas measured at the sadepths (10, 25, 45, 85 croiit

240 | without replicates (Fig. 4). Soil temperature and VWC prsfilgere calculated using a linear

241 | interpolation between the depth specific values within thafiler We kept the values constant

242 | between the sampling point at the top of the profile and the sddcsuiThe estimation ofCOQJ,/{Mis en forme : Indice

243 | concentration profilesaleulationis described below-in-detailed(isection 2.5

244 | In order to obtain an equilibrated soil environment around the soil VWQgteture and C{probes,

245 | measurements started 1 month after the installation of the sprdbéhe footslope position, hourly

246 | time-series of VWC, temperature and gfoncentrations were recorded from 12 May to 13 December

247 | 2012 and from 14 May to 22 November 20E&hd-At the summit position, measurements were

248 | recorded for the periofiom the 2 June to 13 December 2012 and from the 14 June to 22 November

249 | 2013atthe-summitposition
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We also performed surface €@uxes measurementsith-an-infia-red-gas-analyzer (IRGA} inked to
a—survey—chambat 16 dates (profile and surface sampling time was withB0 aminutes time

interval). Note that the averaged values of,@Oncentration for each observation depth cover the
same area as the IRGA chamber network located at the daites(Fig. 4). These reference surface

CGO; fluxes allowed calibratingparameters of the soil gas diffusmmulel,ensuring the accuracy of

profile CQ, fluxes (section 23).
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We calculated soil temperature and VWC profiles using a liigarpolation between the depth

specific values within the profile. We kept the values constant betweeariping point at the top of

the profile and the soil surfacé/e—caleulatedth€0, concentrations—profilesby-fittingeg—2to-the

2.35. Calculation of the CO: fluxes profiles

We calculated the Cflux using Fick’s first law of diffusion according to the gradierethod (Eq. 1,

e.g. Maier and Schack-Kirchner, 2014):

aco
Fco, = —Ds azz (Eq. 1)

whereFg, is the soil CQ flux [umol m” s*], D the diffusivity of CQ in soil [nf s, CO; the soil

CO, concentration [umol i, and% the vertical soil C@gradient(with “z" representing the soil

depth)

In order to calculate the vertical soil €@radient, weisat-suggest a-rew-equationthataccounings

for semecurve concavity variationsa—deuble—sigmeidal-equatiefEq. 2,-). Variatiorsefin curve

Maier and Schack-Kirchner, 2014)hich—alewsacecounting—for-some—curve—concavity—varations
Maierand-Sehaekirchner,2014:In this study, we built Eq.2 to consider this issue and improve the

regression coefficient @ When the R values were lower than a threshold value of 95%, we

considered the C{@oncentration profile as unreliable and we did not retain thetires @O, fluxes in

thefinal analysis.
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C0,(2) = 0.04 + 4 ((1+e1—712) + (1+e—1}2(z—d)) - (% + ﬁ)) (Eq. 2)

wherez is the soil depth [cm], d is the soil depth [cm] at which the shagpoiethe curve changes due

to a diffusion barriery,and, [cm™] are fitted parameters which characterize the sharpnes$e of t

curve, respectively above and below the soil depth dAdgftlisa reference value used to definethe

fitted asymptotic value of the GOconcentration at infinite depth.We fitted th4, d,

Y:.andy,parameters for each G@rofile using thetrust-region-reflective optimizationalgoritim

Matlab ©. The derivative of Eq. 2 provided the ©@adient C<2)usedin Eq. 1o calculated the CO - { Mis en forme : Indice

A oz /- _ N T - - - - - - - - _— = A _ 7 _ . N
~ 7| Mis en forme : Indice

fluxes:

The diffusivity of CQ in soil, D{ in Eq. 1) is a function of the diffusivity of COin free air (varying

with temperature T and pressure, e.g. Davidsah, 2006) and of the gas tortuosity factéy (Eq. 3):

(Ea. 3)

T+273)1-75

Dy =£1.47 1075 (T2

where&t depends on soil physical and hydrological propert®s. used the Moldrugt al. (2000) - [ Mis en forme : Police :Non Italique

)

model (Eqg. 4)which was showntoprovide the most accurate andpestits (Davidson et al., 2006;

Goffin et al., 2014);

)2+3/b

& = (2&100° + 0.04£190) ( (Eq. 4)

&
€100
wheré is the gas tortuosity factefm® mJis the soil air-filled porosity, b[-] is the slope of the

Campbell (1974) soil water retention curve modelbetween -100 anctR5@9O water suction, and

£100ImM® m3is the soil air-filled porosity at a soil water potential of -100 cs®H

CO; fluxes, as assessed by the gradient based method,were cdlara® hourly time-scale, and
then integrated on a daily basis. Temperature, VWC, diffusarnty CQ concentration values were

also averaged on a daily basis.
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In contrast to other studies (e.g. Pingintha et al., 2010; Turcu et al., 2005), we did egasghe soil

diffusivity coefficient for the entire soil profile or fan entire soil layercertraryteo-Ceffin—etal.

P /[ Mis en forme : Indice

Z0NS, /[ Mis en forme : Indice

distribution explicitly, and integrated Eq. 4 in the finite diffeze numerical solution of Eq. 1. In this

numerical integration, we used a depth increment of 0.1cm and coedtrgie surface GO

concentrations with atmospheric €l@vels (i.e400-ppr0.04%). In addition, and=Scontrary to Goffin

et al. (2014) and Maier and Schack-Kirchner (2014), we did notleé the CQfluxes from each
soil slice based on the difference of L&bncentrations between the top and the bottom of soil

horizons, but we rather assessed a continuous profile pflG@s and production.

2.6. Calibration of the gradient-based CO_ fluxes with surface-direct observations*- - - {N_lis tlen forme : Titre 3, Interligne :
simple

at the soil surface ‘[ Mis en forme : Indice

We calibrated the diffusion model by adjusting the paramedtaised to the gas diffusion coefficient
(i.e. band g;90) in such a way that calculated fluxes fitpunetuainstantaneousCO, fluxes

observations at 16 dates spread along the measurement pehigd.calibration ensures the

consistency, and consequently the precision, of the calculated floX@sWe—obtained—these

5).

Fthe slope of the fit (i.e. 1.05 and 1.22, respectively in 2012 and 2013 was used to correct the

caleulated-estimatedfluxes and—tdor—ensure-ensuingthe—aceuracy Thise comparison between

optimizationof the calculated fluxes, is illustratin Fig. 5.




348 | 2.47.Vertical partitioning of CO: fluxes

349 We partitioned the continuous G@ux profiles obtained usingEqg.2into 10 slides of 10 centimeters
350 along the soil profile. For each soil slide, we calculated difference between the top and bottom
351 fluxes. We divided this difference by the total Cflux (e.g. the value at the soil surface). This
352 provides the relative contribution in terms of both,@&duction and transfer (in %) of each soil slide

353 tothe surface C&lux(e.g. Goffin et al., 2014; Maier and Schack-Kirchner, 2014).

354 In order to allow an easy representation of the temporal dynafrilis vertical partitioning, we

355 | averaged values onsamiseasendlime-scaleof one month and a halfepresering the beginning or

356 | the end of a seasoStandard deviation values reflect the variability overtimeng eachsemthalf

357 season.

358 3. Results

359 3.1.Spatio-temporal analysis of measured soil variables

360 | Fig. 56 to Fig. 10 respectivelshows the spatio-temporal variation of soil temperatarel moisture,

361 | whileFig—6shews-the-spatiemporal-variation-oCO, fluxes, concentrations and diffusion. All these

362 values correspond to in-situ measurements during a 6 month per28d 3n Similar measurements
363 | have been carried out in 2012 and display similar spatio-temjperals (data not shownilere, we

364 | Fhefocusisthe-ebservation-oh the temporal dynamics each-efthese measurediariables, as well

365 | as the shape of thepatialertical distribution efthese—variablesalong the soil profile The

366 | lmkrelatiorship betweerthesevariables was previously analyzed in Wiaux et al. (2014b)isumabt

367 | deepeneithis is not further discussdtere.It should be noted that thec@mnparisos of the profile

368 | distribution at different dates or of temporal dynamics at wiffe depthsremaiis done in a

369 | qualitativemannerand-have not-been-submitted-to-further statistical-analyses

370 | During the observation period, tls®il temperature (Figs6A) didseens-tonot-significantlydiffer

371 | betweeshows a rather similar evolutiontae summit and the footslope, although higher temperatures

372 were observed at the summit profile for some shorter periods{aygof year 180 to 220 where
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temperatures areapproximately 2 to 3 °C higher). The mean dailgcetemperaturest the soil

surfaceranges between 4°C to 28°C at the summit, and between4°C to 25°C at the footslope.

The space-time dynamics of the soil volumetric water contdVQ, Fig. 5B7) differ
substantiallybetween the summit and the footslope profiletheAfootslope, the observed soil VWC
at different soil depthsvaried in a narrow range(0.36 to 0.39cam). In contrast, soil VWC at the
summitvariedbetween0.23 to 0.34 %mm®orthe plow layer (0-30cm depth) and higher values
(approximately @39 cm® cmi®)were observedfor the rest of the soil profile.The soihat summit
position wasthe wettest during the early spring and the latenauand driest in the summer. At the
footslope, soil VWC reachedthe saturation level in the earynger after an important rainfall event

and then slowly decreaseduntil the early autumn and reachedsaturation #yaiate autumn.

In—contradinversehin contrastto the VWC _and as expected given the physical dependence of

diffusivity to soil water content (Eq. 4, section 2.f)e soil gas diffusivity (Figec8) reachedits

maximum value in the summer at the summit while it was Ibthe footslope. Soil gas diffusivity

was approximately 10 times lower at the footslthsn athe summit.

The soil CQconcentrations at both the summit and the footsiopeeased graduallfrom spring to
late summe(Fig. 9a) Thereafter, concentrations dropped again and lowest valueswere obsehed i

late autumn.

Theranges of Cofluxes obtained for thefootslope and summit profiles were viemjas_(Fig. 10a)
However, their temporal distribution was different: the periodsatherized by high C&fluxesdidnot

occur at the same time and had a different duratibore precisely, at the summit, peaks of ,CO

fluxes appear at the early summer and disappear after onb,mdnile at the footslope, peaks of £O

fluxes appear at the early autumn and are 30% lower than sufmit but remain constant during

two months For all soil profiles, C@ fluxes decreased with depth and reached null values at

approximately30 cm depth at the summit and at approximately 15 cm depth at tlepéoots
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3.2. Shape and variability of COzconcentrations and fluxes profiles

The observed soil COconcentrations(tFig—6Bb}increasedwith soil depth (Fig. 9b) from the
atmospheric value of 0.04 % at the surface to concentrations wheidtwe orders of magnitude
higher at 100 cm depth (GQz) in Eq.2fFig—6Bbk). For the measurement period of 6 months
considered here, Gtbncentration values at 100 cm depth werethree to four times higher at the
footslope position than at the summit position. In 2013, these vangsdetweenrom 0.86 to 3.46

% at the summit position armbtweefrom 3.68 to 9.12 % at the footslope position.

The observed C{xoncentration profilegFig. 9b)followed a double exponential trend (Eq. 2).This

particular modelbuilt in this study to represent soil @@oncentration profiles (Eg. Zjts our

observations relatively well, with regression coefficierdaging between 97 to 100%. Thesecond
exponential curve startsapproximately at the middle of thel@raind is particularlypronounced at
the footslope, reflecting a shift_okarly4% CQbetween 44 and 100 cm depth. Standard deviations
around averaged values of observed hourly €@hcentrations at each depth are given in Table 1.
Thesmall-scale spatial variability is low relative ke tmean values of G@oncentrations, the only
exception being the footslope at 25 cm depth where the maximum stateléation exceeded the

maximum mean value.

The CQ fluxes (Fig.6A10) were calculated based on both £0ncentrations and diffusivity. For all
soil profiles(Fig. 10a) CG; fluxes decreased with depth and reached null values at ¢.30 cmatept

the summit and at c. 15 cm depth at the footslope.

3.3. Vertical partitioning of CO: fluxes

The distribution of the soil Cluxes in the profile is illustrated in Figll. Atthefostslope;90-t0-95

%-of the-surface-CLld

contribute-to-the-surface-fluxeAt the summit(Fig. 11a) the relative contribution of the different soil

layers was more dynamic in time, with a contribution of thet fiencentimeters of the soil profile



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

ranging from 80 % at the late spring, decreasing to 60 % in the eanyesyand reaching 40 % from

late summer to the late autumn. At the sumifrit). 11a) the first 30 centimeters of the soil profile
significantly contributed to surface fluxes. This contributiosrdased with depth in the late spring
and the early summer, but is homogeneously distributed with depthefaest of the time. At the

summit (Fig. 11a) soil layers deeper than 30 cm depth sometimes contributed for up tof20&

total flux, especially in the autu

gative

contributian{i-e—CQ-uptake)up-t620%-is-also-observell the footslope (Fig. 11b), 90 to 95 % of

the surface C©Ofluxes were generated in the first ten centimeters @fsthil profile. The soil layer

between 10 and 20 cm contributed for only 5 to 10 %, and the deeper dayerst significantly

contribute to the surface fluxes.

4. Discussion

4.1. Soil physical control on CO2 emissions

The observed differencésetween the footslope and summit soil profiiesterms ofthe temporal

dynamicevolution of surface soil CQfluxes betweenthe-footslope-and-summbioil-profiles(Fig.

6A10), indicates that the controllingfactors are not the same. At the summit-one—handthe
dynamicevolution of surface soil CQfluxes (Fig.6A10) clearly follows the temperature variations
(Fig. 5A6, maximum during the summer). At the footslope;the-otherhandhe soil surface CO
flux wassmall even when temperature increased and remained rglaiallthroughout the summer
period (Fig.6A10). This is most likely related to the high VWC values obstatehe footslopéFig.
5B7), as it is well known that VWC negatively impacts soil &missions (e.g. Webster et al., 2008b;

Perrin et al., 2012; Wiaux et al., 2014b). More precisely, we sudgadt\WC is notthe only factor

controlling CQ emissions at thdootslopeis—et—-enrly VAN Cin—itselbutalse that the difference

between the VWC and the water saturation level of thepso# spaces.e. the water-filled pore

spacesalso plays an important rol@hile the VWC at the footslopemained high throughout the

year, we observed that the soil surface, @ax dramatically increased whehe air-filled pore spaces

becomes high enough, which is illustratedtig gas diffusivityexceeadexceedinga threshold value
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of c. 0.1 cri d* (i.e. from day 255 to 305 of year 2013, Fi&p10). Hence, we argue that the

sometimeccasionallysdow CO, emissions at thefootslope profileare related toftwe-that-ahigh

et al., 2014b). Indeed, according to these authors, esmeeding threshold/WC valueis exceeded

VW Cheththis: (i) strongly limits the transfer of biotic G@long the soil profile, and (ii) reduces the
production of CQin itself due to thelack of oxygen for the microbial commurlityboth cases, the
lower CQ emissions at the footslope profile relative to the summit, are due to fyesadifimitations

(even indirectly in the case of oxygen lack} also suggested by Ball (201Bhisis-standsin sharp

contrast to the summit profile where gas can easily diffassughout the year and along the entire

soil profile (Fig.6c8).

In the period preceding theimportant C€missions(i.e. from day 255 to 305 of year 2013, Fig.
6A10), the soil CQ cannot move along the soil profile and accumulates within soil pbnésresults

inentailsan increase of th€0O, concentrationnereaseboeth-Hduring the early and the late summer,

especially below 50 cm depth (FigR), where a compacted soil layer appdaiEhis-phenomenen-is

oraceordingeetstheporosity profileitustratedin Fig. 1);. thThis suggeststhdbrourfostislope-sail

profilewhich-is—aColluvicRegosal—gas diffusion barriers strongly impact the £€dncentration

profile_at the footslope. As a result of these gas diffusion barriérsy 95% of fluxes occur from the

top soail (i.e. the first 10 cm) at this location (Fig.A.Ihis suggests that contributions of deep soil

layersweuld-could be likely-higher without thesediffusion barriers. This may occur in dry conditions

where even compacted soil layers can display a low proportioatef \m pore spaceBgrnow. -The

permanently high water content (Fig, &} least during the period of observatiomgasuredt this

downslope location prevents the contribution of deeper soil |layége this soil profile remains wet

all the time, the temporal dynamics of VWC and gas diffusidhefootslope (Fig. 7-8-turnentails

acontrol thetime-dynamic behaviand-hencehe temporal-dynaminf soil surfaceCO, fluxes (Fig.

10). FhisThis is in agreement withecent studies (e.¢/aier et al., 2011; Schmidt et al., 20Ball,

)

)
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2013) that show that sojpere—centinuity—and-siphysical propertiesare key to understand the
mechanisms regulating the soil gases emisgiansstudy brings new insighis-the-edrrentliterature

by #ustratingdemonstratingthe strong -bridgénkages between soil physical properties and ;CO - [ Mis en forme : Indice ]

emissions based on in-siamd depth-explicibbservationsHoweverzwhilefurther worken-this-topic

is still needed to better understand dpeecificpart-eprocesses controlling-fthmicrobial inhibition

andefthe gas transfer inhibition incase of soil diffusion barriers.

As a consequenceie argue thathe significantly higher C@concentrations observed at the footslope,
especially fordeeper soil layers, arebablynot only relatedtothe large amount of labile OC that was

found at this position (shown in Wiaux et al., 2014a,b), but more likalyltrérom théong term

accumulation (i.e. during periods with a very low diffusivitypf the CQ, produced byitihiei,/”[Misenforme:Indice ]

- ‘[Mis en forme : Non Exposant/ Indice ]

mineralization of thismpertantargelabile OC stocluringperiodswith-a-venfow-diffusivity. Maier

mechanisms togethegan deviatein time from the instantaneous soil respiratiGiue to micro-

organisms metabolic activitygue-tdecause of th€0, storage into soil pore spaces. Henge;our

datasuggest that at the footslopmil physical propertieare the dominant control onsurface £0O

fluxes.In other words, while the footslope profile contains more labile OC in the Suélative to the

summit (Fig. 1, Wiaux et al., 2014a), there is a lowercontribution fileensubsoil to the overall

respiration fluxes due to physical limitations (both low diffusihd lack of Q). __ -~ { Mis en forme : Indice )

In summarywe-our studyhighlights that the mechanisms that govern soil surfacg €fissions are. [ Mis en forme : Anglais (Etats-Unis) ]

N Mis en forme : Normal, Interligne :
Double

highly variable in both space and time. On a well-drained $oih@ summit of a hillslope, the

observed soil CQemissions weredirectly related to soil microbial resjgiratand CQ production
(demonstrated—mgWiaux et al., 2014b). However, at the footslope of the hillslope, hwigc
characterized by a different hydrological regime, we observedhbaemporal dynamic of soil GO
emissions were more closely related to physical transfehanéms: long periods of G@roduction

and accumulation alternate with periods of important release atdil surfacéadeed—genifWhen

considering a situation whegas diffusion is limited-{andthat-consequentlgs a result, alsoxygen

supply for micro-organisms igmitedlow), we argue that oxygen concentration in soil pore spaces is
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respiration, especially at the footslope due to the high amounabie Isoil OC (Wiaux et al., ‘.« | Indice
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suggested by Maier et al. (2011) and Ball (2013). The main implicafithese observations is that if
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hydrologic regimes change and that footslope soils become dri@hifrgamoisture conditions

favorable for micro-organisms respiration and gas transtegje is a large amount of potentially

easily decomposable OC stored at depth that can suddenly deconmobd®e @mitted to the

atmosphere.

- { Mis en forme :

Police :Calibri ]

4.2. Soil organic carbon storage in downslope deposits

The soil respiration rate can be interpreted as an indicatoil @& persistence (e.g. Gregorich et al.,

1994 Wiaux et al., 2014a)b However, a further analysis of what occurs along the gofile is
needed to thoroughly answer the question of the persistence of OC.rfite partitioning of the soil
CO, fluxes, as illustrated in Figll, shows that during the observation period, 90 to 95 % of the
surface CQflux originatedfrom the first tencentimeters of the sodfjpe at the footslope. Given the
important amount of OC until up to 100 cm depth in our study site {fWiaux et al., 2014 a), this
observation is not in agreement with the study of Goffin gf28ll4), whosuggested that the relative
contribution of asoil layer to the surface £iixes is related to OC distribution along the soil profile.
However, while similarities exist in the physical contratsl ghe method used to calculate the vertical
partitioning, the study of Goffin et al. (2014) reports on,@&duction in forest soils Comparing

forest and crop soils is difficult because of the important pdrtheautotrophic respiration

comingriginatesfrom roots in forest while thisan-be—easily-aveidexiless importantn cropland

soils(e.g. Davidson et al., 1998; Epronet al., 2006; Martin and Bolstad, 2009;eWebst., 2008b;

Goffin et al., 2014). Hence, in the case of forest ecosystengs,déense roots network in

soilcreatesinterferenceswhen measuring heterotrophjdlGx@s, andhis has been shown to explain
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an important part of the vertical distribution of £@oduction along soil profiles in forest ecosystems

(Goffin et al., 2014).In addition, the estimation of ff@oduction in forest soilards more difficultas _ - -
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needs to be accounted foe. thepredominance of non-diffusive transport in the litter layedfifi@ et

al., 2014). All these elemengseventingnakediffieultanydirect and quantitative comparisoheween

forest and agro-ecosystemtifficult. Howeverive canaltheuglobserve some qualitative similarities

between our observations and those of Goffin et al. (2014) istfsods: (i) surface soil VWC values

and dynamics were shown to be a critical factor in accurattignating topsoil C@production, and _ - -

\
\

decreased with depth. \

In addition, the substantial contribution of the upper soil layeusd here wasnotrelated to higher
temperatures (FiggA6), contrary to what was suggested by Takahashi et al. (200d)rdiag to the
CO, concentration and diffusivity profiles (Fi§E8), the relative contribution of the soil layers to the
surface CQ flux is more likely governed by soil physical controls (B&D13) rather than by
biological production depending on thermal energy and OC substrate. $ddreyas diffusivity
strongly decreases from 10 to 40 cm depth (where diffusivityli$ at the two slope positions, and
the profile of CQ concentration displays no gradient between 10 and 40 cm ghepticularlyat the

footslope (Fig6A9).

Here;w®ur datashowed that despite the fact that the footslope profiles generdigdl@xes which
exceed those observed at the summit position (demonstrated in Wiaux2©14b), the contribution
of soil layers below10 cm depth is very small(F@1). The OC in the top layer of the soil profile
(i.e.0-10 cm)contributed forc. 90% of the total G@ux at the footslope position (Fid17). This can
be explained by environmental conditions specific to this 0-10agrr Iplaying in favor of both
microbial respiration and gas diffusion. There ardimitations related to both diffusion barriers and
access to the oxygetisappeaclose to the soil surface. Hence, the only impact of\8ilC on sall
respiration is its positive effect as it provides a moy e&cess forsoil micro-organisms to their OC

substrate, and to the enhancement of their metabolic activitiesabyr (Akinremi et al., 1999;
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Castellano et al., 2011; Herbst et al., 2008; Howard and Howard, 199he&imnd Suarez, 1993).
The combination of this high amount and high quality of soil OC (Fig. 1, aslk$by Wiaux et al.,
2014a) with this net positive effect of soil VWC results irtrargy increase of microbial respiration

rates.

Finally, our results suggest that buried soil OC in colluvigodds is effectively protected from
mineralization below 10 cm depth, which corroborates the assumgdt@mong-term stabilization of
buried OC in colluvial soils as suggested in the literature Qogtterl et al., 2012; Berhe et al., 2008,

2012a)This also corroborates the notion of Schmidt et al. (2011) suggéistindeep soil OC may be

protected because of unfavorable physical conditions rather than substitations.

5. Conclusion

In this study, we evaluated the factors controlling soil carbon didkiges for two soil profiles along
a hillslope characterized by contrasting physical and chemteabcteristics. At the summit position
of the studiedhillslope, the time course of surface soil £fluxes was strongly related to soil
emissions are directly related to soil micro-organisms ma&spnand associateth biotic CO,
production. In contrast, the higherlevels of water filled pore spsuserved at the footslope

profilesstrongly limitedthe transfer of biotic G&hroughoutthe soil profilend likely the transfer of

O, to deeper soil deptideretThe soil surface COflux substantiallyincreasedsubstantiallyfer - -

during limited—ameounts—of-timghort periodswhen the gas diffusivity exceededa threshold value

related to sufficient air-filled pore spacéss a result, the time course of observed soi} €issions

was to a large extentexplained by physical transfer mechanisng: periods of accumulation
alternate with shorter periods of important £ease. The vertical partitioning of the soil {xes
for the footslope profiles showeHat, during the observation period, 90 to 95 % of the surfage CO

fluxes originated from the first 10 centimeters of the podfile. This study highlights the need to

consider soil physical properties and their dynamics when ebstgnaind modeling soil CO

emission

into-soi-OC modelThe main-implications-thatVhen consideringthanges irhydrologic regimes
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e.g. the—change—andhatfootslope soils become drier (reaching moisture conditions fawoifabl

micro-organisms respiration and gas transfer), there is & largount of potentially easily

decomposable OC stored at depth thatsatdenly-decomposmd-be-emittasult in an additional

emission of Go the atmosphere.
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Tables

Table 1. Range of standard deviation (S.D.)and averaged—mean values of triplicated measured hourly CO,

concentrations at each depth, both at the summit and at the footslope position. This range is indicated by minimum

(Min) and maximum (Max) values encountered along time (hourly time series) during the 6 months measurement

period. NI means No Information (i.e. dueto alack of replicatesto allow reliable mean and S.D.).

Summit position

Footslope position

Soil Min

Max

Min

Max

depth mean mean ¢ M'no s Ma)f) mean mean ¢ M|n0 s Ma)f,
[cm] (%] [%)] .D.[%] S.D.[%] [%)] (%] .D.[%] S.D.[%]
10 0.07 1.39 0.00 0.71 0.26 4.75 0.00 3.13
25 0.06 1.83 0.00 0.68 0.30 3.93 0.00 5.32
45 NI NI NI NI 0.12 3.96 0.00 1.96
95 0.15 2.83 0.00 1.42 0.48 7.52 0.00 2.48
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temperature, VWC, CO, concentrations and CO,fluxes probes collocate with each others. Probes have been inserted

at different locations both vertically and horizontally. Consequently, all of them are not in the same plane (i.e. depth
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