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Dear Editor, 16 

This manuscript is a resubmission of bg-2014-405. As suggested in the decision letter, we submit a 17 

shorter and more focused manuscript that takes into account all the comments and suggestions of 18 

the reviewers. The manuscript also benefited from a thorough editing for language. 19 

Thank you very much for the review of our manuscript. We found the comments made by both you 20 

and the referees to be very constructive and believe that the manuscript, revised in light of them, 21 

is significantly better. We list below the specific responses to the individual points raised by the 22 

referees and detail the changes made in the manuscript.  For easy reference, the original 23 

comments are presented in black, and our responses in bold italic red. 24 

Our results have not been published elsewhere and are not under consideration for publication 25 

elsewhere. All authors have seen and agreed to the version submitted. 26 

Sincerely, 27 

François Wiaux, PhD 28 

 29 

  30 
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Interactive comment on “Quantitative estimation and vertical 33 

partitioning of the soil carbon dioxide fluxes at the hillslope scale on a 34 

loess soil” by F. Wiaux et al. 35 

 36 

1. Editor decision 37 

Dear Dr. Wiaux, 38 

Based on the detailed comments of three reviewers, publication of your manuscript in its present 39 

form is not recommended, and major revisions are being requested. Based on your response from 40 

February 5, 2015, I consider that revisions of this manuscript should be feasible and that you should 41 

be able to address most of the reviewers concerns. I therefore decided to re-open the publication 42 

process and allow submission of a revised manuscript. 43 

In you re-submission, please explain how and where each point of the reviewers’ comments has 44 

been addressed, and please supply a point-by-point response to all reviewer concerns. Should you 45 

disagree with any part of the reviews, please explain why. 46 

Kind regards, 47 

Daniel Obrist 48 

As suggested in our response from February, we implemented the following main changes in the 49 

manuscript: 50 

 (i) we modified the introduction where we focus on soil organic C cycling and soil fluxes only and 51 

remove the links to net ecosystem C exchange based on eddy-covariance techniques; 52 

(ii) we removed the modeling section in the methods (i.e. section 2.6) as well as the parts of the 53 

results and of the discussion sections related to SoilCO2-RothC modeling and hillslope C budgets 54 

(i.e. section 3.2., section 4.3 and parts of section 4.1 and 4.2) and; 55 

 (iii) we rewrote the conclusions and abstract in light of the new focus of the paper. 56 

This has resulted in a much more concise manuscript where the overlap with previously published 57 

work has been fully eliminated, except for the field site description. 58 

In this new version, we now focus on two related and important issues: (i) the vertical partitioning 59 

of CO2 fluxes and (ii) the storage of OC in deep layers of colluvial soils. Note that, as suggested, the 60 

sections describing the long-term CO2 fluxes at the hillslope scale based on the RothC modeling are 61 

completely removed. 62 



2. Anonymous Referee #1 63 

Overall comments:  64 

I first thought this was a great study, great experimental design and innovative measurement set-up. 65 

By and large, I like the methodology, the analysis performed, and I find this a comprehensive study. 66 

Maybe a shortcoming of the study was that it was done in an agricultural setting and the authors 67 

could have expanded more about the relevance of this site for other systems and for global fluxes, 68 

especially since they mention in the abstract about a 20% underestimation of CO2 fluxes when not 69 

accounting for landscape differences. So my first impression was to approve this publication with 70 

minor edits. 71 

We are very pleased with this positive comment on the relevance of our manuscript. The 72 

comments/suggestions raised by this reviewer were very constructive and helpful.  73 

As I read this paper, I noticed that significant portions of this study were already published elsewhere 74 

(Wiaux et al. 2014 a-c), and the more I read to more referencing I found where the authors 75 

mentioned that findings described here were in agreement with either of these other papers. I feel 76 

that the authors need to very clearly characterize what is really novel in this study as compared to 77 

three publications from this same site and measurement campaign (Wiaux et al. 2014, Geoderma; 78 

and Wiaux et al. 2014, Soil Biol. Biochem, and Wiaux et al, in review that the reviewer has not seen). 79 

For example, one main conclusion point of this paper as highlighted in the abstract is that the 80 

footslope site generates more CO2 fluxes than the summit position, and that the depositional 81 

footslope profile emits more CO2 than the summit, due to its high amount and quality of OC. This is 82 

the same conclusion as published in Wiaux et al., in Geoderma, where the authors report significant 83 

differences in respiration with 30% more at the downslope and 50% more at the backslope relative 84 

to the uneroded summit position, and report higher amount of OC. I understand that there are 85 

differences in measurement methods (surface CO2 measurements compared to in-situ profile 86 

measurements), but it seems that the same result as published before is highlighted in this 87 

manuscript. So I felt I should suggest to the authors to eliminate the modeling component to 88 

estimate annual surface CO2 exchanges, and instead focus their discussion on depth patterns of 89 

diffusivity, diffusion gradients, and contributions to CO2 fluxes. 90 

Although we accept that there is a need to identify more clearly the novel components of our 91 

study, we do not agree with the assertion that ‘significant’ portions were published elsewhere. We 92 

present new methods and data but discuss our results in a broader context using results from 93 

other, but also our own studies that were conducted on the same site. These studies focused on the 94 

spatial and vertical patterns of soil organic carbon quality (Wiaux et al 2014a) and soil surface 95 

respiration (Wiaux et al 2014b). The use of this information in the discussion part of our paper 96 

seems appropriate to us. However, as suggested by the editor, the discussions in relation to the 97 

hillslope scale carbon budget have been removed in this revised manuscript. By doing so, this paper 98 

now focuses more on the vertical partitioning of carbon fluxes. Note that the companion paper has 99 

been rejected by the editor and has not been submitted elsewhere so there is no overlap here 100 

neither. 101 



 This hillslope scale modeling and the yearly extrapolation exercise with the RothC-SOilCO2 model 102 

have been removed from the manuscript (please see editor comments and our answer). We now 103 

focus on the points highlighted by the reviewer.  104 

However, the authors then refer to a study (Wiaux et al., in review) where the authors apparently 105 

already presented CO2 vertical diffusion profiles of this same study. As I have not seen that paper, 106 

but if also CO2 profiles from this same study have been published, then I have serious doubts about 107 

the need for this publication as all major results have been already published in other journals? 108 

Wiaux et al. (2014c) has been rejected and will not be resubmitted elsewhere. Hence, there is no 109 

overlap anymore with this paper. As suggested by the editor, we merged the relevant parts of  the 110 

Wiaux et al. (2014c) with the present paper. 111 

Given the large amount of results that have already been published, this paper is very long and has 112 

many figures. Upon an approximate count, I found that the text is over 12,000 words, 2 tables, and 8 113 

figures. This length greatly exceeds standard formats in any other journals (probably more than 114 

double), and makes reading this paper very exhausting. I would think the length could be greatly 115 

reduced given the material already published. 116 

We have removed a substantial part of the material and methods and of the discussion sections, 117 

reducing the length to approximately 5200 words (excluding abstract and references). 118 

Furthermore, all tables (i.e. Table 1 and Table 2) and Figure 8 have been removed. Together, this 119 

now results in a short and focused paper. 120 

Further detailed comments:  121 

The abstract does not well represent and summarize observed patterns. For example, they focus on 122 

patterns at the footslope (i.e., high water content “disabling” vertical transfer), but don’t mention 123 

any patterns of the hilltop location, nor any other seasonal or spatial aspects of observations. Such 124 

information should be included given the experimental design of this study using two contrasting 125 

measurement locations. It is unclear how the authors come to the estimated 20% underestimation of 126 

soil-atmosphere fluxes when not considering landscape dynamic processes. 127 

We agree with this assessment and we have prepared a substantially revised abstract. The abstract 128 

now reports the key results in relation to the vertical partitioning and the physical controls. 129 

This study measures CO2 gradients at two locations located along an agricultural hillslope (i.e., hilltop 130 

and the footslope positions). Throughout this manuscript, the authors mention and discuss that they 131 

measure and calculate “aggregated hillsope CO2 fluxes” and that they measure “at the scale of a 132 

hillslope”. However, they only measure the two end members of this hillslope (only two contrasting 133 

measurement sites), and therefore their claim of measuring across the hillslope seems inaccurate 134 

and highly overstated. They should re-phrase sections referring to aggregated hillslope CO2 fluxes 135 

and clarify that their measurements focus on contrasting end points of this gradient. 136 

There are too many figures in this manuscript, and the overall length should be shortened: for 137 

example, Figures 1 and 2 can be removed as these figures have already been published in another 138 

paper by Wiaux et al. and Figures 3 and 4 should be combined into one figure. Note comments above 139 



about repeated publications from the same study, so unless new material is presented the figures 140 

can be eliminated and referred to. 141 

We have removed the hillslope-scale assessment and now focus on the differences between 2 142 

positions with different soil physical properties and hydrological regimes. 143 

The entire manuscript needs a careful edit, there a lot of small errors (e.g., prepositions of, to, from) 144 

and stylistic inaccuracies. 145 

We apologize for this. The manuscript has been carefully edited by the more experienced co-146 

authors. We hope that this new version will be easier to understand.  147 

Title: Remove “the” of the “”the soil carbon dioxide fluxes” 148 

This has been corrected. 149 

Title: should reflect that measurements were of CO2 concentrations, and that fluxes were then 150 

inferred. The technique used is not a direct flux methods, but rather models fluxes based on 151 

observed vertical concentration profiles. 152 

We specified these are “gradient-based” fluxes 153 

Abstract: page 13700, line 1-2: What do the authors mean with “large spatial scales” Their study 154 

assesses fluxes along a hillslope, which I might consider landscape scale, but certainly not large 155 

spatial scales. 156 

This hillslope scale quantification issue has been abandoned (please see editor comments and our 157 

answer). Moreover, the abstract has been completely rewritten. 158 

page 13700, line 5: the authors need to highlight what the importance of hillslope aggregate CO2 159 

fluxes are, what does the word “aggregated” actually mean in this sense, please clarify. 160 

Idem 161 

page 13700, line 8: change “contrasted” to “contrasting”? 162 

Done 163 

page 13700, line 10-11: clarify what the “gradient method, i.e., that fluxes are calculated based on 164 

Fick’s diffusion law. 165 

Done 166 

page 13700: line 15: “disables” is too strong, I assume there is still some residual vertical transport 167 

during wet periods, just below the sensitivity of the system. And information should be given from 168 

the summit position, i.e., that no saturation was observed and that during no period diffusion was 169 

limited by high water content?  170 

We reworded this sentence: “We show that most of the time high water filled pore space 171 

downslope strongly limits the transfer of biotic CO2 along the soil profile, contrary to the summit 172 

where gas can easily diffuse during all the year.”  173 



Is the CO2 production at depth limited by low O2 content – it seems that authors refer to this without 174 

clearly saying it? 175 

We cannot be explicit about the O2 content, because we did not measure it. Given the high water 176 

content, O2 limitations are likely.  177 

page 13700, lines 24-27: it needs to be clarified how not including landscape dynamic processes 178 

results in a 20% underestimation of soil-atmosphere fluxes. 179 

This hillslope scale quantification issue has been removed (please see editor comments and our 180 

answer). 181 

Introduction: Page 13701, lines 1-5: the authors should give newer references on the global pool 182 

sizes. 183 

This hillslope scale quantification issue has been removed (please see editor comments and our 184 

answer). 185 

Page 13701, lines 10-11: please clarify what is meant with “hillslope aggregated CO2 fluxes”, I think 186 

they mean CO2 fluxes scaled/average across a gradient from hilltop to the footslope of a watershed, 187 

or something like that. Please clarify and define. 188 

This hillslope scale quantification issue has been removed (please see editor comments and our 189 

answer). Hence, this aggregation concept is not used anymore. 190 

Page 13701, lines 17-19: it is not correct that EC technique is not appropriate for sloping landscapes, 191 

there are attempts to doing this. But I agree that it is difficult and subject to higher measurement 192 

uncertainties, this statement should be more careful rephrased. 193 

This hillslope scale quantification issue has been removed (please see editor comments and our 194 

answer). Hence, we do not refer to Eddy Covariance technique any more. 195 

Page 13701, lines 22-25: clarify what is meant with “support scale”? 196 

Idem 197 

Page 13702, lines 10-12: please add some quantitative data on how much transfer and accumulation 198 

of OC has been observed along hillslopes. 199 

This is thoroughly described in a previous study on the same site. We therefore cite the reference, 200 

and add a more explicit sentence to invite the reader to look at this publication for further 201 

information: “[…] and Wiaux et al., 2014a describing how much transfer and accumulation of OC 202 

has been observed along this studied hillslope”. 203 

Page 13702, lines 13-14: clarify and give examples what the “series of complex and interacting 204 

processes” are that are acting on these deposition sites. 205 

These processes are related to combined effects of soil moisture, temperature and OC quality 206 

effects on soil microbial activity (Wiaux et al., 2014b). This more explicit description has been 207 

added in the manuscript. 208 



Page 13702, line 19-10: expand on the percentage contributions of the top 30 cm as compared to 209 

deeper soil layers. 210 

We expanded this affirmation as here below: “Goffin et al., . (2014) showed that the 30 first 211 

centimeters of soil significantly contribute to the total surface CO2 flux (i.e. c. 80%, half of these 212 

coming from the 10 first centimeters)”. 213 

Page 13702, lines 23 -28: add information about the experimental setup to address the goals of this 214 

study, i.e., measurements at two points (hilltop and hillslope) of a hill (how large/steep)?  Further, 215 

the contrasting two measurements at the hilltop and hillslope only in may view does not allow to 216 

calculate “aggregated hillsope CO2 fluxes” nor measures “at the scale of a hillslope”, but rather 217 

presents a contrasting view on two end members of this hillslope. This should be clarified here and 218 

throughout the text.  219 

We agree with this comment. This hillslope scale quantification issue has been abandoned (please 220 

see editor comments and our answer). Hence, this aggregation concept is not used anymore but we 221 

focus on a comparison between the summit and the hillslope. 222 

Most importantly, clarify what is new in this study compared to Wiaux et al. 2014 a,b,c, and focus the 223 

paper only on the new aspects. 224 

This issue has been addressed by refocusing the paper on the vertical gradients and CO2 profiles. 225 

Materials and Methods: Page 13703, lines 2-5: mention the slope angle of the hill; what is the 226 

cultivation regime at this site? It also needs to be clarified if the cultivation is the same on the hill as 227 

in the footslope. 228 

This information has been added:  229 

“The slope percentage in the backslope area ranges between 8.5 and 16%, with a mean slope of 230 

12%. The slope percentage in the convex shoulder area ranges between 4 to 8.5%, with an average 231 

of 6%. The field is plowed (0-30 cm soil surface layer) every year. Each year, manure and nitrate 232 

application are also carried out. The current crop rotation is winter wheat, maize and spring wheat. 233 

The study site is has been described in further details in Wiaux et al. (2014a,b).” 234 

Page 13703, line 12: combine Figures 1 and 2 into one Figure.  235 

Combining Figures 1 and 2 would result in a very complex figure with a large amount of 236 

information. Hence, we propose to keep them separated. 237 

Statistics need to be added to clarify if and at what depth differences between the two locations are 238 

significant. 239 

As requested by the reviewer, we tried to remove the overlap with previous papers. Statistical 240 

analyses have already been presented and described in Wiaux et al. (2014a) to discriminate OC 241 

content between slope positions. Hence, we propose to not display further details here. 242 

Page 1374, line 4-5: vertically inserting probes into the soils may cause diffusion along the vertical 243 

walls of the tubes; please clarify how soils were backfilled after insertion (if at all), and how the 244 



authors can exclude the possibility that their measurements were affected by vertical diffusion or 245 

advection. 246 

The tubing method is an adaptation of the technique tested and presented by Young et al. (2009). 247 

These tubes were inserted vertically into the soil, after drilling holes with a diameter that equals 248 

the diameter of the PVC tubes. As a result, it was not necessary to backfill the holes around the 249 

tube. 250 

We added this further description: 251 

“This approach avoids the need to backfill the bore hole, which will disturb the soil structure and 252 

diffusion properties. Two rubber stoppers, one at 155 mm from the tube head, and another at the 253 

top of the tube, prevented atmospheric air from penetrating into the gas sampling volume. 254 

Petroleum jelly on these two rubber stoppers ensured a perfect air- and water-tightness and this 255 

was verified under laboratory conditions before using the probes. A nylon membrane was used to 256 

avoid soil particles entering the perforated tube and to limit further water infiltration.” 257 

Page 13704, line 17-20: please rephrase, this sounds confusing. 258 

We agree this was a bit confusing. We have rephrased this explanation as above: 259 

“At each depth, the measurement of CO2 concentration in triplicate allowed evaluating its spatial 260 

variability (Maier and Schack-Kirchner, 2014). The averaged CO2 concentration for each depth 261 

interval was then representative of a measurement footprint of approximately 5 m
2
, covering the 262 

same area as the IRGA chamber network located at the soil surface (Fig. 4).” 263 

Page 13704, line 19: change “than” to “as” 264 

Done 265 

Page 13704, line 22-25: clarify the number of soil temperature and soil moisture probes, were these 266 

collocated with each individual CO2 measurements? 267 

This information is presented further in this section, and is also visually represented in detail on 268 

Figure 4. We now describe the measurement design in more detail: 269 

“At each of the 2 slope positions, we measured soil CO2 concentrations profiles at 4 soil depths 270 

using 3 replicates for each depth measurement (Fig. 4). For soil VWC profiles, at each of the 2 slope 271 

positions, 18 measurements were collected (6 soil depths, 3 replicates). Sampling depths for VWC 272 

were 10, 25, 35, 50, 70 and 95 cm (Fig. 4). For temperature, 4 soil depths (10, 25, 45, 85 cm) without 273 

replicates were measured (Fig. 4). The complete sampling design is schematically presented in Fig. 274 

4.” 275 

Page 13705, lines 2-8: please rephrase how concentration ranges of probes were adapted to best fit 276 

their placement, this was confusing to read (I had to read several times to understand what they did). 277 

We have rephrased this as follows: 278 

“The concentration ranges of the Vaisala CO2 probe were adjusted for each soil depth and for each 279 

slope position. This allowed an optimal fit of the probes to the local concentrations. Each probe has 280 



to characterize the entire range of values encountered across seasons while at the same time, it 281 

should have a sufficiently narrow measurement range to ensure the quality of observation in terms 282 

of precision.” 283 

Page 13706, lines 19-21: can the authors please clarify why they included the soil water retention 284 

curve model into the tortuosity factor? Since they directly measured soil water content using TDR 285 

probes, I would assume they can directly use measured soil water content to adjust for changes in 286 

tortuosity based on water content, and don’t need the steps to use retention curves? Please clarify 287 

and explain. 288 

We used the Moldrup et al. (2000) model (Eq. 4), involving the Campbell soil water retention curve 289 

model. We chose this model because it  was shown to provide the most accurate and precise results 290 

in the case of CO2 fluxes calculation (Davidson et al., 2006; Goffin et al., 2014). This was also 291 

demonstrated in a methodological chapter of the PhD thesis of Wiaux, 2014. Including the soil 292 

water retention curve allows considering the impact of soil water content and tortuosity  of the soil 293 

medium on diffusivity. Hence, a proxy for soil structure (slope and air entry value of the retention 294 

model) is integrated in the diffusivity model.  295 

Page 13707, line 5-6: so does that mean to calculate surface CO2 fluxe, they used the top 0.1 cm 296 

based on their 0.1 cm increments – or the top gradient measured with the first probes at 10 cm? Did 297 

they account for the diffusion gradient between the top soil and the atmosphere, e.g., by 298 

constraining the surface CO2 concentrations with atmospheric CO2 levels (∼ 395 ppm)? That would 299 

probably be the correct way to assess the relevant concentration gradient to calculate surface CO2 300 

fluxes. 301 

Indeed, we constrained the surface CO2 concentrations with atmospheric CO2 levels (about 400 302 

ppm). This was already explained in the manuscript, but we now precise this here also. So yes, we 303 

account for the diffusion gradient between the top soil and the atmosphere. 304 

Page 13707, lines 15-17: it would be nice to have some information and discussion on the variability 305 

of measured CO2 concentration profiles. This would add a nice discussion on smaller-scale spatial 306 

variability.  307 

We appreciate this suggestion. We added a short  section (3.2) that provides information on the 308 

variability of measured CO2 concentration profiles. In this new section, you will find information on 309 

both (i) the variability of daily extrapolated CO2 concentrations at the bottom of the soil profile 310 

and (ii) the variability of hourly measured CO2 concentrations at the 4 measurement depths. The 311 

latter has been summarized in a new Table (Table 1). These results provide a better idea of the 312 

quality of the data. We thank the reviewer for this suggestion. 313 

“Providing unique values” sounds weird, maybe providing “an average value for each soil depth and 314 

location”. 315 

We agree and adopted your rephrasing. 316 

Page 13708, lines 22 to page 13709, line 7: the authors should give reason to extrapolate fluxes to 317 

yearly fluxes in lieu of previously published difference in surface CO2 fluxes based on surface 318 

measurements at these two slope positions (plus further measurement points in-between). 319 



This hillslope scale quantification issue has been removed (please see editor comments and our 320 

answer). Hence, we do not extrapolate anymore. 321 

Sections 2.6.1 and 2.6.2. It is entirely unclear to the reader what the purpose of the modeling 322 

component is, this aspect so far has not been measured in the introduction nor in the abstract. The 323 

authors need to clarify in the abstract what the purpose of this modeling component is. 324 

This hillslope scale quantification issue has been removed (please see editor comments and our 325 

answer). Hence, this modeling component is not used anymore. 326 

Page 13712, lines 20 to 25: I assumed that among the papers published in this study, this one focused 327 

on the depth CO2 concentration profiles and contributions of different soil layers. The reviewer has 328 

not seen Wiaux et al., 2014 in press, but here the authors refer to published soil CO2 concentration 329 

profiles in a study in review. 330 

Wiaux et al. (2014c) has been rejected and will not be resubmitted elsewhere. Hence, there is no 331 

overlap anymore with this paper. In addition, this paper now much more focus on the depth CO2 332 

concentration profiles and contributions of different soil layers rather than on the hillslope scale 333 

modeling issue. 334 

Discussion: page 13714 to 13715: I have now real troubles believing in the need and novelty of this 335 

study. The authors discuss that the diffusion limitation for CO2 emissions at the footslope site, and 336 

mention that this corrobotes diffucitivity profiles from Wiaux et al., 2014c and that is in support with 337 

reporting gas diffusion barriers in Wiaux et al., 2014. So what is new here if not even the depth 338 

patterns of CO2 diffusion and concentration profiles is new? 339 

Please see the previous comment. 340 

Discussion: page 13718, lines 6 -19. The modeling shows a flux averaged along 3 years of simulation 341 

of ca. 1.5 times higher at the footlsope relative to the summit. This is apparently in agreement with 342 

Wiaux et al., 2014b that shows fluxes 1.3 times higher at the footslope relative to the summit. I really 343 

don’t understand the need for this modeling component since all they do is to compare it to a 344 

measurement-based approach that is already in publication. So what is new here, and why do the 345 

authors publish their results from the same site in multiple journals. They even state reasons for this 346 

as published. I could continue to review and critique further aspects in the discussion and conclusion 347 

sections, but not knowing what is really novel and new kind of makes this effort useless. 348 

This hillslope scale quantification issue and the modeling has been removed (please see editor 349 

comments and our answer). Hence, there is no risk of overlap with our previous publications 350 

comparing soil CO2 emissions at different slope positions. The results we present here are really 351 

novel and original, as well compared to our own papers as relatively to the literature. We indeed 352 

achieved a vertical partitioning of the soil CO2 fluxes along two contrasted soil profiles in a 353 

cropland, which was never done before in similar sites to our knowledge. Based on that, we 354 

highlight that downslope soil surface CO2 emissions do not reflect soil micro-organisms respiration 355 

but are much more governed by soil physical controls, and that soil OC at such a footslope is stored 356 

throughout the soil profile (below 10 cm) and submitted to a long-term stabilization. 357 

358 



Anonymous Referee #2 359 

General comments 360 

I find this article novel using an interesting approach to understand the role of landscape in the 361 

carbon cycle, and linking results of two different scales (landscape and soil profile). The authors a 362 

solid dataset with interesting results, and, in general, their discussion of results is solid and clear. I 363 

appreciate the methodological details, although I find that they are sometimes too detailed (the 364 

‘Material and Methods’ part has almost the same number of words as the ‘Results’ and ‘Discussion’ 365 

combined). I suggest to accept publication of this article with minor revisions. 366 

We thank the reviewer for the positive assessment of our manuscript. 367 

My general comments concern the involved mechanisms for both summit and footslope: soil micro-368 

organism respiration seemed to control CO2 emissions in the summit soils, whereas soil respiration 369 

also increase the CO2 flux in the first 10 cm of the footslope soils (second §of 4.2, lines 3-16, page 370 

13717). I understand that, in general, the CO2 flux at the footslope position is limited by the 371 

diffusivity, but the authors should state that microbial activity as a driver for CO2 emission is not 372 

specific to the summit soil only, as authors mentioned in the conclusion.  373 

We now more carefully discuss the contribution of microbial respiration and the factors controlling 374 

diffusivity. See section 4.1 of the revised manuscript. 375 

Moreover, comparisons with results from Goffin et al. (2014) were not discussed in term of types of 376 

soil or vegetation (for example, forested ecosystem in Goffin et al., 2014), and I would welcome more 377 

detailed comparison to the results provided therein (i.e., not be exclusively focus on the surface or 378 

deep layers). 379 

The Goffin study reports on CO2 production in forest soils and we agree that a direct quantitative 380 

comparison is not straightforward, while similarities exist in the physical controls and the method 381 

used to calculate the vertical partitioning. We have briefly clarified this in the discussion. 382 

Moreover, I frequently read “in agreement with the recent findings of Wiaux et al. (2014)”, 383 

“corroborates the results of Wiaux et al. (2014)”, or “as described by Wiaux et al. (2014)”. The 384 

authors have should better highlight the novelty of their current findings. In the current manuscript, 385 

it seemed that several results were already found in the previous studies, so I suggest that the 386 

authors focus on the novel aspects only. 387 

As indicated in the responses above, we have more clearly identified the novel contributions of this 388 

study. 389 

Furthermore, I do not understand the exact meaning of “hillslope aggregated CO2 flux” (abstract, as 390 

well as in the text). It will be nice to clarify the expression “aggregated” (spatial scale through the 391 

landscape, through the soil profile, temporal scale. . .?). 392 

This hillslope scale quantification issue has been removed (please see editor comments and our 393 

answer). Hence, “hillslope aggregated CO2 flux” has been removed from the revised manuscript.  394 



Finally, I find that figures are, in general, too small and it is difficult to read the captions, particularly 395 

for figures 5 and 6 where I cannot distinguish the different depths.  396 

We have edited figures 5 and 6 to make it clearer and easier to read (and figure 8 has been 397 

removed). To that aim, we split Fig.5 into Fig.5A and Fig.5B and Fig.6 into Fig.6A, Fig.6B and Fig.6C. 398 

This will also allow a more flexible use of these figures for page setting, e.g. for the choice of 399 

disposition as well as to display these figures with a higher size to ensure a clear reading. 400 

Also, the figure 4 is little bit complex: the caption need probably more explanation, like the 401 

difference between the foreground and the background.  402 

We provide further explanation about the difference between the foreground and the background 403 

in the caption of figure 4. 404 

The figures 1 and 2, rapidly described in line 11 (page 13703), are part of ‘Results’ (rather than 405 

‘Material and Methods’). 406 

Figures 1 and 2 are results of one of a previous publication (Wiaux et al., 2014a). We therefore 407 

suggest to keep it in the ‘Material and Methods’ section. 408 

A final comment about the very frequent use of “ca.” (circa). I suggest to replace this term with 409 

“about” or “approximatively” when necessary, and to remove it from many sections (e.g., when the 410 

authors write “and reach ca. 1811 g CO2-C m−2 year−1”, it seems that this is quite a precise value 411 

and “ca.” is not needed). 412 

We now carefully avoid the frequent use of this term in the revised manuscript. In addition, we 413 

replaced “c.” by the more explicit term “approximatively” throughout the manuscript.   414 

Minor comments 415 

Line 10: “for two periods of 6 months” 416 

This has been corrected 417 

Line 14: “from the first 10 cm” 418 

This has been corrected 419 

Lines 18-19: you have a problem in the unit: g CO2-C m−2 year−1 420 

You are right, but this flux quantification issue has now been abandoned. 421 

Introduction 422 

Line 19 (page 13702): “that the first 30 cm of soil” 423 

This has been corrected 424 

Material and methods 425 

Line 13 (page 13703): “for 48h” 426 



This has been corrected 427 

Line 7 (page 13704): I think that you mean Fig. 3 and not Fig. 4, right? 428 

No, Fig. 4 illustrates that the measurement plots were covered with a synthetic permeable 429 

geotextile. 430 

Line 26 (page 13707): the parenthesis is not closed 431 

This has been corrected 432 

Line 7 (page 13708): “by Wiaux et al. (2014c)” 433 

This has been corrected 434 

Results 435 

Line 6 (page 13712): “from 4 to 28 ◦C at both, the submit and the footslope” (if it is the 436 

same temperature for the two locations) 437 

There was indeed an error but the maximum temperature was not the same at the two locations. 438 

This has been corrected. 439 

Lines 10. . . (page 13712): can you use the same units in both text and figure 5 (% or cm
3 

cm
−3

) 440 

We converted volumetric water content values in cm
3
 cm

-3 
everywhere in the manuscript. 441 

Line 12 (page 13712): I do not understand the “(respectively)”. Did you mean from 38 (23+15) to 39 442 

(34+5)? It is not clear. 443 

Yes, this is what we mean. We removed the “respectively” to avoid misunderstanding. 444 

Line 23 (page 13712): “at ca. 50 cm depth”, right? 445 

This has been corrected. 446 

Line 8 (page 13713): “in the first 10 cm” 447 

This has been corrected. 448 

Line 10 (page 13713): “depending on” 449 

This has been corrected. 450 

Line 12 (page 13713): “of the first 10 cm” 451 

This has been corrected. 452 

Line 14 (page 13713): “the first 30 cm” 453 

This has been corrected. 454 

Line 23 (page 13713): “Table 1 and Fig. 8”, right? 455 



This section has been removed. 456 

Line 15 (page 13714): “ca. 1.5 times more CO2-C” 457 

This section has been removed. 458 

Line 17 (page 13716): “the first 10 cm” 459 

This has been corrected. 460 

Line 20 (page 13716): change “who” to “which”, it is “the study of Goffin et al. . .” 461 

This has been corrected. 462 

Line 22 (page 13716): “neither”, did you mean “not” or “never”? 463 

This has been corrected (we replaced “neither” by “not”) 464 

Conclusions 465 

Line 11 (page 13721): “the first 10 cm” 466 

This has been corrected. 467 

Reviewer 3 Comments: 468 

The paper describes an interesting study using soil CO2 profiles and a process-based soil C cycling 469 

model to calculate soil heterotrophic respiration fluxes. 470 

We are very pleased with this positive comment on the relevance of our manuscript. The 471 

comments/suggestions raised by this reviewer were very constructive and helpful. 472 

 In my review I had the benefit of reading the reviewer #1 comments and the response by the 473 

authors with regard to the novelty of the data and the relationship of the current paper with 474 

previously published work. I do somewhat agree with ref #1 that there is a lot of duplication and the 475 

paper can be shortened considerably especially when describing methods. In my view the main new 476 

points of the paper are the application of two modeling approaches to long-term datasets. It seemed 477 

however that the application of the diffusion model to long-term data would have been a nice 478 

addition to the paper that is currently under review since according to the authors that paper only 479 

deals with short-term measurements. In addition, it would have made a lot of sense to include the 480 

RothC simulations to the Geoderma paper since now two very different approaches are presented in 481 

one paper and the two approaches are not merged in a very intuitive way. There may be a good 482 

reason why the two approaches are presented in one paper but this was not clear from reading the 483 

paper (especially the introduction). 484 

Similar to ref #1 I feel that the authors need to do a better job on describing the novel aspects of the 485 

study relative to previous work especially since the first part of the discussion is basically restating 486 

conclusions drawn from previously published work. 487 



We fully agree with these statements, which have been highlighted by the three reviewers and the 488 

editor. We adapted the revised manuscript accordingly, as already explained (please see response 489 

to the editor and to the first reviewer). 490 

A second major issue was the spelling/grammar. After a while I stopped marking up the manuscript 491 

since there were so many spelling errors, incomplete sentences, and other grammar issues that I 492 

think the manuscript requires a serious editing job. Not being a native English speaker myself I can 493 

relate to language issues but the current state of the manuscript is unacceptable and it was 494 

distracting me from focusing on the science. 495 

We apologize for the confusing English. The manuscript has been carefully edited by the more 496 

experienced co-authors. We hope that this new version will be easier to understand.  497 

 In addition to the grammar issues, the discussion contained many statements that were not 498 

supported by data or other references which again with better editing should have been caught. I 499 

suspect the senior author is relatively inexperienced and I’d suggest more involvement of the co-500 

authors in the editing process.  501 

All co-authors were strongly involved in revising this manuscript. We hope this has improved the 502 

overall quality of the paper. 503 

This also applies to the description of the methods which was confusing, repetitive and sometimes 504 

inconsistent so a thorough rewriting job is needed there to make sure the methods section flows 505 

better. With respect to the detailed comments, I agree with most of the comments made by ref #1 so 506 

I will not reiterate those but instead add additional comments that I feel need to be addressed. 507 

 508 

 Introduction  509 

I believe the introduction should be more focused on soil organic C especially in the beginning. In the 510 

second and third paragraph the authors discuss eddy-covariance and other flux-based techniques. 511 

These measurements focus on net ecosystem C exchange (NEE) which includes the net result of 512 

photosynthesis, autotrophic and heterotrophic respiration. Somewhere in the middle of the third 513 

paragraph the introduction appears to shift to soil fluxes only which include a subset of processes 514 

that contribute to NEE (heterotrophic respiration and belowground autotrophic respiration). I would 515 

focus the introduction on soil respiration or at least make a clear transition from discussing NEE to 516 

soil fluxes only. I agree with ref #1 that advances have been made in measuring NEE using eddy-517 

covariance techniques in steep terrain so dismissing this technique is not entirely appropriate and 518 

would probably offend several people in the eddy-covariance community. In addition, the study site 519 

is very small with only a modest slope (according to previously published work) so eddy-covariance 520 

might actually work under these conditions. Consequently I would leave out any mention of eddy-521 

covariance in the context of this paper. Also, the introduction would benefit from having a short 522 

description how the authors plan to address their objectives especially objective 1 related to the 523 

persistence of deep OC. 524 



I had a very hard time understanding why two modeling approaches were taken and how they were 525 

compared, i.e. which approach is better. It would have made much more sense to include the long-526 

term CO2 profile simulations with the other paper that is currently under review and include the 527 

RothC modeling approach with the Geoderma paper. As it is now it is unclear why the two 528 

approaches are presented in one paper so some explicit text to this effect would greatly help. Only 529 

later in the methods it states that the RothC model was used for interpolating and extrapolating data 530 

but why this approach was used instead of some type of regression analysis was not clear.  531 

Based on these suggestions, we have completely rewritten the introduction; we removed the focus 532 

on NEE and eddy-covariance approaches. As already indicated above, the work related to soilRothC 533 

modeling has been removed and this addresses the comments related to the modeling approaches. 534 

Materials and Methods  535 

As ref #1 suggested, more details are needed with respect to slope, elevation, land use, previous 536 

cropping regimes, etc. I realize some of that information is given in previous work but you could give 537 

a quick summary so people can read this paper without having to have previous papers at hand.  538 

We added more information with respect to slope, elevation etc but we limited this description to 539 

the main characteristics in order to avoid overlap with published work. In order to clearly present 540 

the main site characteristics without adding much more text, we also suggest to not remove 541 

Figures 1 and 2 (while already presented in published papers).   542 

Page 13704, line 12: I am not sure you can conclusively state that 3 replicates are representative for 543 

the entire slope position so I would eliminate that statement or reword it. Incidentally, the first 544 

sentence of this paragraph is repeated verbatim at the start of the next page and on page 13707 (line 545 

15). Once is enough.  546 

We agree with your comment. We therefore merged the three similar statements, moved it to 547 

section 2.4. and rephrased it like this: 548 

“At each depth and slope position, triplicate VWC and CO2 concentrations data were averaged, 549 

providing good indicators of the mean CO2 concentrations at each of these locations. This 550 

replication strategy at each depth also allow accounting for the spatial variability of VWC and CO2 551 

concentrations horizontally (Maier and Schnack-Kirchner, 2014), extending their measurement 552 

footprint to an area of i.e. 5 m
2
.” 553 

I would rearrange 2.2 since at the start of page 13705 the authors come back to the CO2 and VWC 554 

measurements which were already mentioned on the previous page so I would consolidate this. It 555 

was confusing to read the way it is organized now. 556 

We have completely rearranged section 2.2. to make it more clear and to avoid repetitions. 557 

Also, it appears that several of these methods are described in detail in other papers so only a 558 

summary would probably be enough. For instance a figure showing the Vaisala probes with the 559 

membranes etc. is not needed here but can be referred to. Also the figure showing where exactly 560 

sensors are located is unnecessary but a better description in the text is needed as suggested by Ref 561 

#1.  562 



The paper Wiaux et al. (2014c) has been rejected and will not be submitted anymore. Hence, the 563 

figure showing the Vaisala probes with the membranes (Fig. 3) as well as the figure showing where 564 

exactly sensors are located (Fig. 4) do not appear any more in some of our publications. As 565 

suggested by the editor, who encouraged us to merge information from Wiaux et al. (2014c) with 566 

the present paper, we argue this is now really necessary to keep these two figures. 567 

Page 13705, line 13-19: But the RothC simulations include 2011. Please check this.  568 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 569 

editor comments and our answer).  570 

Page 13707, line 18-19: I don’t understand this sentence.  571 

This section has been removed. 572 

Page 13707, line 19-21: This is repetitive, either remove it here or remove it from the previous page.  573 

This section has been removed. 574 

Page 13707, line 26-27: I would move this to page 13704 where you describe your field methods. 575 

This section has been removed. 576 

Page 13708, line 1-7: So the modeled fluxes under- or overestimated (this is not clear) measured 577 

fluxes? Why was that and what conclusions were drawn from this? One could argue that the profile 578 

method doesn’t work.  579 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 580 

editor comments and our answer). This section has been removed. 581 

Page 13708, line 12: Vertical or horizontal space (I assume the former). Please come up with a better 582 

term.  583 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 584 

editor comments and our answer). This section has been removed. 585 

Page 13708, line 23-24: This is the first time it becomes clear why you use the RothC model. Why use 586 

this to interpolate fluxes and how do you know if this approach is valid? From Figure 8 it appears you 587 

only did this in C76192013 for part of the year or am I missing something?  588 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 589 

editor comments and our answer). This section has been removed. 590 

Page 13709, line 1: But on page 13705 you said you measured for two years.  591 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 592 

editor comments and our answer). This section has been removed. 593 

Page 13710, line 2-3: Why was the RPM pool assumed to be zero? Were harvest residues absent? 594 

What was the cropping history? 595 



This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 596 

editor comments and our answer). This section has been removed. 597 

Page 13711, line 5-21: I was not sure what was going on here. Please make this understandable for 598 

non- modelers.  599 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 600 

editor comments and our answer). This section has been removed. 601 

Page 13711, line 9: ‘sensitive analysis’???  602 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 603 

editor comments and our answer). This section has been removed. 604 

Page 13711, line 14: what 5 initial concentrations are meant here? 5 sites, depths, other? 605 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 606 

editor comments and our answer). This section has been removed. 607 

Results  608 

Page 13712: Please describe the results in the same order as shown in Figure 6.  609 

This has been corrected. 610 

Page 13713, line 24-25: What is actually compared here? In the footnotes of Table 1 it says that the 611 

model was validated by a small number of instantaneous observations during 2011 and 2012 and 612 

simulated fluxes using the profile method in 2013. So during two years only a (very) small number of 613 

observations is used whereas in 2013 on model is validated using another model? How confident are 614 

the authors using this approach? This needs more discussion. 615 

This hillslope scale modeling and the yearly extrapolation issues have been removed and Table 1 616 

has been removed (please see editor comments and our answer). 617 

Page 13713, line 28: How would soil alkalinity contribute to CO2 emissions? Degassing from 618 

carbonate precipitation? Please provide more explanation.  619 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 620 

editor comments and our answer). Section 3.2 has therefore been removed. 621 

Page 13714, line 1-2: How were instantaneous chamber-based flux measurements converted to daily 622 

measurements? This is not described anywhere as far as I could tell.  623 

This hillslope scale modeling and the yearly extrapolation issues have been removed (please see 624 

editor comments and our answer). Comparison with daily chamber-based flux measurements is 625 

therefore not carried out anymore. 626 

Several of the figures were pretty much unreadable because of the small font size so evaluating the 627 

results section was really difficult.  628 



We have edited figures 5 and 6 to make it clearer and easier to read (and figure 8 has been 629 

removed). To that aim, we split Fig.5 into Fig.5A and Fig.5B and Fig.6 into Fig.6A, Fig.6B and Fig.6C. 630 

This will also allow a more flexible use of these figures for page setting, e.g. for the choice of 631 

disposition as well as to display these figures with a higher size to ensure a clear reading. 632 

Discussion  633 

Page 13714-13715: How are differences in CO2 production rates from microbial respiration 634 

accounted for? When soils are waterlogged microbial activity is likely to be low as well so how can 635 

this effect be separated from the CO2 transport mechanisms? In contrast, during periods of high 636 

microbial activity, CO2 production may be much higher than diffusion causing CO2 to build up. 637 

Perhaps this is implied in this part of the discussion but there is no mention of the production here. 638 

As a result I don’t know how you draw conclusions about the contribution of deep OC since you 639 

present no information about the relative decomposability of this OC. There are likely to be 640 

differences in diffusion patterns as a result of differences in soil properties between the two profiles 641 

but not knowing what the differences in CO2 production within the profiles is makes it in my view 642 

difficult to interpret the results. You could say something about this since this apparently was the 643 

topic of previous papers.  644 

We agree with you that this potentially confusing. The first paragraph of section 4.1 has been 645 

expanded and we now provide a more detailed explanation. We also made some linkages with our 646 

previous study in relation to soil moisture and temperature controls on soil respiration (Wiaux et al, 647 

2014b).  648 

In the present paper, we observed that at the summit the surface soil CO2 fluxes clearly follow the 649 

temperature variations (see section 4.1). Based on our findings about the controls of soil microbial 650 

respiration (Wiaux et al., 2014b), this suggests that observed soil CO2 emissions at the summit are 651 

the result of CO2 production by microbial respiration. On the contrary, at the footslope, the CO2 652 

emissions do not follow temperature variations. This strongly suggests that the high water content 653 

at this position negatively impacts CO2 emissions. We argue that the specific dynamic of the CO2 654 

emissions at the footslope is related to the VWC dynamics and that a high VWC: (i) strongly limits 655 

the transfer of biotic CO2 along the soil profile, and (ii) reduces the production of CO2 in situ due to 656 

the lack of oxygen for the microbial community. In both cases, the lower CO2 emissions at the 657 

footslope relative to the summit are then due to gas diffusion limitations (even indirectly in the 658 

case of oxygen lack), contrary to the summit where gas can easily diffuse during all the year and 659 

along the entire soil profile (Fig. 6). 660 

We further suggest that the factor controlling CO2 emissions at the footslope is not only VWC as 661 

such, but also the difference between the VWC and the water saturation level of the soil pore 662 

spaces. While the VWC at the footslope remained high throughout the year, we observed that the 663 

soil surface CO2 flux dramatically increased when the gas diffusivity exceeded a threshold value of 664 

approximately 0.1 cm2 d-1 (i.e. from day 255 to 305 of year 2013, Fig. 6).  665 

 666 

This has been added to the discussion in section 4.1 667 

Page 13715, line 9: Figure 5 shows temperature and moisture, not CO2.  668 



This has been corrected. 669 

Page 13715, line 23-26: Leading up to this statement there is very little discussion on how well the 670 

modeling approaches worked in terms of simulating measured fluxes. Consequently, how do you 671 

know that you improved the RothC model?  672 

This hillslope scale modeling issues have been removed (please see editor comments and our 673 

answer). This paragraph and consequently been removed. 674 

Page 13716, line 5-11: How do you come up with this conclusion? You present no information on 675 

CO2 production through microbial activity. Presumably this is presented in other papers but if so, you 676 

would have to mention this and discuss this. 677 

This has been demonstrated in Wiaux et al. (2014b). This reference supports the control 678 

mechanisms which are specific for the summit soil profiles.  679 

Page 13717, line 21-24: What evidence do you have that turnover actually occurs? If you had 680 

turnover happening deep in the soil you would expect CO2 to be produced and if there were 681 

diffusion limitations you would expect CO2 to build up. Is this what you mean? I also do not 682 

understand why this explains the differences in distribution of stable and labile pools between the 683 

two soils.  684 

We apologize for this inconsistency: our results suggest that there is more probably no turnover 685 

occurring at the footslope. The evidence consists of (i) approximately  90 to 95 % of the surface CO2 686 

fluxes originates from the 10 first centimeters of the soil profile at the footslope , and (ii) the total 687 

and labile soil OC pools remain important and homogeneously distributed along the entire soil 688 

profile at the footslope (Wiaux at al, 2014a). Hence, we removed the sentences suggesting any OC 689 

turnover and adapted the rest of this paragraph as follows: 690 

“This absence of OC turnover along the footslope profile is also supported by the results of one of 691 

our previous publications (Wiaux et al., 2014a), showing that the total and labile soil OC pools 692 

remain important and homogeneously distributed along the entire soil profile at the footslope, 693 

while it exponentially decreases with depth at the summit (Fig. 1, as described by Wiaux et al., 694 

2014a).” 695 

What about contributions from vegetation over time? Could those be different between the two 696 

slope positions?  697 

This issues has been discussed in detail in Wiaux et al. (2014a): there is no difference in plant 698 

contribution along the hillslope.  699 

Page 13718, line 24-30: How can you say that the model was better than the EC measurements 700 

based on the model error? The uncertainty in the EC measurements may be related to spatial 701 

variability in the landscape whereas the modeling is based on two specific points in the landscape 702 

using average values based on a relatively small amount of replication and probably represents a 703 

mathematical error rather than an error based on spatial differences. This needs better explanation.  704 

This hillslope scale modeling issues have been removed (please see editor comments and our 705 

answer). This section has consequently been removed. 706 



Page 13719, line 11-14: Except that your analysis does not account for potential contributions of root 707 

respiration since you had no vegetation at the site. Vegetation density/type is likely to vary with 708 

position on a hillslope and as a result root respiration may be very different as well which could 709 

explain differences in soil CO2 emissions between different points along a slope.  710 

idem 711 

Page 13719-13720: I think it is difficult to compare your results with other studies since a multitude 712 

of factors could explain differences between studies such as amounts and quality of organic matter, 713 

climate etc. in addition to the factors you mention in line 3-8 on page 13720. I’d take this out. 714 

idem 715 
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Abstract 741 

We assessed soil CO2 fluxes throughout two contrasted soil profiles along a hillslope in the central 742 

loess belt of Belgium. First, we measured time-series of soil temperature, soil moisture and CO2 743 

concentration at different depthsin the soil profiles for two periods of 6 months. Subsequently we 744 

calculated the CO2 flux at different depths, using Fick’s diffusion law and horizon specific diffusivity 745 

coefficients.  The soil diffusivity coefficients were calibrated using profile specific surface CO2 flux 746 

chamber measurements. The calculated fluxes allowed assessing the contribution of different soil 747 

layers to surface CO2 fluxes and elucidating deep soil controlling factors on CO2 emission.   748 

The results show that approximatively 90 to 95 % of the surface CO2 fluxes originate from the first 10 749 

centimeters of the soil profile at the footslope. This indicates that soil OC at such a footslope can be 750 

stored along the main part of the soil profile (below 10 cm) and submitted to a long-term stabilization.  751 

We also observe that time-series of soil CO2 emissions at the summit are in accordance with the 752 

temporal dynamics of temperature. In contrast, at the footslope, we highlight that long periods of CO2 753 

accumulation alternate with peaks of important surface release due to the high water filled pore space 754 

that limits the transfer of CO2 along the soil profile at this slope position. 755 

Both modelling and experimental approaches have been applied to assess C exchange fluxes at large 756 

spatial scales. Yet, these approaches are subjected to substantial limitations and uncertainties. Here, we 757 

aim tohighlight two key mechanisms able to improve the estimation of the hillslope aggregated CO2 758 

fluxes: (i) the persistence of soil organic carbon (OC) in deep colluvium deposits; and (ii) the physical 759 

controls on CO2 fluxes along soil profiles. Wassessed soil CO2 fluxes throughout two contrasted soil 760 

profileshillslope soil  at different depthsin the soil profiles for two periods of 6 months Subsequently 761 

we the CO2flux  using Fick’s diffusion law and horizon specific diffusivity coefficients. The soil 762 

diffusivity coefficients were calibrated using profile specific surface CO2 flux chamber measurements. 763 

The calculated fluxes allowed assessing of different soil layers to surface CO2 fluxes and elucidating 764 

deep soil controlling factors on CO2 emission.  This study focuseson a sloping cropland in the central 765 

loess belt of Belgium. On two contrasted soil types along the studied hillslope, we recorded time-766 

series of CO2 concentration, water content and temperature along 1 meter long soil profiles during two 767 

Mis en forme : Indice

Mis en forme : Indice



periods of 6 months. Then, we calculated profiles of CO2 fluxes using the gradient method. To 768 

extrapolate these fluxes to entire yearly periods (2011-2013), we performed simulation using the 769 

SOILCO2RothCmodel. 770 

The vertical partitioning of the soil CO2 fluxesresults shows that c. 90 to c. 95 % of the surface CO2 771 

fluxes originates from the 10 first centimeters of the soil profile at the footslope. We show that high 772 

water filled pore space at this slope position disables the transfer of biotic CO2 along the soil profile. 773 

However, the total annual flux averaged along 3 years of simulation show that the top soil layer (0-10 774 

cm) of the footslope generates CO2 fluxes (870 ± 64CO2-C m-2 year-1)which exceed those observed at 775 

the summit position (583 ± 61CO2-C m-2 year-1). Hence, our results reconcile two seemingly 776 

contradictory hypotheses, i.e. (i) these support that soil OC at such a footslope is stored along the main 777 

part of the soil profile and submitted to a long-term stabilization, and (ii) at the same time these 778 

support that the depositional footslope profile emits more CO2 than the summit, due to its high amount 779 

and quality of OC. Our results support the need to consider slopes when modeling soil-atmosphere C 780 

exchanges. If landscapes dynamic processes are not accounted for, we pointed out a risk to under-781 

estimate annual soil-atmosphere CO2 exchanges by c. 20 %.Walso at the summit the  of temperature. 782 

In contrast, at , esurface  at the footslope the  while at CO2through the profilefootslope are limited 783 

constraintscan be   784 
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1. Introduction 785 

Soils play a major role in the global C budget, as they contain 2 to 3 times more C than the atmosphere 786 

(Eswaran et al., 1993; Lal et al., 2003). There is now significant concern about the contribution of soil 787 

OC to future climate change where a climate change driven acceleration of soil OC decomposition 788 

could represent a positive feedback on climate. In addition to the role of soil mineralogy and microbial 789 

communities, recent studies highlight the importance of soil bio-physical conditions that may vary 790 

substantially with time and across landscapes (e.g. Dai et al., 2012). In addition to the combined 791 

effects of soil moisture, temperature and OC quality on soil microbial activity (e.g. Wiaux et al., 792 

2014b), recent studies show the importance of physical controls on CO2 fluxes such as gas diffusion 793 

barriers along soil profiles .(e.g. Ball, 2013; Maier et al., 2011). Furthermore, most process studies so 794 

far have focused on the soil surface layer while there is now increasing awareness that subsoil OC 795 

represents an important C store that interacts with the atmosphere (Rumpel and Kögel-Knabner, 796 

2011). Recent studies (Rumpel and Kögel-Knabner, 2011) highlighted that deep soil OC is highly 797 

processed, and showed the need to consider C fluxes originating from deeper soil horizons. This is 798 

particularly relevant in landscapes with complex topography where  buried OC in depositional areas 799 

contributes substantially to soil C emissions (e.g. Van Oost et al., 2012; Wang et al., 2014 and Wiaux 800 

et al., 2014a). Goffin et al. (2014) showed that the upper first 30 centimeters of a forest  soil profile 801 

contribute substantially  to the total surface CO2 flux. However, to our knowledge, a vertical 802 

partitioning has not been evaluated in agro-ecosystems or in systems with contrasting soil physical 803 

and/or chemical properties.  804 

In this study, we aim to elucidate the role of physical controls on soil-atmosphere CO2 fluxes and its 805 

variation with soil depth. To that aim, we present a comparative analysis between two contrasting soil 806 

profiles along an eroded and cultivated hillslope. The objectives of this study are: (i) to quantify the 807 

relative contribution of soil surface and subsoil OC to CO2 fluxes through a vertical partitioning of 808 

these fluxes; and (ii) to identify the role of soil physical properties using time-series of soil moisture 809 

measurements and gas diffusivity at different depths. The selected study site is characterized by two 810 

contrasting soils in terms of soil hydrological regimes and structure. 811 



Soils play a major role in the global C budget, as they contain 2 to 3 times more C than the atmosphere 812 

(ref) and c. 3 times more C than the aboveground biomass. In addition, the size of soil C pool 813 

corresponds approximately to a third of the geological reservoir present as fossil fuels (Eswaran et al., 814 

1993; Lal et al., 2003).. There is now significant concern about the contribution of SOC to future 815 

climate change where a climate change driven acceleration of SOC decomposition could represent a 816 

positive feedback on climate. However, the uncertainty associated with predictions based on state-of-817 

the-art SOC dynamic models is large and this points to substantial deficiencies in the parameterization 818 

of current models (ref). In addition to the role of soil mineralogy and microbial communities, recent 819 

studies highlight the importance of soil  820 

Current large scale estimations of the exchange of C between the soil and the atmosphere are 821 

associated with large uncertainties (Houghton et al., 2003, 2007; Peters et al., 2010). Both modelling 822 

and experimental approaches have been applied to assess C exchange fluxes at large spatial scales. Yet 823 

these approaches are subjected to substantial limitations: (i) the current technical possibilities to 824 

measure directly hillslope aggregated CO2 fluxes are limited (e.g. Baldocchi, 2003), and (ii) the 825 

complexity of processes at the scale of a whole catchment is not fully considered in current models of 826 

C at the soil-atmosphere interface (Chaopricha and Marín-Spiotta, 2014; Trumbore and Czimczik, 827 

2008). 828 

In-situ measurements of the hillslope aggregated CO2 fluxes has been largely achieved using the 829 

Eddy-Covariance technique (e.g. Goulden et al., 1996; Eugster et al., 2010), but this technique is not 830 

appropriate for sloping landscapes, providing an uncertainty on the CO2 fluxes ranging from 100 to 831 

200 g C m-2 yr-1 at such non-ideal sites (Baldocchi, 2003). At the local scale, more precise 832 

technologies such as survey chambers with infra-red gas analyzers (IRGA) (e.g. Davidson et al., 2002) 833 

or such as the non-dispersive infra-red (NDIR) probes (e.g. Young et al., 2009) can be used. However 834 

the support scale and spatial resolution of these devices are often too small to make robust  large scale 835 

assessment of C exchanges across the soil atmosphere interface. 836 
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Alternatively, soil modeling of OC dynamics allows assessing the heterotrophic soil respiration (e.g. 837 

Herbst et al., 2008). Such models simulations have already been used to calculate the hillslope 838 

aggregated CO2 fluxes (e.g. Dai et al., 2012). However, the predictive capabilities of the models are 839 

limited because they do not account for the varying topography and Biobio-physical conditions that 840 

may vary substantially with time and across the landscapes (e.g. Dai et al., 2012) In addition to the 841 

combined effects of soil moisture, temperature and OC quality on soil microbial activity (e.g. Wiaux et 842 

al., 2014b), and because some key mechanisms controlling the soil CO2 efflux are not sufficiently 843 

implemented in current OC dynamic models: (i), these studies show the importance of physical 844 

controls on CO2 fluxes, e.gsuch as . gas diffusion barriers along soil profiles, . (e.g. Ball, 2013; Maier 845 

et al., 2011; Wiaux et al, 2014 c). Furthermore, most process studies so far have focused on the soil 846 

surface layer while there is now increasing awareness that subsoil OC represents an important C store 847 

that interacts with the atmosphere ( ref rumple-; . and (ii) the contribution of buried OC at downslope 848 

depositional areas to soil C emissions (e.g. Van Oost et al., 2012; Wang et al., 2014; Wiaux et al., 849 

2014a). 850 

While the transfer of soil OC by erosion has been recognized (e.g. Quinton et al., 2010; Stallard, 851 

1998), its impact on both local and global C budgets is poorly understood (Lal 2003), and 852 

consequently not implemented in OC dynamics models. Once brought at the bottom of the slope, 853 

sediments deposits enriched in soil OC accumulate and are progressively buried deeper and deeper 854 

along the soil profiles, forming colluvic soils at the depositional site, with an increasing soil OC stock 855 

(Van Oost et al. 2005a, Van Oost et al. 2005b; Van Oostet al., 2012; Wiaux et al., 2014 a). However, a 856 

series of complex and interacting processes are acting in these depositional sites, able to decrease as 857 

well to enhance mineralization (Lal 2003; Wiaux et al., 2014b). Recent studies (Rumpel and Kögel-858 

Knabner, 2011) highlighted that deep soil OC is highly processed, and showed the need to study more 859 

in details theconsider C fluxes coming originating from deeper soil horizons. This is particularly 860 

relevant in landscapes with complex topography where  buried OC in depositional areas contributes 861 

substantially to soil C emissions (e.g. Van Oost et al., 2012; Wang et al., 2014 and Wiaux et al., 862 

2014a). Recently, through a vertical partitioning of CO2 fluxes along soil profiles, some authors 863 
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(Takahashi et al., 2004; Davidson et al., 2006; Goffin et al., 2014) showed that the upper 30 first 864 

centimeters of a forest  soil profile significantly contribute substantially to the total surface CO2 flux. 865 

However, to our knowledge, such aa vertical partitioning has never been carried out neithernot been 866 

evaluated in larger scale agro-ecosystems nor in downslope colluvium with buried OC in deep soil 867 

layersor in systems with contrasting soil physical and/or chemical properties. 868 

In this study, we aim to quantify the soil-atmosphere C flux at the scale of a hillslope. More 869 

specifically, we aim to evaluate atmospheretwo key mechanisms able to improve this estimation of the 870 

hillslope aggregated CO2 fluxesand its variation with soil depthpresentcontrastingand cultivated . The 871 

objectives of this study are: (i) to quantify  the persistence of OC in deep colluvium depositsofsoil  and 872 

subsoilOC to  through a vertical partitioning of soil CO2 fluxes; and (ii) to identify the role of soil 873 

physical properties using the physical controls on CO2 fluxes along soil profiles. The selected study 874 

site is characterized by two contrasting soils in terms of soil hydrological regimes and structure. : tThe 875 

soil profiles at the bottom of the hillslope is a are colluvial deposits. Although this profile ey shares the 876 

same parent material as the non-eroded soils at the summit of the hillslope, it has they havehas 877 

different structural properties and areis  characterized by specific hydrological conditions (Tran et al., 878 

2015). This allows us to identify the role of soil physical properties on soil-atmosphere CO2 fluxes. 879 

2. Material and methods 880 

2.1. Study site description 881 

The study was carried out in the Belgian loam belt along a cultivated hillslope of 150 meters length 882 

(50.6669°N, 4.6331° W). The site has a maritime temperate climate, with an average annual 883 

temperature of 9.7°C and an average annual precipitation of 805 mm. The slope percentage in the 884 

backslope area ranges between 8.5 and 16%, with a mean slope of 12%. The slope percentage in the 885 

convex shoulder area ranges between 4 to 8.5%, with an average of 6%. The field iswas plowed (0-30 886 

cm soil surface layer) every year. Each year, manure and nitrate applicationfertilization  awere also 887 

carried out. The current previous crop rotation iwas winter wheat, maize and spring wheat. The study 888 

site is has been described in further details in Wiaux et al. (2014a,b). For this study, Wwe selected 889 
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2two measurement stations along the hillslope: one at the summit and one at the footslope position. 890 

The soil is a Dystric Luvisol type at the summit and a Colluvic Regosol in the depositional area at the 891 

footslope (Wiaux et al., 2014a,b). The soil properties of these two soil profiles have been characterized 892 

by Wiaux et al. (2014a,b): soil total OC,  labile pool OC and porosity profiles are illustrated on in Fig. 893 

1 and 2, respectively. 894 

We measured The the total porosity ( ) was measured in the laboratory by weighting 100 cm3 895 

undisturbed soil cores both at saturation and after oven drying at 105°C during for 48h. The We 896 

deducd   was then deduced from the mass of water needed to fill sample pores. The We calculated 897 

the air-filled porosity (ε) was calculated as the difference between  and volumetric water content 898 

(VWC). We calculated Average average and standard deviation values were calculated on triplicate 899 

samples for each depth. 900 

We characterized Soil soil water retention (SWR) curves were characterized using undisturbed soil 901 

cores at 10, 25, 35, 50, 70 and 95 cm depth, with 3 replicates at each depth.  We obtained the ε100 and b 902 

parameters were obtained by fitting of the Campbell (1974) SWR model by fitting the model of SWR 903 

curve to the SWR observations (Moldrup et al. 2000). 904 

2.2. Monitoring of soil CO2, water and temperature  905 

We measured soil CO2 concentrations by means of specifically designedusing purpose-built soil CO2 906 

probes. The CO2 sensor in the probe is based on the CARBOCAP® Single-Beam Dual Wavelength 907 

non-dispersive infra-red (NDIR) technology (GMM221, Vaisala corp., Vantaa, Finland). The 908 

Aanalytical precision is 1.5% of the measurement range added to 2% of the observed value. The 909 

sampling head of the CO2 probe is a cylinder of 18.5 mm diameter and 40 mm long, covered with a 910 

PTFE (polytetrafluoroethylene) membrane, enabling gas exchange and protection against water 911 

infiltration. Since the GMM221 sensors were not designed for wet soil conditions, the sensors were 912 

encapsulated into an additional perforated PVC tube, providing an additional protection against water 913 

(Fig. 1). The sensor was covered with nylon and PTFE (polytetrafluoroethylene) membranes and 914 
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encapsulated in a tube to avoid soil particles entering the sensor and to limit water infiltration.This 915 

tubing method is an adaptation of the technique presented by Young et al. (2009). We inserted These 916 

these tubes were inserted vertically into the soil, after augering creating bore holes with a diameter that 917 

equals the diameter of the PVC tubes. This allowedapproach avoids the need  to not backfill the 918 

augeringbore hole, which will would have disturb the soil structure and diffusion processperties. Two 919 

rubber stoppers, one at 155 mm from the tube head, and another at the top of the tube, prevented 920 

atmospheric air from penetrating into the gas sampling volume. Petroleum jelly on these two rubber 921 

stoppers ensured a perfect air- and water-tightness and this waswe verified this under (tested in 922 

laboratory) conditions before using the probes. We used aA nylon membrane was used to avoid soil 923 

particles entering the perforated tube and to limit further water infiltration.  924 

We monitored Ssoil temperature was monitored using a thermistor probe (Therm107, Campbell 925 

Scientific Lt., UK). Analytical precision is 0.4°C. We monitored sSoil volumetric water content 926 

(VWC) was monitored using Time Domain Reflectrometry (TDR) probes. We used Topp’s equation 927 

(Topp et al., 1980) was used to determine VWC, from the measured apparent dielectric constant 928 

measured by TDR probes.  We used Tthe parameters of the Topp’s equation were thoseas identified 929 

by Beff et al. (2013). TheyIn this study latter study, calibrated the Topp’s equation was calibrated for 930 

an experimental field in the close vicinity of our fieldstudy site, using the method of Heimovaara 931 

(1993) and following the protocol described by Garré et al. (2008).  We recorded Wwater, temperature 932 

and CO2 concentration profiles measurements were recorded with an automatic data logger (CR1000, 933 

Campbell Scientific Lt., UK), connected to a multiplexer (AM16/32, Campbell Scientific, Campbell 934 

Scientific Lt., UK). 935 

In order Tto obtain an equilibrated soil environment around the soil concentrationsoil VWC, 936 

temperature and CO2 concentrations probes, we started measurements 1 month after the installation of 937 

the probes installation. We covered The the measurement plots were covered with a synthetic 938 

permeable geotextile during the complete measurement period (Fig. 4). This avoided vegetation 939 

growth and any autotrophic contribution to the soil respiration. 940 
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At each of the 2 slope positions, we measured soil CO2 concentrations profiles at 4 soil depths with 3 941 

replicates on each depth (Fig. 4). Triplicate CO2 concentrations data were averaged, providing unique 942 

values for each depth, representative of the entire slope position.  943 

The sampling design is depicted in Fig. 4. At each of the 2 slope positions, we measured soil VWC 944 

and CO2 concentrations profiles with 3 replicates on each measurement depth (Fig. 4). For soilWe 945 

collected 18 VWC profiles (6 soil depths, 3 replicates), at each of the 2 slope positions, 18 946 

measurements were collected (6 soil depths, 3 replicates). Sampling depths forWe measured  VWC 947 

wereat a depth of 10, 25, 35, 50, 70 and 95 cm depths (Fig. 4). ForWe measured  temperature, at 4 soil 948 

depths (10, 25, 45, 85 cm) without replicates were measured (Fig. 4). We measured CO2 949 

concentrations profiles were characterized byat a depth of  4 measurements points (110, 25, 45 and 85 950 

cm depth). The complete sampling design, showing how these probes were collocating with each 951 

others, is described in Fig. 4. 952 

Continuous  CO2 concentrations profiles were generated by fitting a decreasing double sigmoidal 953 

model to the observations (section 2.3). 954 

As a reference, wWe also performed surface CO2 fluxes measurements with an infra-red gas analyzer 955 

(IRGA) linked to a survey chamber at 16 dates (profile and surface sampling time data matched in 956 

time, with a maximum time-lapse difference of was within a 30 minutes time interval between each 957 

other). Note that The replicates of CO2 concentrationalong soil profiles allowed catching its spatial 958 

variability at the different depths (Maier and Schack-Kirchner, 2014), Tthe averaged values of CO2 959 

concentration atfor each observation depth extending the measurement footprint to the same area (i.e. 960 

5 m2) cover than thenthe same area as the IRGA chamber network located at the soil surface (Fig. 4). 961 

These reference surface CO2 fluxes allowed calibrating parameters of the soil gas diffusion modelof 962 

Eqs. 1 and 4 to, ensure ensuring the accuracy of profile CO2 fluxes (section 2.3). 963 

Soil temperature was monitored using a thermistor probe (Therm107, Campbell Scientific Lt., UK). 964 

Analytical precision is 0.4°C. Soil volumetric water content (VWC) was monitored using Time 965 

Domain Reflectrometry (TDR) probes. Topp’s equation (Topp et al., 1980) was used to determine 966 
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VWC, from the apparent dielectric constant measured by TDR probes, as further described in Wiaux 967 

et al. (2014c). 968 

Water, temperature and CO2 concentration profiles measurements were recorded with an automatic 969 

data logger (CR1000, Campbell Scientific Lt., UK), connected to a multiplexer (AM16/32, Campbell 970 

Scientific, Campbell Scientific Lt., UK). 971 

At each of the 2 slope positions, we measured soil CO2concentrations profiles at 4 soil depths with 3 972 

replicates at each depth (Fig. 4).  973 

We adjusted Tthe concentrations ranges of the Vaisala CO2 probe concentrations ranges were adapted 974 

adjusted tofor each soil depth and to for each slope position. This allowed an optimal fit of the probes 975 

to the local concentrations. to Each probe has to characterize the entire range of values encountered 976 

acrossduring the  seasons and at the same time towhile at the same time, it should have a sufficiently 977 

narrow measurement range without impactingto ensure measurement precisionthe quality of 978 

observation in terms of precision. At the summit position, measurements ranged between 0-2 % at 12, 979 

25, 45 cm depth and between 0-5 % at 85 cm depth. At the footslope position, measurements ranged 980 

between 0-5 % at 12 cm depth, between 0-10 % at 25 and 45 cm depth and between 0-20 % at 85 cm 981 

depth.  982 

For soil VWC profiles, at each of the 2 slope positions, 18 measurements were collected (6 soil depths, 983 

3 replicates). Sampling depths for VWC were 10, 25, 35, 50, 70 and 95 cm (Fig. 4). For temperature, 4 984 

soil depths (10, 25, 45, 85 cm) without replicates were measured (Fig. 4).  985 

We recorded Hourly hourly time-series measurements of VWC, temperature and CO2 concentration 986 

along soil profiles were performed recorded in 2012 from 12 May to 13 December 2012 and from 14 987 

May to 22 November 2013 at the footslope position and at the footslope and from the 2nd of June until 988 

to  the 13 December 2012 and  from  the 14 June to 22 November 2013 at the summit., and inIn 2013, 989 

measurements were taken from 14 May at the summit and 14 June 2013 at the footslope until 22 990 

November 2013 at the two stationsat the summit position. In 2012, important parts of some CO2 991 
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measurements were not always possible duenot recorded as a result of to sensors failures and/or the 992 

use of an unsuitable initial measurement range of some sensors (see above). 993 

To increase the quality of the soil concentration data time-series, we removed observations where the 994 

battery voltage was lower than 11.5 V. We also corrected soil profile CO2 concentrations 995 

measurements for temperature variations using the empirical formulas described by Tang et al. (2003). 996 

This allowed removing the impact of temperature on the CO2 reading of the CO2 probe, since the 997 

CARBOCAP® technology is temperature dependent. The probe manufacturer (Vaisala corp., Vantaa, 998 

Finland) provided probe specific parameters values for the correction formulas. 999 

We averaged triplicate VWC and CO2 concentrations data, providing an average value for each soil 1000 

depth and slope position.  Note that averaging strategy allows to account for the spatial variability of 1001 

VWC and CO2 concentrations (Maier and Schack-Kirchner, 2014), by extending the measurement 1002 

footprint to an area of c. 5 m2.  1003 

We calculated soil temperature and VWC profiles using a linear interpolation between the depth 1004 

specific values within the profile. We kept the values constant between the sampling point at the top of 1005 

the profile and the soil surface. We calculated the CO2 concentrations profiles by fitting Eq. 2 to the 1006 

observations. We evaluated the performance of thisfitting by means of the regression coefficient (R2). 1007 

When the R2 values were lower than a threshold value of 95%, we considered the CO2concentration 1008 

profile as unreliable and we did not retain the resulting CO2 fluxes in final analysis. 1009 

 1010 

 1011 

2.3. Calculation of the CO2 fluxes 1012 

We calculated The the CO2 flux of CO2 was calculated using Fick’s first law of diffusion according to 1013 

the gradient method (Eq. 1, e.g. Maier and Schack-Kirchner, 2014):. 1014 

���� = −�	 
���
�                                                                (Eq. 1) 1015 



Wherewhere ���� is the soil CO2 flux [µmol m-2 s-1], Ds the diffusivity of CO2 in soil [m2 s-1], CO2 the 1016 

soil CO2 concentration [µmol m-3], and 

���

�  the vertical soil CO2 gradient. 1017 

In order to calculate the vertical soil CO2 gradient, we used a double sigmoidal equation (Eq. 2), which 1018 

allows accounting for some curve concavity variations: (Wiaux et al., 2014 c; Maier and Schack-1019 

Kirchner, 2014): 1020 

CO���� = 0.04 + 	� �� �
������ ! + � �

������� �"�! −	���+
�

���"��!#                   (Eq. 2) 1021 

where	� is the soil depth [cm], d is the soil depth [cm] at which the sharpness of the curve changes due 1022 

to a diffusion barrier, γ1and γ2 [cm-1] are fitted parameters which characterize the sharpness of the 1023 

curve, respectively above and below the soil depth d, and	� [%] is a reference value used to define the 1024 

fitted asymptotic value of the CO2 concentration at infinite depth. The We fitting fitted the parameters 1025 

�, d, γ1and γ2 parameters were evaluated for each CO2-profile observation in time using a the trust-1026 

region-reflective optimization algorithm in Matlab ©. The derivative of this function (Eq. 2) provided 1027 

the CO2 gradient ( 

���

� ) used in Eq. 1. 1028 

The diffusivity of CO2 in soil,  (defined as Ds in  (Eq. 1) is a function of the diffusivity of CO2 in free 1029 

air (varying with temperature T and pressure, e.g. Davidson et al., 2006) and of the gas tortuosity 1030 

factor (ξ) (Eq. 3). ):  1031 

�	 = ξ	1.47	10'( �)��*+�*+ !�.*(                         (Eq. 3) 1032 

Where where ξ depends on soil physical and hydrological properties. We used the Moldrup et al. 1033 

(2000) model (Eq. 4) which was shown to provide the most accurate and precise results (Davidson et 1034 

al., 2006; Goffin et al., 2014; Wiaux et al., 2014 c):); . We verified that this diffusion model was 1035 

suitable for our specific and contrasted soil profiles by comparing the calculated gradient-based CO2 1036 

fluxes with directly measured IRGA CO2 fluxes. This analysis indicated a good prediction with and  1037 

(R2 of =92% for all soil types together, data not shown). 1038 
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ξ = �2-�..+ + 0.04-�..� � /
/�00!

��+/2
                              (Eq. 4) 1039 

Where where ξ is the gas tortuosity factor, - [m3 m-3] is the soil air-filled porosity, b [-] is the slope of 1040 

the Campbell (1974) soil water retention curve model between -100 and -500 cm H2O water suction, 1041 

and  -�.. [m3 m-3] is the soil air-filled porosity at a soil water potential of -100 cm H2O.  1042 

CO2 fluxes, as assessed by the gradient based method, were calculated on an hourly time-scale, and 1043 

then integrated on a daily basis. Temperature, VWC, diffusivity and CO2 concentration values were 1044 

also averaged on a daily basis. 1045 

 1046 

In contrast to other studies (e.g. Pingintha et al., 2010; Turcu et al., 2005), we did not aggregate the 1047 

soil CO2 diffusivity coefficient was not aggregated for the entire soil profile or for an entire soil layer. 1048 

We considered the , but its vertical distribution was explicitly, and integrated  accounted for. To this 1049 

end, Eq. 4. was inserted in the finite difference numerical solution of   into Eq. 1.  In this numerical 1050 

integration, we , and Eq. 1 was then numericallyused  evaluated using a depth  increment of 0.1cm and 1051 

by constraining constrained the surface CO2 concentrations with atmospheric CO2 levels (i.e. 400 1052 

ppm). The surface CO2  flux that we obtained with using the gradient-based method was then 1053 

considered as beingto be the top of the calculated CO2flux profile using Eq. 1. 1054 

We calibrated the diffusion model by adjusting the parameters related to the gas diffusion coefficient 1055 

(i. e.		b	and	ε�..�	such that calculated fluxes fit punctual CO2 fluxes observations at 16 dates spread 1056 

along the measurement period. We obtained these observations by means of a portable infra-red gas 1057 

analyzer with an automated closed dynamic chamber (LI-8100A system, LI-COR, United-States), 1058 

following Davidson et al. (2002). The sampling design of these surface chamber CO2 fluxes 1059 

measurements on the same study site has been described in Wiaux et al. (2014 b). Comparing the 1060 

gradient-based CO2 fluxes with directly measured IRGA CO2 fluxes, we obtained a good prediction 1061 

with a R2 of 92% for all soil types together. This ensures the consistency (and consequently the 1062 
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precision) of the calculated fluxes. The slope of the fit (i.e. 1.05 and 1.22, respectively in 2012 and 1063 

2013) was used to correct the calculated fluxes and to ensure accuracy. 1064 

We verified that the diffusion model was suitable for our soil profiles by comparing the gradient-based 1065 

CO2 fluxes with surface CO2 fluxes as made with the IRGA flux chamber. We calibrated the diffusion 1066 

model by adjusting the parameters related to the gas diffusion coefficient (i. e.		b	and	ε�..�	such that 1067 

calculated fluxes fit punctual CO2 fluxes observations. We obtained these observations by means of a 1068 

portable infra-red gas analyzer with an automated closed dynamic chamber (LI-8100A system, LI-1069 

COR, United-States), following Davidson et al. (2002). The sampling design of these surface chamber 1070 

CO2 fluxes measurements on the same study site has been described in Wiaux et al. (2014 b). The 1071 

regression coefficients of the relationship between both measured surface chamber and calculated CO2 1072 

fluxes ensure the consistency (and consequently the precision) of the calculated fluxes (i.e. R2=92% 1073 

both in 2012 and 2013). We used the slope of the fit (i.e. 1.05 and 1.22, respectively in 2012 and 2013) 1074 

to correct the calculated fluxes and to ensure accuracy. 1075 

2.4. Data treatments and adjustments 1076 

To optimize increase the quality of the soil concentration data time-series, observations corresponding 1077 

where tohe battery voltage was lower than 11.5 V were removed. Soil profile CO2 concentrations 1078 

measurements were a posteriori also corrected for temperature variations using the empirical formulas 1079 

described by Tang et al. (2003). This allowed removing the impact of temperature on the CO2 reading 1080 

of the CO2 probe, since the CARBOCAP® technology is temperature dependent. Probe specific 1081 

parameters values for these correction formulas were provided by the probe manufacturer (Vaisala 1082 

corp., Vantaa, Finland). 1083 

Triplicate VWC and CO2 concentrations data were averaged, providing an average value for each soil 1084 

depth and locationslope positionunique values for each depth, representative of the entire slope 1085 

position. AtFor each depth and slope position, the triplicate CO2 concentrations data were averaged, 1086 

providing good indicators of the mean CO2 concentrations at each of these locationsslope positions. 1087 

Note that  Tthis replication strategy at each depth also allows accountingto account for the spatial 1088 



variability of VWC and CO2 concentrations horizontally (Maier and Schack-Kirchner, 2014), by 1089 

extending the measurement footprint to an area of i.ec.. 5 m2.  1090 

Soil temperature and VWC profiles were calculated using a linear interpolation between the depth 1091 

specific values. Surface values were not extrapolated, and were considered as being equal to the 1092 

closest observations in the profiles. CO2 concentrations profiles were generated by fitting a decreasing 1093 

double sigmoidal model to the observations as described in the previous sub-section. The performance 1094 

of this model (Eq. 2) was evaluated using the regression coefficient (R2). When R2 values of the fitted 1095 

CO2 profiles were lower than a threshold value of 95%, the gradient of CO2concentration was 1096 

considered as unreliable and the resulting CO2 fluxes were not calculated retained in the final 1097 

analysisat that time. 1098 

/isn’t the following section a repetition of  what you describe above? We calibrated the diffusion 1099 

model by adjusting the parameters related to the gas diffusion coefficient (i. e.		b	and	ε�..�	such that 1100 

calculated fluxes fit punctual CO2 fluxes observations. These observations were obtained by means of 1101 

a portable infra-red gas analyzer with an automated closed dynamic chamber (LI-8100A system, LI-1102 

COR, United-States), following Davidson et al. (2002). The sampling design of these surface chamber 1103 

CO2 fluxes measurements on the same study site has been described in Wiaux et al. (2014 b). The 1104 

regression coefficients of the relationship between both measured surface chamber and calculated CO2 1105 

fluxes ensure the consistency (and consequently the precision) of the calculated fluxes (i.e. R2=92% 1106 

both in 2012 and 2013). The slope of the fit (i.e. 1.05 and 1.22, respectively in 2012 and 2013) was 1107 

used to correct the calculated fluxes and to ensure accuracy, as explained in Wiaux et al. (2014 c)..  1108 

CO2 fluxes, as assessed by the gradient based method, were calculated on an hourly time-scale, and 1109 

then integrated on a daily basis. Temperature, VWC, diffusivity and CO2 concentration values were 1110 

also averaged on a daily basis. 1111 

Mis en forme : Police :11 pt,
Surlignage

Mis en forme : Police :11 pt, Indice



2.54. Vertical partitioning of CO2 fluxes 1112 

We partitioned The the space-continuous CO2 fluxes profiles obtained using Eq.2 were partitioned into 1113 

10 slides of 10 centimeters along the soil profile. For each soil slide, we calculated the difference 1114 

between the top and bottom fluxes. We  divided This this difference was then divided by the total CO2 1115 

flux (e.g. the value at the soil surface). This provides the relative contribution in terms of both CO2 1116 

production and transfer (in %) of each soil slide to the surface CO2 flux (e.g. Goffin et al., 2014; Maier 1117 

and Schack-Kirchner, 2014). 1118 

In order to allow an easy representation of the temporal dynamic of this vertical partitioning, we 1119 

averaged  values were averaged on a semi-seasonal time-scale. Standard deviation values reflect the 1120 

variability in over time during each semi-season. 1121 

2.6. Interpolation and aggregation of CO2 fluxes in time and space 1122 

Field measurements were carried out during limited time periods, and hence would not allow assessing 1123 

the C budget at the whole year scale. In order to obtain continuous time-series covering the entire 1124 

yearly periods, an OC dynamics model was used as a tool to interpolate and extrapolate measured data 1125 

of VWC, temperature and CO2 fluxes for the period of 3 years (2011-2013). Then, we integrated the 1126 

daily simulated CO2 fluxes for each of the three studied years. These yearly CO2 fluxes were averaged 1127 

over the three studied years and compared between slope positions. The mean yearly CO2 flux 1128 

obtained at the summit position was considered to be representative of a non-sloping landscape.  To 1129 

calculate mean yearly CO2 fluxes representative of a hilly landscape, we calculated a weighted average 1130 

CO2 flux of the summit and the footslope, thereby considering the fact that the footslope colluvium 1131 

represents c. 35% of the surface area of the studied hillslope. 1132 

2.6.1. Description of the SoilCO2-RothC model 1133 

The SoilCO2-RothC model has been described in detail by Herbst et al. (2008). The model combines 1134 

the coupling of a one-dimensional water, heat and CO2 flux model (SOILCO2) with a pool concept of 1135 

hillslope aggregated CO2 fluxesbon turnover (RothC) for the prediction of soil respiration. The 1136 
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performance of this model was previously evaluated by Herbst et al. (2008) based on a 8 years data set 1137 

of CO2 fluxes measurements, and its predictions were judged to be acceptable (with a difference of 1138 

0.007 g C m-2 d-1between measured and simulated mean daily respiration rates). 1139 

This model was run on a daily time step for a period of three years (2011-2013), both for the summit 1140 

and the footslope positions. Other temporal resolutions (i.e. hourly and weekly time steps) were 1141 

evaluated but provided poor results. 1142 

The unsaturated soil water flux is described by the Richards equation, and both the soil water capacity 1143 

and unsaturated hydraulic conductivity function are calculated according to Van Genuchten (1980). 1144 

Heat transport is implemented according to Simunek and Suarez (1993). Transport of soil CO2is 1145 

simulated considering diffusion and convection in the gas phase, as well as dispersion and convection 1146 

in the liquid phase. For CO2 diffusion in the gas phase, we implemented the new Moldrup et al. (2000) 1147 

model (Eq. 4) which was shown to be appropriate for calculating CO2 fluxes (Davidson et al., 2006; 1148 

Goffin et al., 2014; Wiaux et al., 2014c). 1149 

For the production of CO2, we considered two different OC pools, i.e. decomposable plant material 1150 

pool (i.e. DPM, with a high decomposition rate constant, representing the labile OC pool as defined in 1151 

chapter 3) and a humus pool (i.e. HUM, with a low decomposition rate constant, representing the 1152 

stable OC pool as defined in chapter 3). Reduction factors functions are used to simulate the effect of 1153 

CO2 concentration, water pressure head, and temperature on the CO2 production according to the 1154 

original version of the SOILCO2 model, as described by Simunek and Suarez (1993). 1155 

For the boundary conditions for the soil hydrological balance, we used meteorological data, i.e. 1156 

precipitation and evapo-transpirationat at the top of the soil profiles, and a free drainage concept at the 1157 

bottom of the soil profiles. Precipitations were directly measured in a meteorological station close to 1158 

our study site (c. 2 km). At the summit, we considered a run-off production once input water flux 1159 

exceeds the infiltration capacity, while at the footslope we specified that water can accumulate at the 1160 

soil surface. Daily evapo-transpiration was calculated according to the Penmann-Monteith equation, 1161 



based on measured meteorological data. The boundary conditions of soil heat flow were defined using 1162 

directly measured soil temperature both at the top and at the bottom of the soil profile. 1163 

2.6.2. Model parametrisation and calibration  1164 

In this study, 5 soil depth increments were considered for the two studied soil profiles, i.e. 0-18 cm, 1165 

19-30 cm, 31-45 cm, 46-70 cm, and 71-100 cm depth. These increments were chosen to consider the 1166 

depths where measurements probes were installed and the soil structural properties (Wiaux et al., 1167 

2014a). The soil hydrodynamic parameters of the van Genuchten – Mualem function (Mualem,1976; 1168 

van Genuchten,1980), as well as parameters related to the gas diffusion coefficients 1169 

(i. e.		b	and	ε�..�	are specified for each soil material. The initial concentration of the labile and stable 1170 

OC pools were specified for each soil material, as presented in Wiaux et al. (2014a). 1171 

For identifying the value of input parameters, we calibrated the model using the global inversion 1172 

model PEST (e.g. Gallagher and Doherty, 2007). We used measured soil VWC, temperature and CO2 1173 

concentration measurements, as well as calculated CO2 fluxes within the profile to invert the model. 1174 

We carried out a simple sensitive analysis of the SOILCO2-RothC model to identify key parameters. 1175 

Among the more sensitive parameters, which could significantly impact the outputs of the model, we 1176 

firstly inverted the 9 soil Mualem - van Genuchten parameters, related to VWC, both at the summit 1177 

and at the footslope. In a second step, we kept them fixed and inverted parameters related to soil CO2 1178 

fluxes, both at the summit and the footslope: (i) the 5 initial concentrations of the labile OC pool, 1179 

(ii)the decomposition rate of the labile OC pool, (iii) the activation energy reflecting temperature 1180 

sensitivity, as well as (iv) the HB1 coefficient (i.e. the value of the pressure head at which CO2 1181 

production by soil micro-organisms is at the optimal level). Initial concentrations of the labile OC pool 1182 

were inverted inside a realistic range of values (i.e. average ± 3 times the standard deviation) as 1183 

compared to the previous measurements done by Wiaux et al. (2014 a). At the footslope, we 1184 

additionally inverted the 5 ε�..parameters related to the gas diffusion. 1185 



3. Results 1186 

3.1. Spatio-temporal analysis of measured soil variables 1187 

Fig. 5 shows the spatio-temporal variation of soil temperature,  and moisture and gas diffusion, and 1188 

while Fig. 6 shows the spatio-temporal variation of CO2 fluxes, concentrations and and 1189 

diffusionfluxes. All these values correspond to in-situ measurements during a 6 month period of c. 6 1190 

months in 2013. Similar measurements have been carried out in 2012 and display similar spatio-1191 

temporal trends (data not shown). 1192 

The During the observation period, the soil temperature (Fig. 5A) does did not significantly differ 1193 

between the summit and the footslope, except although higher temperatures were observed at the 1194 

summit profile for some shorter periods during July (e.g. day of year 180 to 220) where temperatures 1195 

are are c.approximately  c. 2 to 3 degrees °C  higherhigher at the summit while they follow exactly the 1196 

same temporal dynamic). The surface mean daily surface temperatures vary range all along the soil 1197 

profiles frombetween 4°C to 28°C at the summit, and from between 4°C to 2825°C at the footslope 1198 

(for the period of measurements). 1199 

The space-time dynamics of the soil volumetric water content (VWC, Fig. 5B) differ completely 1200 

substantially between the summit and the footslope profiles. At the footslope, the observed soil VWC 1201 

values at different soil depths remained insidevaried in a narrow interval range (0.36 to 0.39%)  cm3 1202 

cm-3) all along the soil profile during the considered period. In contrast, At the summit, soil VWC at 1203 

the summit variesd from between 0.23 to 0.34%  cm3 cm-3 in for the plow layer (0-30cm depth) and 1204 

then increases by an absolute value of 0.15 tohigher values (c.approcimately 0.5 cm3 cm-3) were 1205 

observed 0.5%  cm3 cm-3 (respectively) infor the rest of the soil profile.  The soil at the summit 1206 

position is was the wettest during the early spring and the late autumn and driest in the summer. At the 1207 

footslope, soil VWC reaches reached the saturation level in the early summer after an important 1208 

rainfall event and then slowly decreases decreased until the early autumn and reaches reached 1209 

saturation again in the late autumn. Similarly 1210 
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InverselyIn contrast to the VWC, in the summer, the soil gas diffusivity (Fig. 6C) reaches reached its 1211 

maximum value in the summer at the summit while it reaches its lowest valuewas low at the footslope. 1212 

Soil gas diffusivity is c.was approximatively 10 times lower at the footslope relative than at to the 1213 

summit.  1214 

Soil CO2 concentrations (Fig. 6) are c. 3 times lower at the summit relative to the footslope. Along soil 1215 

profiles, soil CO2 concentrations increases with depth, following a double exponential trend as 1216 

described in Wiaux et al. (2014c).This second exponential curve begins at c. 50 depth, and is 1217 

especially pronounced at the footslope, reflecting a shift of c. 4% CO2between 44 and 100 cm depth. 1218 

The time course of soil CO2concentrations at both the summit and the footslope increases increased 1219 

gradually from spring to late summer. Thereafter, concentrations dropped again and  and then 1220 

decreases to reach its lowest values inwere observed in the late autumn.  1221 

The CO2 fluxes (Fig. 6) were calculated based on both CO2 concentrations and diffusivity following 1222 

the method described in Wiaux et al. (2014c). These The calculated ranges of CO2 fluxes vary in the 1223 

same range of values when comparing theobtained for the footslope and the summit profiles were very 1224 

similar. However, their temporal distribution was different:  the peaks periods characterized by high 1225 

CO2 fluxes do did not occur at the same period from a slope position to anothertime and had a 1226 

different duration., with maximum CO2 fluxes being emitted respectively during summer and autumn 1227 

for the summit and the footslope. In addition, the duration of these maximum peaks differ between the 1228 

summit and the footslope. Along theFor all soil profiles, CO2 fluxes decreased with depth and reached 1229 

null values at c.capproximately. 30 cm depth at the summit and at c.approximately  c. 15 cm depth at 1230 

the footslope. 1231 

3.2. Shape and variability of CO2 concentrations and fluxes profiles 1232 

Along soil profiles, The observed soil CO2 concentrations (Fig. 6Bb) increases increased with soil 1233 

depth, ranging from the atmospheric value of 0.04 % untilat the surface to concentrations which were 1234 

2two orders of magnitude higher concentrations at 100 cm depth (CO2,�z� in Eq.2) (Fig. 6Bb). For the 1235 

measurement period of 6 months considered here, CO2,	concentration	values at 100 cm depth arewere 1236 
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3three to 4 four times higher at the footslope position than at the summit position. In 2013, these 1237 

values ranged frombetween 0.86 to 3.46 % at the summit position and frombetween 3.68 to 9.12 % at 1238 

the footslope position.  1239 

These observed CO2 concentration profiles followed a double exponential trend (Eq. 2). This particular 1240 

model fitsfit ters our observations quiterelatively well, with regression coefficients ranging between 97 1241 

to 100% depending on the date and on the slope position. This The second exponential curve begins 1242 

starts approximately at about 50 cm depththe middle of the profile, and is especially particularly 1243 

pronounced at the footslope, reflecting a shift of approximatively c.nearly 4% CO2 between 44 and 1244 

100 cm depth.  1245 

 1246 

Standard deviations around averaged values of observed hourly CO2 concentrations at each depth are 1247 

given in Table 1. Thise small-scale spatial variability is quite low and remains reasonable relative to 1248 

the mean values of triplicated CO2 concentrations, the only exception beginbeing the footslope at 1249 

excepted at 25 cm depth at the footslope where the maximum standard deviation exceeded the 1250 

maximum mean value.  1251 

The CO2 fluxes (Fig. 6A) were calculated based on both CO2 concentrations and diffusivity. For all 1252 

soil profiles, CO2 fluxes decreased with depth and reached null values at c.30 cm depth at the summit 1253 

and at c. 15 cm depth at the footslope. 1254 

3.3. Vertical partitioning of CO2 fluxes  1255 

The distribution of the soil CO2 fluxes in the profile is illustrated in Fig. 7. At the footslope, c.  90 to c. 1256 

95 % of the surface CO2 fluxes is was generated in the 10 first 10ten centimeters of the soil profile. 1257 

The soil layer between 10 and 20 cm contributed for only 5 to 10 % depending of the period, and the 1258 

deeper layers dot did not significantly contribute to the surface fluxes. At the summit, the relative 1259 

contribution of the different soil layers is was more dynamic in time, with a contribution of the 10 first 1260 

10ten centimeters of the soil profile ranging from c. 80 % at the late spring, decreasing to c. 60 % in 1261 

Mis en forme : Titre 3, Interligne :
simple

Mis en forme : Police :12 pt, Indice

Mis en forme : Police :Cambria



the early summer, and reaching c. 40 % from late summer to the late autumn. At the summit, the 30 1262 

first 30 centimeters of the soil profile significantly contributed to surface fluxes. This contribution 1263 

decreases decreased with depth in the late spring and the early summer, but is homogeneously 1264 

distributed with depth for the rest of the time. At the summit, soil layers deeper than 30 cm depth 1265 

sometimes contributed for up to 20% of the total flux, especially in the autumn. Between 40 to 50 cm 1266 

depth, and 80 to 90 cm depth, some negative contribution (i.e. CO2 uptake) up to -20% is also 1267 

observed. 1268 

3.2. Modeling of surface CO2 fluxes 1269 

Results of the daily aggregated simulation with the SoilCO2-RothC model are summarized in Table 1 1270 

and Fig. 6.  The simulated soil temperatures and VWC represent adequately the observations (Table 1271 

1). The simulated CO2 fluxes fit well the CO2 fluxes in 2013, both for the summit and the footslope. 1272 

This fit is less good at the footslope (R2=42%, Table 1) but it remains acceptable given the quite local 1273 

shift between observations and model simulations (Fig. 8). This shift (model underestimation) may be 1274 

explained by the contribution of soil alkalinity to soil CO2 fluxes during specific dry events in summer 1275 

(e.g. Laponis et al., 2008). Punctual surface CO2 fluxes measurements (Licor chamber system) 1276 

extended to daily values corroborate the goodness of fit (GOF) of the simulations in 2012 (Table 1 and 1277 

Figures 6 and 7).  1278 

Simulated surface CO2 fluxes (Fig. 8) remains more or less in the same range of values (from 0 to 6 g 1279 

C m-2 day-1 in 2011 and 2013, and up to 8 g C m-2 day-1 in 2012). However, the temporal dynamic 1280 

differs between slope positions and between years of simulation, with a clear alternation of peaks of 1281 

year 2011 and 2013. At the summit, CO2 fluxes increases from the winter to reach their maximum 1282 

during the summer and then decreases again (Fig. 8), similarly to the temporal dynamic of soil 1283 

temperature (see Fig. 5 as an exemple). At the footslope, the lowest CO2 fluxes occur in the middle of 1284 

the summer of each year, while a very high CO2 fluxes can be observed from the late summer until the 1285 

early autumn in 2011 and 2013 as well as in spring of year 2011 (Fig. 8).  1286 

 1287 



The time integrated CO2 fluxes are presented in Table 2. For the considered a simulation period of 3 1288 

years, the footslope emits c. 1.5 more CO2-C than the summit (p<0.01), which represents an additional 1289 

flux of 287 ± 106g CO2-C m-2year-1. The uncertainty on model simulations (given by ME values in 1290 

Table 2) remains lower than the difference between slope positions for each year (Table 2). Once 1291 

integrated at the hillslope scale, this means that such a loamy hillslope emit c. 1.2 times more CO2-C 1292 

relative to a flat landscape (p<0.1). 1293 

4. Discussion 1294 

4.1. Soil physical control on CO2 emissions 1295 

The observed differences of thein the temporal dynamics of surface soil CO2 fluxes between the 1296 

footslope and summit positionssoil profiles (, as illustrated in Fig. 6A,) indicates that the limiting 1297 

controlling factors on flux emissions are not the same all along the hillslope. At the summit, on one 1298 

hand, the dynamic of surface soil CO2 fluxes (Fig. 6A) clearly follows the temperature variations (Fig. 1299 

5A, maximum during the summer). At the footslope, on the other hand, the surface soil surface CO2 1300 

fluxes (Fig. 6) are remainwas small even when temperature increasesd and isremained relatively small 1301 

the lower during thethroughout the summer period (Fig. 6A). This canis most likely related be due to 1302 

the particularyvery high VWC values observed at the footslope (Fig. 5B), knowingas it is well known  1303 

that VWC negatively impacts soil CO2 emissions (e.g. Webster et al., 2008b; Perrin et al., 2012; 1304 

Wiaux et al., 2014b). when the soil is close to water saturation. More precisely, we suggest that the 1305 

factor controlling of the CO2 emissions at thisthe footslope is not only VWC but also the degree of 1306 

proximity ofdifference tbetween the VWC fromand the water saturation level of the soil pore spaces. 1307 

Indeed, w While the VWC at the footslope the VWC remainsed high duringthroughout all the year, we 1308 

observed here that the soil surface soil CO2 flux dramatically increasesd when the gas diffusivity 1309 

exceedsed a threshold value of approximativelyc. 0.1 cm2 d-1 (i.e. from day 255 to 305 of year 2013, 1310 

Fig. 6A). Hence,  we argue that the specific dynamic of the CO2 emissions This at thisthe footslope 1311 

profile (compared to the summit) isare related to the fact that a high water filled pore spaceVWC both: 1312 

(i) strongly limits the transfer of biotic CO2 along the soil profile, and (ii) reduces the production of 1313 
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CO2 in itself due to the lack of oxygen for the microbial community. In both cases, the lower CO2 1314 

emissions at the footslope, profile relative to the summit, are due to gas diffusion limitations (even 1315 

indirectly in the case of oxygen lack). This is in sharp contrast to , contrary to the summit profile 1316 

where gas can easily diffuse during allthroughout the year and along the entire soil profile (Fig. 6C). 1317 

disables the transfer of biotic CO2along the soil profile  (Fig.1). The surface soil CO2 flux dramatically 1318 

increases when the gas diffusivity exceeds a threshold value of c. 0.1 cm2 d-1 (i.e. from day 255 to 305 1319 

of year 2013, Fig. 6).  1320 

In the period preceding this the important CO2 emissions (i.e. from day 255 to 305 of year 2013, Fig. 1321 

6A), the soil CO2 cannot move along the soil profile and accumulates within soil pores. This results in 1322 

a CO2 concentration increase both in the early and the late summer, especially below c. 50 cm depth 1323 

(Fig. 56). This phenomenon is particularly evident below the compacted soil layer between c. 40 cm 1324 

and c. 50 cm depth. This is consistent withBased on the porosity profile described by Wiaux et al. 1325 

(2014c) and illustrated in Fig. 21. , tThis also corroborates the results of Wiaux et al. (2014 c), 1326 

suggesting suggests that in downslopefor our footlslope soil profile , which is a Colluvic Regosols, gas 1327 

diffusion barriers (explained by a compacted soil layers) strongly impact the CO2 concentration 1328 

profile, and hence the temporal dynamics of resulting soil surface CO2 fluxes at the soil surface. This 1329 

supports is in agreement with recent studies (e.g. Ball, 2013) that showed that soil pore continuity and 1330 

size are key to understand the mechanisms regulating the soil gases emissions. 1331 

As a consequence, the significantly higher CO2 concentrations observed at the footslope relative to the 1332 

summit, especially in for deeper soil layers, is are probably not explained related by to the large 1333 

amount of soil labile OC along the footslope soil profile that was found at this position (shown in 1334 

Wiaux et al., 2014 a,b), but is more likely the result of thefrom the accumulation of CO2 along time 1335 

(during periods too with a very low diffusivity periods). Maier et al. (2011) showed that the CO2 efflux 1336 

can deviate from the instantaneous soil respiration due to CO2 storage into soil pore spaces. Hence, we 1337 

suggest that at the footslope, soil physical variables properties are dominating the dominant control of 1338 

on surface CO2 fluxes at the footslope. This supports the conceptual improvement of the SOILCO2-1339 
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RothC model realized in this study, and the use of soil specific hydrodynamic parameters to 1340 

characterize the gas diffusion (Moldrup et al., 2000). 1341 

Due to the interactions between variables and the complexity of the above-described system, simple 1342 

correlation analyses will often not provide satisfactory results when studying soil respiration (Maier et 1343 

al., 2011; Wiaux et al., 2014b), especially across sloping landscapes. This highlights the importance to 1344 

use process-based C dynamic models considering both production and transfer terms (i.e. SoilCO2-1345 

RothC) when studying the soil CO2 efflux. 1346 

In summary, we highlight that the mechanisms that which govern soil surface CO2 emissions are 1347 

highly variable in both space and timevary throughout the landscape. On a well-drained soil at the 1348 

summit of a hillslope, the observed soil CO2 emissions are were directly related to the soil microbial 1349 

respiration and CO2 production through the phenomenon of soil micro-organisms respiration 1350 

(demonstrated in Wiaux et al., 2014b). However, on a wet at the footslope of the hillslope, which is 1351 

characterized by a different hydrological regime, we observed that the temporal dynamic of soil CO2 1352 

emissions much more reflectswere more closely related to the physical transfer mechanisms: long 1353 

periods of CO2 production and accumulation alternate with periods of important release at the soil 1354 

surface. 1355 

4.2. Soil organic carbon storage in downslope deposits 1356 

The Ssoil respiration rate can be interpreted as an indicator of soil OC persistence (e.g. Gregorich et 1357 

al., 1994). However, a further analysis of what occurs along the soil profile is needed to thoroughly 1358 

answer the question of the persistence of OC. The vertical partitioning of the soil CO2 fluxes, as 1359 

illustrated in Fig. 7, shows that during the observation period, c. 90 to c. 95 % of the surface CO2 1360 

fluxes originates originated from the 10 first 10ten centimeters of the soil profile at the footslope. 1361 

Given the important amount of OC until up to 100 cm depth in our study site (Fig. 1, Wiaux et al., 1362 

2014 a), this observation is not in agreement with the study of Goffin et al. (2014), who whichwho 1363 

suggestsed that the relative contribution of the a soil layers to the surface CO2 fluxes is related to OC 1364 

distribution along the soil profile. However, Wwhile similarities exist in the physical controls and the 1365 



method used to calculate the vertical partitioning, the sudtystudy of Goffin et al. (2014) reports on CO2 1366 

production in forest soils, preventing from any direct quantitative comparison. 1367 

In addition, Tthis higherthe substantial contribution of the upper soil layers found here seems to bewas 1368 

neither not related to higher temperatures values (Fig. 5A), contrary to what was suggested by 1369 

Takahashi et al. (2004). According to the CO2 concentration and diffusivity profiles (Fig. 6C), the 1370 

relative contribution of the soil layers to the surface CO2 fluxes is more likely governed by soil 1371 

physical controls (Ball, 2013) rather than by biological production depending on thermal energy and 1372 

OC substrate. Here, soil gas diffusivity strongly decreases from 10 to 40 cm depth (where diffusivity is 1373 

null) at the two slope positions, and the profile of CO2 concentration displays no gradient between 10 1374 

and 40 cm depth, specifically particularly at the footslope (Fig. 6A). 1375 

Here, we show that despite the fact that the footslope profiles generates overall CO2 fluxes which 1376 

exceed those observed at the summit position (demonstrated in Wiaux et al., 2014b), the low 1377 

contribution of soil layers deeper below than 10 cm depth inis very lowsmall (Fig. 7), ). In other 1378 

words,  tThe surfacing soil OC in the top layer of the soil profile (top soil layer, i.e. (0-10 cm)  1379 

generates CO2 fluxes which exceed those observed at the summit position (Table 2), due to the major 1380 

contribution (contributesd forc. approximativelyc. 90%) of the surfacing soil OC to the total CO2 1381 

fluxes at the footslope position (Fig. 7). This can be explained by environmental conditions specific to 1382 

this 0-10 cm layer playing in favor of both microbial respiration and gas diffusion. Indeed, There are 1383 

no close to the soil surface,limitations related to both diffusion barriers and limitation of the access to 1384 

the oxygen disappear close to the soil surface. Hence, the only residual impact of soil VWC on soil 1385 

respiration is its positive effect due to the increasedas it provides a more easy access of for soil micro-1386 

organisms to their OC substrate, and to the enhancement of their metabolic activities by water 1387 

(Akinremi et al., 1999; Castellano et al., 2011; Herbst et al., 2008; Howard and Howard, 1993; 1388 

Šimůnek and Suarez, 1993). The combination of this high amount and high quality of soil OC (Fig. 1, 1389 

as described by Wiaux et al., 2014a) with this net positive effect of soil VWC results in a strong 1390 

increase of microbial respiration rates. 1391 
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Finally, Oour results suggest that buried soil OC in colluvial deposits is stored for a long 1392 

timeeffectively protected from mineralization below 10 cm depth, which corroborates the assumption 1393 

of a long-term stabilization of deeply buried OC in downslope colluviumsal soils as suggested in the 1394 

literature (e.g. Doetterl et al., 2012; Berhe et al., 2008, 2012a). Hence, despite that deep soil OC (e.g. 1395 

in colluvial deposits) has been shown to be highly processed (Rumpel and Kögel-Knabner, 2011), our 1396 

results suggest that this OC turnover occurs in a closed soil sub-system that is potentially disconnected 1397 

from the atmospheric C pool. This absence of OC turnover along the footslope profile is also 1398 

supported by the results of one of our previous publications (Wiaux et al., 2014a), showing thatThis 1399 

explains why the total and labile soil OC pools remain important and homogeneously distributed along 1400 

the entire soil profile at the footslope, while it exponentially decreases with depth at the summit (Fig. 1401 

1, as described by Wiaux et al., 2014a). 1402 

Some studies suggest that net C sequestration occurs at the depositional sites (e.g. Smith et al. 2005), 1403 

while others negate the apparent C sink caused by soil OC burial at depositional sites (e.g.Yoo et al. 1404 

2005). Here, our results reconcile two seemingly contradictory assertions: (i) buried soil OC at a 1405 

footslope is efficiently stored in the subsoil and submitted to a long-term stabilization (Doetterl et al., 1406 

2012;Berhe et al., 2008, 2012a), and (ii) the footslope profile emits more CO2 than the summit 1407 

(Reicosky et al., 2005; Webster et al., 2008b ; Wiaux et al., 2014b).  1408 

4.3. Quantification of soil-atmosphere CO2 fluxes at the hillslope scale 1409 

Despite the fact that peaks of CO2 fluxes are the highest at the summit position, cumulative CO2 fluxes 1410 

are the highest at the footslope position from year 2011 to 2013 (Figure 8). As a consequence, the total 1411 

annual flux averaged along 3 years of simulation is c. 1.5 times higher (p<0.01) at the footslope 1412 

relative to the summit (Table 2). These observations are consistent with the results of Webster et al. 1413 

(2008a; 2008b) in forest fields, who observed 1.6 higher median respiration fluxes at footslope and 1414 

toeslope positions compared to the crest and convex shoulder positions. These observations are also in 1415 

agreement with the recent findings Wiaux et al. (2014 b) based on punctual surface Licor chamber 1416 

measurements on the same site, showing that mean respiration fluxes (standardized at 15°C) were c. 1417 
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1.3 times higher at the footslope and 1.5 times higher at the toeslope (p≤0.05) relative to the summit 1418 

position. The reason of this trend is that factors that control soil OC respiration are heterogeneously 1419 

distributed across sloping landscapes (Reicosky et al., 2005; Webster et al., 2008b;  Martin and 1420 

Bolstad, 2009; Wiaux et al., 2014 b). 1421 

Our estimations of annual CO2 fluxes may be associated with large uncertainties due to error 1422 

propagation on measured variables. Despite the modest performance of the SoilCO2-RothC model in 1423 

reproducing the CO2 fluxes observation (R2 ranging between 42 and 64%, Table 1), the model 1424 

uncertainties (given by ME values, Table 2) are lower than the difference of annual CO2 fluxes 1425 

between slope positions (Table 2). In addition, this model error (sum of the difference between 1426 

observations and simulations for each day of the year) observed in this study (from 4 to 91 g CO2-C m-
1427 

2 yr-1, Table 2) are lower than the uncertainty on the CO2 fluxes directly measured at the catchment 1428 

scale using the Eddy-covariance technique (from 100 to 200 g CO2-C m-2 yr-1 at non-ideal sites like 1429 

sloping plots, Baldocchi, 2003). Hence, this supports the validity of the quantitative comparison of 1430 

CO2 fluxes between slope positions carried out in this study. 1431 

Focusing on CO2 fluxes aggregated at the scale of the entire hillslope, such a loamy hillslope emits 1432 

683 ± 36 g CO2-C m-2 year-1 while a flat landscape would only emits 583 ± 61 g CO2-C m-2 year-1 1433 

(Table 2). Hence, for our study site, accounting only for soil C dynamics representative of flat 1434 

landscapes would under-estimate annual soil-atmosphere CO2 exchanges by c. 20 %. This supports 1435 

similar conclusions drawn under a forest eco-system  by Webster et al. (2008 a), who highlighted a 1436 

risk of under- or over-estimation of soil respiration at large scale reaching up to 30% when topography 1437 

is not accounted for. Our results provide a thorough quantification and a better understanding of the 1438 

soil-atmosphere C exchanges specific to an agro-ecosystem on the loess belt in Belgium, which may 1439 

be of high importance to adopt strategies to mitigate climate change. 1440 

The CO2 emissions values reported in literature studies as soil heterotrophic respiration (considering 1441 

that heterotrophic respiration fluxes constitute c. 30% of the total ecosystem respiration and c. 78% of 1442 

total soil respiration, according to Suleau et al., 2011)are ranging from c. 170 to c. 456 g CO2-C m-2 1443 



year-1 in similar conditions i.e. temperate loamy croplands (adapted from Boeckx et al., 2011; Kutsch 1444 

et al., 2010; Paustian et al., 1990), from c. 140 to c. 144 g CO2-C m-2 year-1 in forests 1445 

ecosystems(adapted from Dai et al., 2012; Webster et al., 2008a), and reach c. 1811 g CO2-C m-2 year-1 1446 

in temperate grasslands on organic soils (adapted from Renou-Wilson et al., 2014).However, most of 1447 

these studies were carried out on flat landscapes. To our knowledge, no equivalent quantification of 1448 

the hillslope aggregated CO2 fluxes already exists for agro-ecosystems. The values of CO2 emissions 1449 

presented in this study are in the same order of magnitude but are slightly higher than literature studies 1450 

on flat croplands (Boeckx et al., 2011; Kutsch et al., 2010; Paustian et al., 1990). This may be 1451 

explained by the hilly relief of this study site and the lateral transfer of soil particles enriching the 1452 

downslope area in soil OC (Wiaux et al., 2014a), inducing higher respiration rate relative to a flat 1453 

uneroded position (Wiaux et al., 2014b). 1454 

The higher heterotrophic respiration at our study site compared to other temperate loamy croplands 1455 

(Boeckx et al., 2011; Kutsch et al., 2010; Paustian et al., 1990) could also be explained by some 1456 

experimental biases: (i) a priming effect due to the land-use change (soil kept bare and undisturbed 1457 

during 3 years); (ii) any heading due to the dark geotextile installed at the surface of the measurements 1458 

stations; and (iii) the modest model performances in terms of predictivity (Table 1). Hence, the 1459 

absolute estimation of the hillslope aggregated CO2 fluxes in this study should be interpreted carefully, 1460 

and the focus should be on the relative difference between emissions from flat and sloping landscapes 1461 

(i.e. 20%, Table 2). 1462 

In order to understand the impact of these findings in terms of C balance, it is important to compare 1463 

these heterotrophic respiration fluxes to other soil C inputs and outputs. Among other things, soil 1464 

heterotrophic respiration fluxes discussed here only constitute c. 30% of the total ecosystem 1465 

respiration, also composed of aboveground and belowground autotrophic respiration fluxes (Suleau et 1466 

al., 2011) which were not considered here. However, this exceeds the scope of this study and should 1467 

be explored at the scale of hillslopes in future researches. 1468 



Notwithstanding these elements, our results support that, when modeling soil C dynamics and when 1469 

quantifying soil-atmosphere CO2 exchanges, this is of paramount importance to consider slopes and 1470 

elevation effects rather than a flat landscape, and to account for dynamic processes (e.g. lateral transfer 1471 

of soil OC and heterogeneous distribution of soil VWC) occurring along hillslopes. 1472 

5. Conclusion 1473 

In this study, we evaluated the factors controlling soil carbon dioxide fluxes for two soil profiles along 1474 

a hillslope characterized by contrasting physical and chemical characteristics. At the summit position 1475 

of the studied hillslope, the time course of surface soil CO2 fluxes clearly follows the time course 1476 

ofwas strongly related to soil temperature (Fig.5-6,and  maximum CO2 fluxes were observed during 1477 

the summer). At this position of the hillslopeHere, the observed soil CO2 emissions are directly related 1478 

to the CO2 production through soil micro-organisms respiration and associated biotic CO2 production. 1479 

In contrast, the At the footslope (contrary to the summit), higher levels of water filled pore space 1480 

observed at the footslope profiles, disables strongly limitsed the transfer of biotic CO2 along 1481 

throughout the soil profile., and Here, the soil surface soil CO2 flux substantially increases increased 1482 

for limited amounts of time when the gas diffusivity exceeds exceeded a given threshold valuee. 1483 

Hence, on a wet footslopeAs a result, the time course of observed soil CO2 emissions is wereas to a 1484 

large extent more determinedcontrolledexplained by the physical transfer mechanisms: long periods of 1485 

accumulation alternate with shorter periods of important surface CO2 release. Considering these 1486 

elements, the entire hillslope emits c. 20 % more g CO2-C m-2 year-1 compared to a similar flat plot. 1487 

This results support the need to consider slopes when modeling soil-atmosphere C exchanges.   1488 

The vertical partitioning of the soil CO2 fluxes for the  footslope profiles shows showed that, during 1489 

the observation period, c. 90 to c. 95 % of the surface CO2 fluxes originateds from the 10 first 10 1490 

centimeters of the soil profile at the footslope. However, the total annual flux averaged along 3 years 1491 

of simulation show that the top soil layer (0-10 cm) of the footslopegenerates CO2 fluxes which 1492 

exceed those observed at the summit position. Hence, our results reconcile two seemingly 1493 

contradictory hypotheses, i.e. (i) these support that soil OC at such a footslope is stored along the main 1494 

part of the soil profile and submitted to a long-term stabilization.This study highlights the need to 1495 
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include soil physical properties and their dynamics directly into soil OC models. This is not in 1496 

contradiction with previous findings showing that, and (ii) at the same time these support that the 1497 

footslope profile emits more CO2 than the summit, as we showed here that CO2 fluxes at the footslope 1498 

are generated by the top soil layer (0-10cm). 1499 
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Tables 1679 

Table 1. Range of standard deviation and averaged values of triplicated measured hourly CO2 concentrations at each 1680 

depth, both at the summit and at the footslope position. This range is indicated by minimum (Min) and maximum 1681 

(Max) values encountered along time (hourly time series) during the 6 months measurement period. 1682 

 Summit position Footslope position 

Soil 
depth 
[cm] 

Min 
mean 
[%] 

Max 
mean 
[%] 

Min 
S.D. [%] 

Max 
S.D. [%] 

Min 
mean 
[%] 

Max 
mean 
[%] 

Min 
S.D. [%] 

Max 
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 

 1683 

Table 1.Regression coefficient (R2, %) as an indicator of the goodness of fit (GOF) between observations and 1684 

simulations. 1685 

 VWC† Temperature† CO2 flux‡ 

 2012 2013 2012 2013 2012 2013 

Summit 
      

      

 64 73 100 100 63 64 

Footslope 
      

     

 82 89 99 100 61 42 

       

† For VWC and temperature, the R2 value is given as an indication representative of the 10 cm depth soil layer (but similar 
values are encountered all along the soil profile).  

‡ For CO2 fluxes, the observations compared to model simulations are punctual surface measurements with the Licor 
chamber system in 2011 (n=8 days) and 2012 (n=15 days), while it is continuous daily time-series of gradient-based fluxes in 
2013 (n= 129 daysat the summit, and n=137 days at the footslope). Data are not shown for 2011 (too low number of 
observations for CO2 fluxes, no observation for the other variables). 
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Table 2. Yearly simulated CO2 flux [g C m-2 year-1] at different slope positions. 1688 

 Summit Footslope Diff.  Hillslope 

2011 (± ME) 545 (- 22) 944 (+26) 399 (+ 4) 685  

2012 (± ME) 654 (+ 136) 842 (+63) 188 (– 73) 719  

2013 (± ME) 553 (+ 47) 826 (+ 138) 274 (+ 91) 647  

Average ± SD 583 ± 61 a*** 870 ± 64 b*** 287 ± 106 684 ± 36c* 

Diff. is the difference between the footslope and the sumit yearly CO2 flux. 

ME  is the model error (sum of the difference between observations and simulations for each day of the year). A positive 
value means that model underestimates the flux, and inversely. 

SD is standard deviation. 

Mean values with different letters are significantly different from each other (Student test, *:0.05<p<0.1; **:p<0.05; 
***:p<0.01). 

To calculate mean yearly CO2 fluxes representative of a hilly landscape (hillslope), we achieved a weighted sum of the 
summit and the footslope fluxes, according to the fact that the footslope colluvium covers c. 35% of the surface of the studied 
hillslope. 
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Figures 1691 

 1692 

Fig. 1.Soil profiles (0-100 cm) of both soil total OC and labile OC pool concentrations [C%], at the summit and 1693 

footslope positions. Error bars indicate 1 standard deviation (n≥3).  1694 

 1695 

Fig. 2. Soil porosity profiles at the footslope (plain line) and at the summit (dashed line) positions. Error bars indicate 1696 

1 standard deviation (n≥3). Continuous lines are linearly interpolated values. 1697 



 1698 

Fig. 3. Description of the probes used for CO2 concentration measurements inside the soil. 1699 

 1700 

Fig. 4. Schematic description of the experimental plot (sampling design) at each slope position showing how 1701 

temperature, VWC, CO2 concentrations and CO2 fluxes probes collocate with each others. Probes have been inserted 1702 

at different locations both vertically and horizontally. Consequently, all of them are not in the same plane (i.e. depth 1703 

lines with axes labels on the right hand-side illustrate the foreground profile and depth lines with axes labels on the 1704 

left hand-side illustrate the background profile).  1705 



1706 



 1707 

Fig. 5. Space-time dynamic of soil temperature (A) and moisture (B) at the summit (red) and the footslope (black) 1708 

position in 2013: (a) time series at different depths; (b) Profile at different dates. 1709 
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 1712 

Fig. 6.  Space-time dynamic of soil CO2 fluxes (A) concentrations (B) and diffusivity (C), at the summit (red) and the 1713 

footslope (black) position in 2013: (a) time series at different depths; (b) Profile at different dates. 1714 



 1715 

Fig. 7. Depth distribution of the relative contribution to soilsurface  CO2 fluxes in year 2013 averaged by semi-seasons 1716 

(error bars represent the standard deviation of the time aggregation for each soil layer): (a) at the summit, and (b) at 1717 

the footslope position. 1718 

Fig. 8. CO2 fluxes from 2011 to 2013 at two slope positions (footslope in red, summit in black): (i) simulation based on 1719 

the SOILCO2-RothC model (plain lines), (ii) calculated fluxes with the gradient-based method (dashed lines), and (iii) 1720 

spatial average of in situ measured fluxes with the IRGA Licor chamber (points with error bars). 1721 

 1722 


