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RESPONSE TO EDITORIAL COMMENTS

Dear Dr. Luo Yu,

Thank you for the opportunity to submit a revised manuscript to Biogeosciences. We have addressed the
issues and concerns offered in in the two very thoughtful and constructive reviews as detailed in our point-
by-point response below. A marked-up version of the revised manuscript follows our response below.
Reviewer #1 had noted the discrepancy between the statistical results presented in the text and those
reported in Table 3. That issue was simply due to the fact that we had mistakenly reported the results of
statistical tests (ANOVA + Tukey’s HSD) we had conducted on the entire dataset, rather than on a
horizon-basis. We relied exclusively on this horizon-based comparison to assess our data for this
manuscript. This problem was remedied by correcting the table to reflect the results of the horizon-based
comparison and explaining the statistical approach in more detail. Reviewer #2 further requested
substantial revisions of the abstract, which we rewrote almost completely. Reviewer #2 noted that the
discussion section was repetitive and didn’t sufficiently highlight the novelty of the results. In the revised
manuscript, all discussion sections were significantly improved to sharpen the main points we would like
to communicate. In addition, we completely rewrote the broader implications section to link our

observations to potential climate change impacts on seasonally flooded mineral soils.

We hope that these changes adequately address your and the reviewers’ concerns. Thank you for

considering our revised manuscript for publication in Biogeosciences.

Sincerely,
Marco Keiluweit
Assistant Professor

University of Massachusetts Amherst
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RESPONSE TO REVIEWERS’ COMMENTS

Regular font: original comment by the reviewer
Italized text: response by the authors
“Italicized quotes”: revised text segments

Response to Comments by Referee #1

Comment: Overall, I think this is a valuable dataset and a well-executed study. I support its eventual
publication. The surface horizon data are well established, and I have just minor comments there as
indicated below. However, the subsurface depth data are problematic, mostly because there are different
overall soil depths in each of the sites and different horizon designations. This has led also I think to some
statements that are not well supported by the statistics or that the statistics used are not well presented.
For instance, reading the abstract while looking at Table 3 raises several questions if we interpret
“significantly lower” to mean different statistical lowercase letter assignments, which most readers will.
Much of my confusion occurs in section 3.3, where it appears in most cases the differences described are
not statistically significant as shown on Table 3, but this is not pointed out in the text. At one point here
the authors refer to a Tukey test for the topsoils (although I think they misplaced the word subsoil on pg.
12, In 2) with a p value < 0.01 for the transition vs. lowland, but the those share a lowercase letter
assignment in Table 3, which suggests they would not have a p value <0.01. Correcting these presentation
or interpretation issues is critical.

Authors’ response: We thank Dr. Thompson for these extremely thoughtful and constructive comments.
We took the following steps to assure that the statistical tests and the resulting estimates of significance
are reported correctly.

First, we emphasize that the statistical analyses were done on square root transformed data, but the data
provided in Table 3 is the non-transformed observational data. We have clarified this in the methods
section on Page 10: “Statistical analyses were conducted on square root transformed data when
assumptions of normal distribution were not met, although non-transformed observational values are
reported within the text (Table 3).”

Second, we clarified our statements regarding the significant differences in C contents among surface
and subsurface soils across the upland-to-lowland transect. We believe that the confusion arose from the
fact that we made statements in the text (both abstract and main body) that were not reflected in the
statistics reported in Table 3. We had initially conducted ANOVAs and Tukey’s HSD tests on the whole
dataset (i.e., across all landscape positions and horizons). But as we were primarily concerned with
comparing C contents across individual horizons along the transect (e.g., comparing A horizons across
upland, transition and lowland position), we conducted our final ANOVAs on a horizon-basis. Those tests
indicated that both A and C horizons in upland and lowland positions are significantly different. We had
presented the results from this analysis, including the p values indicating significant differences among
the horizons, in the abstract (Ln: 20-22) and results section (Pg. 11 Ln:21-25). Unfortunately, the initial
Table 3 mistakenly showed the results of the ANOVAs for the entire dataset, rather than the horizon-
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based comparisons we used to test our hypotheses. The same mistake was made in Table S2 and S4. In
the revised version, we updated the table letter designations, added detail on the statistical method,
indicated which comparisons were made in the result section, and revised table footnotes to indicate that
letter designations reflect the results from the horizon-basis analysis (Table 3, Table S2 and Table S4).
We hope that this explanation and the measures taken will clarify this issue.

Assuming the stats letter values are correct, I think this could be resolved by looking at C stocks rather
than C concentrations at depth and backing off on some of the subsurface interpretations that are not fully
supported by the stats.

Authors’ response: We thank the reviewer for this suggestion. We believe the above explanation of the
statistical approach taken to support our interpretations resolves the confusion about the stats letters.

If the authors have data binned at finer depth intervals, that might help clarify things as well, but if not I
suggest using C stock down to 68 cm, in which case one could compare equally across all the sites. One
could examine surface C stock (0- 25 cm) and then a subsurface C stock value (25 — 68cm). Outside of
this major issue, I think the paper has a lot of promise and the combination of field CO2 data and
molecular-scale carbon chemistry is exciting.

Authors’ response: We thank the reviewer for this suggestion, but believe that the measures taken above
to clarify our statistical approach sufficiently address this concern.

Abstract

Comment: I read and reviewed the abstract without looking at any other parts of the MS to mimic a reader
looking at the abstract on-line. Read alone, I am not clear on the findings and implications and thus the
abstract needs to be clarified. I give a couple of specifics below in the line edits, but I encourage the
authors to have someone unfamiliar with the study read the abstract alone after revision.

Authors’ response: We revised the abstract in response to the specific comments provided below, but we
have also substantially revised the abstract in response to the general comments provided. Most
importantly, added specific results that allow the reader to assess how we arrived at our conclusions.

Comment: Ln 14: Is it really true that this is largely unknown? If this is just for seasonally flooded mineral
soils (compared to wetlands in general), then this point escaped me on the first read. Perhaps it was the
shift from “seasonally flooded soils” in the previous sentence to “seasonally flooded mineral soils” in this
sentence. Use one term and stick with in, especially in the abstract where space is tight.

Authors’ response: We agree that the terminology should be more consistent and are using ‘seasonally
flooded mineral soils’ here and throughout the revised manuscript.
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Authors’ changes: Page 1, Lnl2-14 “Redox conditions, plant root dynamics, and the abundance of
protective mineral phases are well-established controls on soil C persistence, but their relative influence
in seasonally flooded mineral soils is largely unknown.”

Comment: Ln 16: Need to specify here that the lowlands are periodically flooded and the uplands are not
if that is indeed the case. [ am assuming that, but one could have uplands that are also periodically flooded
due to high rainfall and perched water tables.

Authors’ response: This point has been clarified in the abstract. The lowlands are in fact seasonally
flooded whereas the transition and upland position are not.

Authors’ changes: Page 1, Ln16-18 “Specifically, we contrasted mineral soils under temperate deciduous
forests in lowland positions that undergo seasonal flooding with adjacent upland soils that do not,
considering both surface (A) and subsurface (B/C) horizons.”

Comment: Ln 17: This sentence is hard to follow. I read it twice and was still not sure what it was saying,
where C was higher? I suggest “We found the lowlands had lower CO2 effluxes than the uplands.
Lowland surface soils (0-20 cm...or whatever it is, also could give A or B or O classification) had higher
C concentrations a higher abundance. . .than the uplands.”

Authors’ response: We revised the sentence as suggested.

Authors’ changes: Page 1, Lnl8-21“We found the lowland soils had lower total annual CO; efflux than
the upland soils, with monthly CO: efflux most strongly correlated with redox potential (Ey). Lower CO:
efflux as compared to the uplands corresponded to greater C concentration and abundance of lignin-rich,
higher-molecular weight, chemically-reduced organic compounds in the lowland surface soils (A-
horizons).”

Comment: Ln 20: Here I was confused again by subsoils slipping in there. I think you need to be much
more upfront about this distinction as it is one of the main points of the abstract. At the end you also start
to talk about C stocks (depth integrated concentrations), which would take into account bulk density.
Consider discussing that here instead of concentration?

Authors’ response: We revised the abstract to more clearly distinguish subsurface from surface horizon
results as well as C stocks from C concentration.

Authors’ changes: Page 1, Ln25-30 “Combined, our results suggest that low redox potentials are the
primary cause for C accumulation in seasonally flooded surface soils, likely due to selective preservation
of organic compounds under anaerobic conditions. In seasonally flooded subsurface soils, however, C
accumulation is limited due to lower C inputs through root biomass and the removal of Fe phases under
reducing conditions.”

Comment: Ln23: It is not clear what non-reducible Al phases are being relied on for here? I assume
mineral protection, but best not to have readers assuming in the abstract.

4



10

15

20

25

30

35

40

Authors’ response: The abstract was completely rewritten during revisions. We know specify that Fe, and
Al, serve as proxies for protective metal phases. We further added a statement to clarify why we conclude
that Al, becomes more important in lowland soils.

Authors’ changes: Page 1, Ln23-25 “Our linear mixed effects model showed that Fe, served as the
strongest measured predictor of C concentrations in upland soils, yet Fe, had no predictive power in
lowland soils. Instead, our model showed that Ej, and Al, became significantly stronger predictors in the
lowland soils.”

Comment: Ln 24-25: The three reasons given for why you see more C in the topsoils than the subsoils
are not supported in the abstract by any data. Either include this data upfront (i.e., lowland had low/zero
02, whereas uplands had O2 above X%:; also data on roots and Fe presence/abundance) or you could
simply state that these C findings correlated with O2, roots and Fe, implying the data is in the paper, but
not fully presented. What you are asking the reader to do here is accept this statement without any sense
that it is supported by data in this paper and that is not comfortable to many readers (and me I suppose).

Authors’ response: We recognize that the statements within the abstract are not presented with the data
to support these claims. We have revised the abstract to reflect that there were correlations found between
C and roots, Fe and redox potential and the supporting data is found in the main manuscript.

Authors’ changes: Page 1, Ln20-25 “Lower CO: efflux as compared to the uplands corresponded to
greater C concentration and abundance of lignin-rich, higher-molecular weight, chemically-reduced
organic compounds in the lowland surface soils (A-horizons). In contrast, subsurface soils in the lowland
position (Cq-horizons) showed lower C concentrations than the upland positions, coinciding with lower
abundance of root biomass and oxalate-extractable Fe phases (Fe,, a proxy for reactive Fe). Our linear
mixed effects model showed that Fe, served as the strongest measured predictor of C concentrations in
upland soils, yet Fe, had no predictive power in lowland soils. Instead, our model showed that Ej, and Al,
became significantly stronger predictors in the lowland soils”

Comment: Ln26: Again, without O2 data or mineral protection data, how could you conclude this. I
assume it is in the rest of the paper. . .but I have not read that yet if I am most readers.

Authors’ response: We have addressed this issue in our revision of the abstract.

Introduction
Comment: The introduction does a nice job setting the stage although I suggest line edits below.

Authors’ response: We appreciate this comment and the subsequent revision suggestions for clarity.

Pg.2
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Comment: Ln 14-15: Revise for clarity.

Authors’ response: The authors have revised the sentence as suggested.

Authors’ changes: Page 3, Lnl3-14 “Seasonal wetlands can be considered early warning ecosystems
(Brooks, 2005); forecasting the impacts of climate change on permanently flooded mineral wetlands.”

Comment: Ln 16: Maybe not “model ecosystems” but essential “endmembers”.

Authors’ response: We agree that ‘endmembers’ is a more suitable representation of these ecosystems.

Authors’ changes: Page 3, Ln14-16 “Thus, seasonally flooded wetlands represent essential endmembers
to study the effects of climate change on larger permanently flooded wetland soils (Brooks, 2005).”

Comment: Ln 19: This is an “endash” and you want an “emdash” here. A longer dash, that should not
have spaces around it. On MS-Word you hit dash twice between words without adding spaces and word
turns it into an emdash. Do this elsewhere in the text.

Authors’ response: Thank you for noticing and correcting the endash/emdash inaccuracies. We have
corrected all throughout the text.

Comment: Ln24: “seasonal wetlands” or seasonally flooded mineral wetlands, choose one term and stick
with it through-out the MS.

Authors’ response: We agree the terminology needs to be more consistent. We have revised the
manuscript to be more consistent with the term ‘seasonally flooded mineral soils’

Authors’ changes: Page 3, Ln23-24 “Determining the controls on C cycling within seasonally flooded
mineral soils thus requires specific consideration of the fluxes and dynamics across these terrestrial-
aquatic transitions.”

Pg. 3
Comment: Ln 5: “catalyze”

Authors’ response: We revised the sentence, replacing “catalyzing..” to “..which catalyze..”.

Authors’ changes: Page 4, Ln4-6 “The resulting oxygen limitations inhibit the activity of oxidative
enzymes which catalyze the depolymerization of higher-molecular weight OM into smaller, assimilable
compounds (Megonigal et al. 2003).”

Comment: Ln 10: instead of chemically-reduced, “lower valance” would be more precise.
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Authors’ response: The authors appreciation this suggestion. To be consistent with other publications
on the subject, we would like to retain the ‘chemically-reduced’ terminology, but also reference
“oxidation state” in the revised version.

Authors’ changes: Page 4, Ln7-9 “Anaerobic conditions limit microbes to utilizing substrates that are
chemically more oxidized, in turn preferentially preserving more chemically-reduced organic compounds
(i.e., compounds with lower C oxidation states) in soils and sediments (Boye et al. 2017, Keiluweit et al.,
2017).”

Comment: Ln 17: “, but the impact of roots on soil C. . .”

Authors’ response: We thank the referee for this revision, which adds more clarity to the sentence.

Authors’ changes: Page 4, Lnl6-17 “Roots are the main contributors to C stocks in upland soils (Rasse
et al., 2005), but the impacts of roots on soil C stocks in wetlands is less clear.”

Comment: Ln 18: “growth due to low DO (Day. . .)”

Authors’ response: We altered the sentence as suggested.

Authors’ changes: Page 4, Lnl7-18 “Water saturation directly inhibits root growth due to low dissolved
oxygen concentrations (Day and Megonigal, 1993, Tokarz and Urban, 2015).”

Comment: Ln 25: “distribution of high surface area minerals that are excellent sorbents for C in soils”

Authors’ response: We thank the reviewer for this constructive edit and revised the sentence as suggested.

Authors’ changes: Page 4, Ln23-24 “In addition to restricting microbial metabolism and root growth,
water saturation also influences the concentration and distribution of high surface area minerals that are
excellent sorbents for C in soils ...”

Pg4

Comment: I point out three of our recent papers that are highly relevant to this introduction/discussion,
but which were not likely available when this was drafted.

Authors’ response: We thank the reviewer for pointing out these highly-relevant, recently published
papers. We incorporated the following citations accordingly.

Comment: Ln 10: See Chen et al 2018 ES&T and Chen and Thompson 2018 ES&T on these topics

Authors’ response: We incorporated these citations as requested.
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Authors’ changes: Page 5, Ln8-11 “Further, Al rather than Fe oxides are the predominate mineral phases
contributing to OM retention in forested floodplain sediments because their solubility is controlled by pH
rather than redox conditions (Darke and Walbridge, 2000), and may thus play a critical role in mineral
protection in seasonally flooded soils (Chen et al., 2018; Chen and Thompson, 2018).”

Comment: Ln 17: See Barcellos et al 2018 Soil Systems on this topic

Authors’ response: We incorporated these citations as requested.

Authors’ changes: Page 5, Lnl5-16 “How the relationships between C and important biogeochemical
controls differ in systems that undergo longer, yet not permanent, periods of water saturation is still in
question — especially with depth (Barcellos et al., 2018).”

Comment: Ln 25: “measurements of soil. . .”

Authors’ response: We revised this sentence as suggested.

Authors’ changes: Page 5, Ln21-23 “To accomplish our first objective, we related soil CO: efflux at three
landscape positions (upland, transition, and lowland) spanning the transect over the course of a full
drainage and flooding cycle to measurements of soil temperature, moisture, water table depth and redox
potential.”

Methods

Comment: Well done, except that more description of the stats used are required potentially to clarify
issues I raise above and below with regard to Table 3 lowercase lettering.

Authors’ response: As indicated above, we mistakenly had reported the ANOVA results for the whole
dataset in Table 3, even though our results/discussion in the text were all based on horizon-based
ANOVAs. We have updated the lettering and footnotes in Table 3. We further detail our horizon based
approach in the revised methods section.

Authors’ changes: Page 11, Ln8-15 “To test our hypotheses, differences among landscape positions were
assessed individually for each set of horizons using analyses of variance (ANOVA) conducted in Rstudio
(version 5.3.1) combined with Tukey’s honesty significance difference (HSD) tests using R packages
agricolae (de Mendiburu, 2017) and multcompView (Graves et al., 2015). Specifically, we compared
values within surface (A), intermediate (B/C), and subsurface (C/Cq) horizons across the upland-to-
lowland transect (Table 3). Alpha values of 0.05 were used for letter designations indicating significant
differences among the landscape positions. Statistical analyses were conducted on square-root
transformed data when assumptions of normal distribution were not met.”

Results
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Comment: Main issue in this section is the depth that is considered ‘subsurface’. How does one determine
this for soils with different depths or thicknesses? Normally, this doesn’t matter, but in this case the
authors are making a key argument about the C and Fe interactions and chemistry “at depth”. Examining
the C horizons, total C is actually higher in the lowland than in the upland and this would be true even if
we examined C concentrations at 25 cm across the sites. If we go deeper, then the Cg of the transition and
the lowland are equally low and the upland is higher, but not statistically higher based on the lower case
letter assignments. The same is true in inverse for the lowest depth for Fe-o, it is highest at the lowland,
but this is not significant from the other sites. This makes statements like “C concentrations were
significantly lower in the lowland than in the upland subsoils”, which is in the abstract, incorrect based
on the authors’ assignment of letters (see Table 3).

Authors’ response: We hope that additional explanation regarding the statistical tests and inferences
provided above make it clear that there are statistical differences among A and C/Cg horizons,
respectively. This statement was not made based on the ANOVA results for the full dataset we initially
reported in Table 3, but for individual comparisons on a horizon-basis. We have updated Table 3 and
other data tables to accurately reflect the horizon-based comparison.

Pg. 11
Comment: Ln 9: Assuming that Feb — June is the wet period, but you should tell readers that explicitly.
Authors’ response: The authors realize there had not been a clear definition of the growing and non-

growing season designations within the methods section. We have added this definition to page 10 under
statistical analyses. We added reminders in brackets on page 11.

Authors’ changes: Page 10, Ln24-25 “Regression analyses were conducted for the entire year-long
dataset, and for the growing and non-growing seasons defined as May through September and October
through March, respectively.”

Page 11:
Comment: Ln8-9: Assuming that Feb — June is the wet period, but you should tell readers that explicitly.

Authors’ response: We added a line to more clearly point out the flooded period of the lowland position
in relation to the growing season parameter.

Authors’ changes: Page 11, Ln22-24 “The flooded period (February through June) of the lowland
position extended into the first two months of the growing season.”

Comment: Ln 11: “significantly lower than in. . .”

Authors’ response: We have revised the sentence, but where the reviewer suggested ‘lower’ it should
actually remain ‘greater’.
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Authors’ changes: Page 11-12, Ln24-1"This general difference became even more pronounced when
cumulative CO; emissions were normalized to C content, with the upland position showing significantly
greater emissions than in the transition (p-value <0.001; Tukey’s HSD) and lowland (p-value <0.001,
Tukey’s HSD) positions.”

Comment: Ln 13: “season lowland VMC. . .”

Authors’ response: We revised the sentence as suggested.

Authors’ changes: Page 12, Lnl1-13 “Soil moisture was consistently the greatest in the lowland position;
during the growing season lowland VMC was 20% greater than the upland position (p-value < 0.05;
Tukey’s HSD), and 15% greater in the non-growing season (p-value < 0.05; Tukey’s HSD) (Table S1).”

Comment: Ln 21: Maybe it would be helpful to calculate the EH7 values here so that these could be
compared with other studies and compared between the surface and subsurface horizons.

Authors’ response: The variations in pH values across our site is minimal and within the margin of error
(4.98-5.43). Correcting the Eh values for pH would change Eh values by less than a decimal point. For
example, an Eh value of 400 mV would correspond to Eh7 values of 399.91 mV at pH 5.43 and 399.88
mV at pH 4.98, respectively. These two pH values cover the range of values observed at our site, so we
concluded that normalizing Eh to pH wouldn’t change the numbers sufficiently to warrant inclusion.

Comment: Ln 23: change “mineralogy” which is the study of minerals to “mineral composition”. Do this
elsewhere as well.

Authors’ response: We agree with this correction and have corrected it throughout the manuscript.

Pg. 12
Comment: Ln 1: The data are more complex than this statement suggests. Please revise.

Authors’ response: We have revised the topic statement as suggested.

Authors’ changes: Page 12, Ln7 “3.3 Relating carbon concentration to root biomass and mineral
composition across upland-to-lowland transitions”

Comment: Ln 2: Do you mean topsoil here???? Because actually it is over 8 times the subsoil, but
according to the letters, the lowland and transition topsoil are equal within error.

Authors’ response: We re thankful the reviewer caught this misspelling. We revised accordingly.

10
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Authors’ changes: Page 12, Ln24-25 “C concentrations in the lowland position surface horizons were
two and four times greater than the transition (p-value < 0.01; Tukey’s HSD) and upland positions
surface horizons (p-value < 0.001; Tukey’s HSD), respectively.”

Comment: Ln 4: although this was not statistically significant, correct? I suggest adding that information.
Comment: Ln 7: Although again this was not statistically significant, right? Tell the reader that.

Authors’ response: In regards to the two comments above, we included a more detailed explanation of
our statistical approaches as outlined in our response to the more general comments above. Again, these
statements were supported by our horizon-based ANOVA results which are now shown in the revised
Table 3. Conducting a horizon-based ANOVA test allowed us to compare only the comparable horizons
and include the variances within those horizons when testing for differences. The Tukey’s HSD results
show a significant difference between the upland and lowland A-horizons (p-value = 0.03) and the upland
C- and lowland Cg-horizons (p-value = 0.02). These findings support our statistical significance of the
differences in C concentrations among the upland and lowland adjacent horizons. In addition to
correcting Table 3, we revised Table S2 and S4 accordingly and made sure that the tables and results
sections 3.3, 3.4 and 3.5 are consistent.

Authors’ changes: Page 12, Ln22-24 “Along the upland to lowland transects, C concentrations in the
surface horizons significantly increased (p-value < 0.05, Tukey’s HSD) whereas concentrations in the
subsurface horizons decreased along the transect (p-value < 0.05, Tukey’s HSD) (Table 3).”

Authors’ changes: Pagel3, Ln: 1-2 “In contrast, the subsurface soils in the upland positions had nearly
double the C concentrations than in the transition and lowland positions (p-value < 0.05, Tukey’s HSD)
(Table 3).”

Comment: Ln 9: True, except in the upland, right (Table 3 indicates it is not significant).

Authors’ response: Although we’re not entirely sure, we believe the reviewer is referring to the silt and
clay data. The statement has been adjusted in regards to significance.

Authors’ changes: Page 13, Ln4-6 “Silt and clay content increased from the upland to the lowland
positions, particularly in the subsoil, although shifts in silt and clay contents were not statistically
significant (+33%, Table 3).”

Comment: Ln 12: Change ‘determine’ to ‘predict’

Authors’ response: We have made the suggested change.

Authors’ changes: Page 13, Lnl4 “To predict the relative influence of roots, mineral composition and Ej,
on C concentrations in each landscape position...”

11
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Comment: Ln 18: “concentrations decreased along...”

Authors’ response: We have made the suggested change.

Authors’ changes: Page 13, Lnl19-21 “The model results show that as the importance of redox-active Fe,
as a predictor for soil C concentrations decreased along upland-to-lowland transects, the importance of
Al, increased.”

Comment: Ln 20: Change ‘identify’ to ‘predict’

Authors’ response: We have made the suggested change.

Authors’ changes: Pagel3, Ln22 “To predict the influence of the biogeochemical variables on soil C
concentrations with soil depth...”

Comment: Ln 24: Maybe not Eh, but likely O2, right?

Authors’ response: We agree that it is oxygen availability, and not Eh, that is likely what causes higher
C concentrations. We have adjusted the statement to reflect this detail.

Authors’ changes: Page 14, Lnl-2 “These results indicate that, among the tested biogeochemical
variables, Ey, a proxy for oxygen availability, has a predominant influence on C concentrations in the
surface soils, while Al, has the strongest influence on C concentrations at depth. **

Comment: Ln 25: Change ‘effect’ to ‘influence’

Authors’ response: We have made the suggested change.

Authors’ changes: Page 13, Lnll-12 “while Al, has the strongest influence on C concentrations at

depth.”

Pg. 13
Comment: Ln 17: “across the upland to lowland transect. . .”

Authors’ response: We have made the suggested change.

2

Authors’ changes: Pagel4, Ln6 “increases across the upland to lowland transect

Comment: Ln 18: “. . .(-11%) moving from upland to lowland.”

12
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Authors’ response: We have made the suggested change.

Authors’ changes: Page 14, Ln20-23 “Paralleling that change, the relative contributions of lignin
increased (+7%) and that of lipids decreased (-11%) moving from upland to lowland position (Fig. 6b,
Table S5)”

Comment: Fig. 2: Symbols are hard to tell from one another. Consider using squares, triangles and circles.
Cool could help too since other figures are in color.

Authors’ response: We thank the reviewer for this suggestion and have modified the figure to include
color for a clearer designation between positions and depths.

Comment: Fig. 2: Are the Eh values on these graphs corrected for pH? To allow comparisons between
the depths/sites?

Authors’ response: We refer to our comment above about the minimal effect of pH on Eh values.

Discussion

Authors’ response: Please note that in response to Reviewer #1, we have substantially revised sections
4.1, 4.2 and 4.3.

Pg. 13
Comment: Ln 22: Change ‘demonstrate’ to ‘suggest’

Authors’ response: We have made the suggested change.

Authors’ changes: Pagel5, Ln4-5 “Our results suggest that the factors regulating CO; emissions and C
accumulation shift...”

Comment: Ln 23: “...transects, but exhibit potentially inverse trends in the subsurface.”

Authors’ response: We have revised the statement leading into the discussion section..

Authors’ changes: Page 15, Ln5 “Our results suggest that the factors regulating CO> emissions and C
accumulation shifted as predicted in surface soils along the upland-to-lowland transects, but exhibited
inverse trends in the subsurface.”

13
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Pg. 14
Comment: Ln 1-2: delete sentence.

Authors’ response: We deleted the suggested sentence.

Authors’ changes: Page 15, deleted sentence “Our results show how seasonal flooding affects redox
conditions, root biomass, and mineral composition as well as their impact on CO: efflux, C accumulation,
and C chemistry across the upland to lowland transects.”

Comment: Ln 4: “Our field data support our hypothesis that reducing. . .”

Authors’ response: We have made the suggested change.

Author’s changes: Page 15, Ln5-6 “Our field data support our hypothesis that reducing conditions under
flooded conditions inhibit microbial respiration and thus reduce CO; emissions in the lowland position”

Comment: Ln 16-20: Clarify this section.

Authors’ response: This section was comprehensively revised and significantly shortened for clarity.
Authors’ changes: Page 15, Ln6-19 “Indeed, seasonal CO: emissions in the lowland positions were
strongly correlated with VMC, water table depth, and E), (Fig. 3). Conversely, in upland positions where
oxygen limitations are not limiting, soil temperature was found to the best predictor variable for CO:
emissions (Fig. 3a, Table 2). Our results further indicated that the impact of seasonal drainage of the
lowland soils on CO: effluxes is limited by temperature effects (Fig. 2, Table 2). Oxygenation in other
seasonally flooded soils usually results in increases in CO: effluxes due to enhanced aerobic microbial
respiration (Laine et al., 1996; Krauss and Whitbeck, 2012). Although our lowland soils become
oxygenated in the non-growing season due to the water table drop, we observed near equal CO emissions
from the three landscape positions (Table 1, Fig. 2a). A likely explanation for this convergence in CO;
emissions is that oxygenation coincides with the low seasonal temperatures during the non-growing
season (-1.7 to 10 degrees Celsius) which inhibit microbial activity (Lloyd and Taylor, 1994). In other
words, even when seasonal drainage oxygenates the lowland soils, potentially allowing for aerobic
microbial respiration to occur, CO; efflux in these seasonal wetlands still remains suppressed due to cold
temperatures. It remains to be seen if shifts in the drainage period or higher temperatures during the non-
growing season, as expected throughout the Northeastern US with continued global warming,
disproportionally increase microbial respiration (and potentially C loss) from these soils.”

Comment: Ln 24: Note that the figure shows topography that is not flat.

Authors’ response: We appreciate this correction, and have updated the statement to reflect figure 1.

Authors’ changes: Page 15, Ln23-25 “Given the proximity of our three positions and minor change in
elevation, aboveground litter inputs can be considered equal across the transect.”
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Pg. 15

Comment: Ln 7: Consider using C stocks instead of concentration, which would help get around the depth
issue.

Authors’ response: The authors agree that using C stocks would be beneficial. Due to the lack of accurate
bulk density data for this site, however, we have chosen to focus on concentrations

Pg. 17

Comment: Ln 23: OK, but Cg in the lowland is 2nd highest across ALL sites/depths, so this statement
doesn’t ring fully true for me.

Authors’ response: Despite the Cg horizon in the lowland positions being the 2" highest horizon, it still
had overall lower concentrations of both extractable Fe and Al compared to the other positions. Which
has led us to conclude that even though new C inputs could occur belowground, there is still a limited
mineral protection capacity within the lowland positions.

Authors’ changes:

Page 16, Ln21-23 “A noticeable, yet insignificant, increase in Fe, concentrations in the lowland Cg-
horizons (Table 3) is likely a reflection of vertical transport of soluble or colloidal Fe phases into the
subsurface horizon, where they may reprecipitate during drained periods.”

Pg. 18, Ln 13-15: “As noted above, while the lowland horizons overall showed a decline in Fe, and Al,
contents relative to the upland position (Table), a modest uptick in Fe, content was observed in the
lowland subsurface (Cg) horizon. One possibilities is thus that Fe precipitates in the seasonally flooded
subsurface soil horizon trapped dissolved, partially-oxidized, lignin-derived OM leaching down the
profile and so resulted in the accumulation of relatively oxidized OM”

Conclusions

Comment: Ln 10: change ‘related to’ to ‘correlated with’

Authors’ response: We have made the suggested change.

Authors’ changes: Page 19, Lnl6 “In the subsoil of seasonally flooded soils, anaerobic protection of C
appears to be less important. C accumulation was low and primarily correlated with to Alo,...”

Authors’ response: The reviewer points out here a trend in our dataset that we do not fully address, an
apparent increase in Fe, within the Cg horizon in the lowland position. While it is clear that Fe is lower
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in the A and C horizons, this increase in Fe in the Cg horizon is likely due to vertical transport of soluble
Fe. To address the slight increase in Feo in the lowland Cg we have added a comment in the 4.2 discussion
section.

Authors’ changes: Page 16, Ln25-26, “An observed, but insignificant, increase in Fe, concentrations in
the lowland Cg-horizons are likely a reflection of vertical transportation of soluble Fe phases and
reprecipitation at depth.”
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Response to Comments by Referee #2

Comment: LaCroix et al. report findings on C storage and changes in the physical-geochemical
composition of soils minerals and redox conditions under the seasonal flooding soils. Nevertheless, in
different part of the manuscript several strongly weak points have been identified that must be addressed
from the authors. Moreover, I do not find that results provided insight into the mechanism on C storage
and the changes in the shifting minerals and other critical factors.

Authors’ response: We thank the reviewer for taking the time to review out manuscript and believe we
adequately addressed the specific concerns mentioned below.

Comment: 1. Synchrotron-based X-ray analyses and FT-ICR-MS analyses. There are plenty of literatures
on these methods, as a reviewer also a reader, I suggest simplify these parts and move the detail
descriptions into SI.

Authors’ response: Biogeosciences allows for detailed methods sections. In the interest of providing
sufficient information to less informed readers, we would like keep the level of detail in the methods
section as is.

Comment: 2. Results. In figure 2, the symbols are too small and similar to be recognized, while and the
resolution are lower.

Authors’ response: We have updated figure 2 to include color to differentiate the different positions and
depths, and to be more legible in general.

Comment: 3. In 3.3, compared with Feo and Alo, the authors haven’t presented the detailed data of Fed
and Ald, which are more sensitive to the changing of environmental factors. Meanwhile, the soil iron
cycling is sensitive to the seasonal flooding, the recrystalliza- tion processes of iron oxides as well as
aluminum oxides during the shifting of seasonal flooding soils are critical factors to the variation of the
iron/aluminum species, which are further controlled the reactivity of iron/aluminum species in soil
environment.

Authors’ response: As discussed in the initial manuscript (Page 12 Lnl3-14), the dithionite-extractable
Fe and Al data is well correlated with the amount of oxalate-extractable Fe. In other words, the trends
are the same. We thus believe that adding the dithionite extraction data to the main manuscript has no
added values and left them in the SI.

Comment: 4. In 3.4, carboxylic/aromatic C ratios is a suitable indicator to present the different of
oxidation degrees, however, from fig 5b, it’s inaccurate to describe the increase trends of those values
above in C horizons. It doesn’t present significant different in fig 5b.

Authors’ response: We changed the text to reflect that these differences are not significant at the p < 0.05
values, but maintain that the trends are ecologically relevant and worthy of discussion. We would also
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like to note that this is one of the first manuscripts that reports variability in analyses such as C NEXAFS
and FTICRMS. Due to the low throughput of these analyses, replicates are generally pooled before
analysis and only analyzed as a composite sample in other publications, leaving the reader with no sense
of the natural variability.

Authors’ changes: Page 14, Ln8-12 “Although the ratios were not significantly different among the
landscape positions (p > 0.05, Tukey’s HSD), noteworthy trends were found. In the surface horizons, the
ratio gradually decreased across the upland-to-lowland transects in the surface horizons (Fig. 5b, Table
S4). In the subsurface horizons, the opposite trend was observed, and the ratio steadily increased from
the upland C horizons to the lowland Cg horizons (Fig. 5b, Table §4).”

Comment: 5. In discussion part, the authors just repeated the obtained results described in results part in
another similar way, lacking of further discussion around the mechanism among C storage and the
changes in the shifting minerals and other critical factors. As a reader, I find it’s hard to get new
information in this important parts.

Authors’ response: In response to this concern, we substantially revised the discussion sections to add
information regarding the mechanisms under consideration. In particular, we substantially shortened
section 4.1, comprehensively revised sections 4.2 and 4.3, and completely rewrote section 4.4.

Comment: 6. Further experiments should be designed and conducted to illustrate the mechanism on soil
chemical-physical properties and C storage.

Authors’ response: We believe that in-field measurements and analysis of field samples along
environmental gradients is a suitable tool to examine the effects of different soil properties on soil carbon.
While we acknowledge that this approach is based on correlations, and mechanisms can thus merely be
inferred, it is one that is widely used in the biogeosciences community (Angst et al., 2018, Barcellos et
al., 2018; Chen et al., 2017, Hall et al., 2016, Hall & Silver 2015; Olshansky et al., 2018, Torn et al.
1997). We believe this study uniquely combines environmental data with soil physical-chemical
properties to infer variations in C storage mechanisms across upland-to-lowland transects.

Full references.:

Angst, G., Messinger, J., Greiner, M., Héusler, W., Hertel, D., Kirfel, K., Kogel-Knabner, 1., Leuschner,
C., Rethemeyer, J. and Mueller, C. W.: Soil organic carbon stocks in topsoil and subsoil controlled by
parent material, carbon input in the rhizosphere, and microbial-derived compounds, Soil Biology and
Biochemistry, 122, 19-30, doi:10.1016/].50i1bi0.2018.03.026, 2018.

Barcellos, D., O’Connell, C., Silver, W., Meile, C. and Thompson, A.: Hot Spots and Hot Moments of
Soil Moisture Explain Fluctuations in Iron and Carbon Cycling in a Humid Tropical Forest Soil, Soil
Systems, 2(4), 59, doi:10.3390/soilsystems2040059, 2018.
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Chen, C., Kukkadapu, R. K., Lazareva, O. and Sparks, D. L.: Solid-Phase Fe Speciation along the Vertical
Redox Gradients in Floodplains using XAS and Mdossbauer Spectroscopies, Environmental Science &
Technology, 51(14), 7903—-7912, doi:10.1021/acs.est.7b00700, 2017.

Hall, S. J. and Silver, W. L.: Reducing conditions, reactive metals, and their interactions can explain
spatial patterns of surface soil carbon in a humid tropical forest, Biogeochemistry, 125(2), 149-165,
doi:10.1007/s10533-015-0120-5, 2015.

Hall, S. J., Liptzin, D., Buss, H. L., DeAngelis, K. and Silver, W. L.: Drivers and patterns of iron redox
cycling from surface to bedrock in a deep tropical forest soil: a new conceptual model, Biogeochemistry,
130(1-2), 177-190, doi:10.1007/s10533-016-0251-3, 2016.

Olshansky, Y., Root, R. A. and Chorover, J.: Wet—dry cycles impact DOM retention in subsurface soils,
Biogeosciences, 15(3), 821-832, doi:10.5194/bg-15-821-2018, 2018.

Torn, M. S., Trumbore, S. E., Chadwick, O. A., Vitousek, P. M. and Hendricks, D. M.: Mineral control
of soil organic carbon storage and turnover, Nature, 389(6647), 170—173, doi:10.1038/38260, 1997.
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Shifting Mineral and Redox Controls on Carbon Cycling in
Seasonally Flooded Mineral Soils

Rachelle LaCroix!, Malak Tfaily?, Menli McCreight!, Morris E. Jones!, Lesley Spokas', and Marco
Keiluweit!”*

ISchool of Earth & Sustainability and Stockbridge School of Agriculture, University of Massachusetts, Amherst, MA-01003,
United States
ZEnvironmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA-99354, United States

Correspondence to: Marco Keiluweit (keiluweit@umass.edu)

Abstract. Although wetland soils represent a relatively small portion of the terrestrial landscape, they account for an estimated

20-30% of the globalglobal soil -carbon (C) reservoir. C stored in wetland soils experieneingthat experience seasonal flooding

areis likely the most vulnerable to increased severity and duration of droughts in response to climate change. Redox conditions,

plant root dynamics, and the abundance of protective mineralineral -phases are well-established controls on soil C persistence

in-seils, but their relative influence in seasonally flooded mineral soils is largely unknown. To address this knowledge gap, we

assessed the relative importance of environmental (temperature, soil moisture, and redox potential) and biogeochemical

(mineral composition and root biomass) factors in controlling CO» efflux, C quantity and organic matter composition along

replicated upland-to-lowland transitions in seasonally flooded mineral soils. Specifically, we contrasted mineral soils under

temperaturee deciduous forests in lowland positions that undergo seasonal flooding with adjacent upland soils that do not,

considering both surface setl(A) and subsurfaceseil (B/C) soil-horizons. We found the lowland soils had lower total annual

COq efflux than the upland soils, with monthly CO» efflux in lowlands most strongly correlated with redox potential (En).

Lower CO; effluxes as compared to the uplands corresponded to greater C concentrations and abundance of lignin-rich, higher-

molecular weight, chemically-reduced organic compounds in the lowland surface soilss (A-horizons). In contrast, subsurface

soilsseils in the lowland position (Cs-horizons) showed lower C concentrations than the upland positions (C-horizons),

coinciding with lower abundance of root biomass and oxalate-extractable Fe phases(Feo, a proxy for reaetiveprotective Fe

phases). Our linear mixed effects model showed that Fe, served as the strongest measured predictor of C concentrations in

upland soils, yet Fe, had no predictive power in lowland soils. In-contrastInstead, our model ourtinearmixed-effectsmodel

showed that En and oxalate-extractable Al (Alo.a proxy of protective Al phases) became significantly stronger predictors acress

the-upland-to-lowland-transitienin the lowland soils. Combined, our results suggest that seasonal-flooding-and-assoctated-low
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redox potentials are the primary cause for C accumulation in seasonally flooded surface soilslsls, likely due to selective

preservation of organic compounds under anaerobic conditions. In seasonally flooded the-subsurface soils, however, seasenal

fooding himited-C accumulation is limited-which-we-attribute to- due to lower C inputs through root biomass and the removal

of reactive Fe and-Alphases under reducing conditions. Our findings demonstrate that C accrual in seasonally flooded mineral

5 soil is primarily due to low redox potential in the surface soil, and that the lack of protective metal phases leaves these C stocks

highly vulnerable to climate change.
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1 Introduction

Although wetland soils cover a relatively small portion of the Earth’s land surface, they store an estimated 20-30%
of the global soil C stocks (Mitsch et al., 2013). However, this C pool is under pressure from climate change, with increasing
severity and frequency of droughts having substantial, yet largely unresolved consequences (Brooks et al., 2009, Fenner and
Freeman, 2011). Increased droughts are expected to release previously stored C- in wetlands back into the atmosphere (Gorham
et al., 1991). Prior studies focused on C cycling in wetland soils have been primarily aimed at organic wetlands, such as peats
and bogs (Laine et al., 1996) or coastal wetlands (Kirwan and Blum, 2011). Although freshwater mineral wetlands are
estimated to contain 46 Pg C globally (Bridgham et al., 2006), they have received comparatively little attention.

Previous studies on C cycling in mineral wetland soils are limited to permanently flooded, rather than seasonally
flooded sites (Krauss and Whitbeck, 2012). This is surprising given that seasonally flooded soils are metabolically more active
than permanently flooded wetlands, resulting in significantly greater greenhouse gas emissions (Kifner et al. 2018). Moreover,
the consequences of climate change is—arc expected to be most immediately evident in seasonal wetlands due to their

dependence upon precipitation and seasonal groundwater recharge (Tiner, 2003). Seasonal wetlands are-can be considered as

early warning and-deteetion-ecosystems (Brooks, 2005); forecasting the impacts of climate change on permanently flooded

mineral-wetlands. Thus, seasonally flooded wetlands represent essential endmembers are-ideal-modelecosystems-to study the

effects of climate change on largerpermanently flooded wetland soils (Brooks, 2005).
Seasonal wetlands are geomorphic depressions in the landscape that have distinct hydrologic phases of flooding and

draining (Brooks, 2005). These ephemeral wetlands are small (<1 hectare), but ubiquitous

———comprising nearly 70% of all
temperate forest wetlands in the US (Tiner, 2003). Seasonal flooding and drainage not only creates biogeochemical “hotspots”
for soil C and nutrient cycling along upland-to-lowland transitions, but also “hot moments” as these transition zones move
seasonally (Cohen et al., 2016). These transition zones are also relatively large, as the generally small size of seasonal wetlands
results in a disproportionally large and dynamic terrestrial-aquatic interface relative to total wetland area (Cohen et al., 2016).
Determining the controls on C cycling within seasonally flooded mineral soils thus requires specific consideration of the fluxes
and dynamics across these terrestrial-aquatic transitions.

Though temperature and soil moisture are principle controls on C cycling in soils generally (Lloyd and Taylor, 1994;

Wang et al., 2014), water saturation is a critically driver of se#-organic matter (OM) decomposition processes in seasonally
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flooded systems (Neckles and Niell, 1994). Water saturation governs oxygen availability in soil pore spaces, as oxygen
diffusion in water is 10,000 times slower than in air (Letey and Stolzy, 1964). The resulting oxygen limitations inhibit the
activity of oxidative enzymes eatalyzing-which catalyze the depolymerization of higher-molecular weight OM into smaller,
assimilable compounds (Megonigal et al. 2003). Further, once oxygen is depleted, microbes rely on alternative terminal
electron acceptors (NOs-, Mn**, Fe3*, SO4?) in heterotrophic respiration that yield less energy (Sutton-Grier et al., 2011). These
thermodynamic constraints also dictate the types of organic substrate microbes are able to use in anacrobic heterotrophic
respiration (LaRowe and Van Cappellen, 2011). Anaerobic conditions limit microbes to utilizing substrates that are chemically

more oxidized, in turn preferentially preserving more chemically-reduced organic compounds (i.e., compounds with lower

oxidation states) in soils and sediments (Boye et al. 2017; Keiluweit et al., 2017). While CO2 emissions are often correlated
with oxygen availability (or soil redox potential, Ei) (Koh et al., 2009), it is unclear to what extent such metabolic constraints
result in the selective preservation of high-molecular weight, chemically-reduced OM in seasonally flooded systems where

soils become aerated for prolonged periods.

Water saturation also impacts soil by controlling vegetation type and densit thus acting as an indirect control on

root growth and activity belowground. Plant roots contribute to soil C stocks through active rhizodeposition (exudates,
secretions, dead border cells, and mucilage), dead root residues (Jones et al., 2009), and root-associated microbes (Bradford et

al., 2013). Roots are the main contributors to C stocks in upland soils (Rasse et al., 2005), but the reet-impacts of roots on soil

C stocks in wetlands is less clear. Water saturation directly inhibits root growth due to the associated low redex

potentialsdissolved oxygen concentrations (Day and Megonigal, 1993; Tokarz and Urban, 2015). Indirectly, water saturation

in soil selects for plant species that can tolerate water stress typically species that have developed advantageous traits to

survive flooded conditions, such as shallow rooting systems (Tokarz and Urban, 2015). However, seasonally flooded soils
select for an even smaller niche of plants, as they must be tolerant of both upland and lowland conditions (Brooks, 2005). How
root inputs from facultative upland-to-lowland plant species contribute to soil C content and chemistry in seasonally flooded
soils is still not clear.

In addition to restricting microbial metabolism and root growth, water saturation also influences the concentration

and distribution of reaetive-high surface area minerals that-eontributeto-Caceumulationthat are exeellent-potent sorbents for

C in soils (Chen et al., 2017; Torn et al., 1997; Wagai and Mayer, 2007). In upland soils, iron (Fe) or aluminum (Al)

24



10

15

20

25

(hydr)oxides protect OM from microbial decomposition, thereby contributing to C storage for centuries to millennia (Torn et
al., 1997; Wagai and Mayer, 2007). In flooded soils, however, the rapid depletion of oxygen upon flooding can result in the
reductive dissolution of Fe(IIl) oxides (Chen et al., 2017), potentially causing the mobilization of previously Fe-bound OM
(Zhao et al., 2017). During water table drawdown, Fe(II) may be leached from the profile or re-oxidized to Fe(IlI) oxides upon
re-oxygenation of the soil (Wang et al., 2017). While redox-mediated transformations of Fe(III) oxides and export of Fe(Il) is
a well-known phenomenon (“gleying”) in seasonally flooded soils (Chen et al., 2017), their impact on mineral-associated OM
has yet to be determined. Further, Al exides;rather than Fe (hydr)oxides, are the predominate mineral phases contributing to
OM retention in forested floodplain sediments because their solubility is controlled by pH rather than redox conditions

(Borggaard et al., 1990; Darke and Walbridge, 2000), and may thus play a critical role in mineral protection in seasonally

flooded soils (Chen et al., 2018; Chen and Thompson, 2018).

Water saturation thus likely governs C cycling in seasonally flooded soils through its combined impact on oxygen

availability, root dynamics and mireralegymineral composition; but how the relative contribution of these biogeochemical

controls vary across spatial and temporal gradients is still unknown. A recent study along hillslope transects in tropical forest
soils representing an oxygen gradient (Hall and Silver, 2015), for example, found that a combination of Fe (II) (a proxy for
reducing conditions), fine root biomass, and total Fe and Al concentrations explained the most variation of surface soil C
contents. How the relationships between C and important biogeochemical controls differ in systems that undergo longer, yet

not permanent, periods of water saturation is still in question

5

especially with depth (Barcellos et al., 2018).

In this study, we aimed to identify the predominant environmental and biogeochemical controls on CO: efflux, C
content, and OM composition in seasonally flooded mineral soils. To accomplish this goal, we studied the impact of seasonal
flooding on C cycling across complete soil profiles (0 to 1 m) in six replicated upland-to-lowland transects typical for the
Northeastern US (Brooks, 2005). Our objectives were to (i) identify the environmental parameters that drive temporal
dynamics of CO: efflux in seasonally flooded soils and (ii) examine the relative importance of biogeochemical controls on C
concentration and €-OM ehesaistrycomposition with depth. To accomplish our first objective, we related soil CO: efflux at
three landscape positions (upland, transition, and lowland) spanning the transect over the course of a full drainage and flooding

cycle to measurementss of soil temperature, moisture, water table depth and redox potential. To accomplish our second

objective, we examined variations in C content and chemistry in both surface and subsurface horizons in relation to root
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distribution, mireralegymineral composition and redox potential. We hypothesized that seasonally reduced conditions upon

flooding will result in lower CO» efflux, greater C accumulation, lower capacity of minerals to protect OM, and a selective
preservation of macromolecular or chemically-reduced OM compared to the upland position. We anticipated that the transition

position would represent an intermediate between upland and lowland positions.

2 Methods
2.1 Site description

Our study included six replicate forested wetlands in western Massachusetts that experience seasonal flooding through
groundwater recharge; three sites are located at the UMass Experimental Farm Station in South Deerfield, MA, and three
located within the Plum Brook Conservation area in South Amherst, MA. All sites consisted of soils that are glacially-derived
sandy loams classified as mesic Typic Dystrudepts. Vegetation is dominated by red maple (Acer rubrum) and white oak
(Quercus alba) stands with understory vegetation primarily composed of cinnamon fern (Osmunda cinnamonea), Canada
mayflower (Maianthemum canadense), reed canary grass (Phalaris arundinacea), and jewelweed (Impatiens capensis). Mean
annual air temperature is 9°C and mean annual precipitation (rainfall and snowfall) is 120 cm (National Centers for

Environmental Information (NCEI), National Oceanic and Atmospheric Administration (NOAA).

2.2 Field measurements

A transect in each seasonal wetland was delineated from an upland position to a lowland position (Fig. 1a-c). Three
positions, termed “upland”, "transition”, and “lowland”, along each transect were established as monitoring stations and for
soil sample collection. The upland position is in a forested landscape, approximately five meters away from the edge of the

wetland, ard-which does not undergo any flooding. The transition position is located on the edge of the wetland, which typically

does not get flooded in an average rainfall srearbutyear but is under the influence of water table rise. The lowland position is
in the lowest point of the wetland and is flooded for several months throughout the year. Horizons in the upland position were
classified as A (0-25 cm), B (25-55 cm), and C (55-84+ cm) horizons; in the transition position as A (0-28 cm), C (28-48 cm),
and Cg (48-69+); and in the lowland position as A (0-25 cm), C (25-35 cm), and Cg (35-68+ cm) (Soil Survey Staff, 1999)
(Fig. 1a). Each landscape position was monitored for CO2 emissions, soil temperature, volumetric moisture content (VMC) at
0 to 10 cm, water table depth, and Esx. Field measurements were collected weekly at each designated landscape position in all
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six seasonal wetlands from May through August, then monthly from September through April. A field portable automated gas
flux analyzer (LI-8100A, LI-COR Biotechnology, Lincoln, NE) was used to measure rates of CO2 emissions, on permanently
installed PVC collars, soil temperature and VMC. Three measurements of COz fluxes were taken at each individual PVC collar
using observation times of one minute, with 15 second dead band and pre- and post- purge times. The standard deviation of
three observations was calculated in the field and a 15 % threshold was used for acceptable measurements. If the resulting
standard deviation of the three measurements was greater than 15 % subsequent measurements were taken until the threshold
was met. Based on other reports for comparable sites (Kifner et al. 2018), we expected methane production within these
seasonal wetlands. However, in those sites methane production was 20-times lower than COz production. While we fully
acknowledge the disproportionate potency of methane as a climate-active greenhouse gas, our study aimed to determine the
environmental and biogeochemical factors influencing C accrual or depletion in soils. We thus focused our monitoring efforts
on quantitatively more important CO2 emissions as the predominant C loss pathway. Water table fluctuations were monitored
using slotted PVC pipes installed to depths of 100 cm. Platinum-tipped En probes were installed in triplicate at each depth of
15-, 30-, and 45-cm; each group (nine) of En probes were accompanied with a single salt bridge filled with saturated KCI in
3% agar for the reference electrode. In total, each landscape position had 18 redox probes installed at each depth. En was
measured using a calomel electrode (Fisher Scientific, Pittsburg, PA) attached to a voltmeter and corrected to a standard

hydrogen electrode by adding 244 mV to each reading (Fiedler et al., 2007).

2.3 Soil sampling and analysis

Soil samples were collected from all sites, positions and horizons using hand-augers. Coarse rocks and roots were removed
from soil samples which were then sieved using standard 2 mm screens. Particle size distribution was determined using the
pipette method outlined by Gee and Bauder (1986). Total C and N were determined with an elemental analyzer (Hedges and
Stern, 1984). Extractable iron and aluminum concentrations were measured on each soil horizon from all three positions from
the six pools (n=62) using ammonium-oxalate and citrate-bicarbonate-dithionite (CBD) extraction procedures (Loeppert and
Inskeep, 1996). Ammonium-oxalate extractable Fe (Feo) and Al (Alo) represent the poorly crystalline pool of Fe, while the
CBD extractable Fe (Feq) and Al (Ala) represent the total reducible Fe.

Root biomass was determined by taking soil cores in all six wetlands at each position along the designated moisture

transects. The cores were taken at 0-20 cm, 20-40 cm, and >40 cm. Root biomass was determined using a USDA NRCS hand
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sieving method (Soil Survey Staff, 1999). The initial values of root biomass were used to determine biomass values for each
soil horizon using an equal-area quadratic spline function (Spline Tool v2.0, ASRIS). Mean En values for each soil horizon
were also estimated using the spline function.

To determine the relative abundance of specific C functional groups and degree of oxidation, soil samples were analyzed
using C (1s) near edge X-ray absorption fine structure (NEXAFS) spectroscopy at the Canadian Light Source (CLS) in
Saskatoon, Canada. Soil samples from individual horizons were gently ground, slurried in DI-H20 and pipetted onto clean In
foils. After drying, C NEXAFS spectra were obtained using the spherical grating monochromator (SGM) beamline 111D-1
(Regier, 2007). Step scan mode (0.25 eV steps from 270 to 320 eV) was used to minimize x-ray damage. A dwell time of 20
ms was used between scans. Individual spectra were collected at new locations on each sample for a total of 40 to 60 scans.
The beamline exit slit was set at 25 mm, and the fluorescence yield data was collected using a two-stage microchannel plate
detector. The resulting spectra were averaged for each sample and the averaged spectrum was then baseline normalized to zero
and then normalized the beamline photon flux (Io) from a separate Au reference foil. Each spectrum was calibrated to the
carboxylic acid peak (288.5 eV) of a citric acid standard. Pre-edge (270-278 eV) and post-edge (310-320 eV) and an Eo (290
eV) values were used to perform an edge step normalization. Peak deconvolution was conducted in Athena (Demeter version
0.9.25, 2006-2016); Ravel and Newville 2005) to determine the relative abundances of functional groups, with peak positions
as described in Keiluweit et al. (2017). Gaussian peak positions, their full-width at half-maximum, and the arc tangent function
were fixed. Peak height was set to vary freely during the fitting process. Parameters were adjusted until optimal fits for each
spectrum were achieved and all spectra were fitted with these final parameters.

To determine the composition of bioavailable compounds that can potentially be used in microbial respiration (<600Da,
Logue et al., 2016), water extracts of soil samples were collected on a 12 Tesla Bruker SolariX Fourier-transform ion cyclotron
resonance mass spectrometer located at Environmental Molecular Sciences Laboratory (EMSL), a Department of Energy
Biological and Environmental Research (DOE-BER) national user facility located in Richland, WA. Soil samples were
extracted with ultrapure DI-H20 using one gram of soil and 10 mL of DI-H2O (1:10). The samples were sealed in 15 mL
conical tip tubes and shaken for one hour. Samples were then centrifuged and filtered using syringe-filters and the resulting
filtrate solution was used for FT-ICR-MS analysis. A standard Bruker electrospray ionization (ESI) source was used to generate

negatively charged molecular ions; samples were then introduced directly to the ESI source. The instrument was externally
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calibrated to a mass accuracy of <0.1 ppm weekly using a tuning solution from Agilent, which contains the following
compounds: C2F302, CsHF9N30O, C12HF21N30, CaoHisF27N30sP3, and CacHisF30N30sP3 with an m/z ranging between 112 to
1333. The instrument settings were optimized by tuning on a Suwannee River Fulvic Acid (SRFA)) standard. Blanks (HPLC
grade MeOH) were also ran at the beginning and the end of the day to monitor potential carry over from one sample to another.
The instrument was flushed between samples using a mixture of water and methanol. The ion accumulation time (IAT) was
varied to account for differences in C concentration between samples and varied between 0.1 and 0.3 s. Ninety-six individual
scans were averaged for each sample and internally calibrated using OM homologous series separated by 14 Da (—CHz groups).
The mass measurement accuracy was less than 1 ppm for singly charged ions across a broad m/z range (i.e. 200 <m/z <1200).
To further reduce cumulative errors, all sample peak lists for the entire dataset were aligned to each other prior to formula
assignment to eliminate possible mass shifts that would impact formula assignment. Putative chemical formulas were assigned
using Formularity software (Toli¢ et al., 2017). Chemical formulas were assigned based on the following criteria: S/N >7, and
mass measurement error <l ppm, taking into consideration the presence of C, H, O, N, S and P and excluding other elements.
Peaks with large mass ratios (m/z values >500 Da) often have multiple possible candidate formulas. These peaks were assigned
formulas through propagation of CHz, O, and H2 homologous series. Additionally, to ensure consistent choice of molecular
formula when multiple formula candidates are found the following rules were implemented: we consistently chose the formula
with the lowest error with the lowest number of heteroatoms and the assignment of one phosphorus atom requires the presence
of at least four oxygen atoms. Peaks that were present in the blanks were subtracted from the sample data sets. Additionally,
all single peaks i.e. peaks that are present in only one sample were removed and are not included in the downstream analysis.
To further identify only “unique” peaks, we compared samples with the same group against each other to keep the peaks in
the sample set that occur at least half of the samples for that group; peaks that occurred in less than half the samples were
discarded from the final data set.

To visualize differences in SOM composition, compounds were plotted on a Vvan Krevelen diagram corresponding
to their H/C (hydrogen to carbon) vs. O/C (oxygen to carbon) ratios (Kim et al., 2003). Van Krevelen diagrams provide a way
to visualize and compare the average properties of OM and assign compounds to the major biochemical classes (i.e., lipid-,
protein-, lignin-, carbohydrate-, - and condensed aromatic-like) (Kim et al., 2003). To identify the degree of oxidation of the

SOM we calculated the nominal oxidation state of carbon (NOSC) (Keiluweit et al., (2017):
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c

NOSC=—( )+4 (1)

in which C, H, N, O, P, and S correspond to stoichiometry values measured by FT-ICR-MS, and Z is equal to the net charge
of the organic compound (assumed to be zero). We utilized the calculated double bond equivalent (DBE) to determine the
degree of saturation of the identified C compounds, using the equation set forth by Koch and Dittmar (2006):

DBE =1+-(2C —H +N +P) )
where C, H, N, O, P, and S correspond to stoichiometry values also measured by FT-ICR-MS. The DBE is a useful equation
to determine the degree of unsaturation of organic carbon containing molecules, where higher DBE values indicates less H
atoms and a greater density of C-C double bonds. We also analyzed aromaticity of water extractable organic matter using a
modified aromaticity index (Almod) to determine the density of C-C double-bonds, using the amended equation by Koch and
Dittmar (2016):

14C-20-S—2(N+P+H)

AImod =

(€)

1
C-30-N-S-P
which takes into consideration the contributions of heteroatoms and n-bonds. To identify shifts in average molecular weights
we calculated molecular weight using stoichiometry values measured by FT-ICR-MS:

MW = (C x 12.011) + (H x 1.008) + (0 x 15.999) + (S x 32.06) + (P x 30.974) + (N x 14.007) 4)

where each element is multiplied by its molar mass.

2.4 Statistical analyses

All statistical analyses and plots were done using Rstudio (Version 1.0.136, R Core Team 2015). The Im() function
in Rstudio was used to perform linear regressions with the seasonal data to determine how various environmental parameters
(soil moisture, water table depth and redox potential) predicted CO2 emissions in the three landscape positions. Arrhenius
models were used to determine how soil temperature predicted CO2 emissions in the three landscape positions using OriginPro
(OriginLab) with the equation (Sierra et al. 2012):

k = Ae(—Ea/RT) 5)

where Ea is the activation energy, A is the pre-exponential factor, R is the universal gas constant (8.314 J K- mol"), and T is

temperature in Kelvin (K). Relationships between total C and biogeochemical parameters were analyzed using linear mixed

30



10

15

20

effects models with the lme4 package (Bates et al., 2015) in Rstudio. Regression analyses were conducted for the entire year-

long dataset, and for the growing and non-growing seasons defined as May through September and October through March,

respectively. Two sets of mixed effects models were conducted; the first to identify which biogeochemical variables (root
biomass, Feo, Alo, clay, and redoxEn) predicted C content in the different landscape positions where wetland number (n=6)
was a random effect and horizon (A, B/C, C/C,) and one additional predictor variable were fixed effects. The second set of
models aimed at identifying how the same variables predicted soil C at different soil depths, where wetland number was chosen
as a random effect and landscape position (upland, transition, lowland) and one additional predictor variable as fixed effects.
The mixed effects models were performed individually with one fixed effect parameter in addition to the blocking factor of

either horizon or landscape position. To correct for multiple testing effects, we used the Bonferroni correction factor where

Olcorrected 1S equal to 0.01. To test our hypotheses, differences among landscape positions were assessed individually for each

set of horizons using Ana

of variance (ANOVA) conducted were—condueted-in Rstudio (version 5.3.1) fellewed-bycombined with Ttukey’s honesty

significance difference (HSD) tests eonducted—inRusing R packages agricolae (de Mendiburu, 2017) and multcompView

(Graves et al., 2015). Specifically, we compared values within surface (A), intermediate (B/C), and subsurface (C/C,) horizons

across the upland-to-lowland transect (Table 3). Alpha values of 0.05 were used for differentletter designations indicating

significant differences among the landscape positions. Due-to-the-conservationnature-of usingaTukey’s HSD-on-our-entire

hypetheses-Statistical aralysis—analyses were conducted on square-root transformed data when assumptions of normal

distribution were not met.
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3 Results
3.1 Seasonal dynamics

Although our positions along the upland-to-lowland transect (i.e., upland, transition, lowland positions) are only a
few meters apart each, we found significant differences in the seasonal dynamics of soil respiration, water table depth, moisture
content and redox conditions (Fig. 2).

Soil respiration. COz fluxes in each landscape position began to rise in May and peaked in September. Thereafter,
CO: efflux in all positions gradually declined to a baseline level until November—cO2-fhaxes, and remained atthatlowbaseline
levellow through April (Fig 2a). Cumulative COz emissions during the growing season substantially decreased across the

upland-to-lowland transect (Table 1). The flooded period (February through June) of the lowland position extended into the

first two months of the growing season. Relative to the lowland position (24 mol CO2 m? year'), cumulative CO2 emissions

were 38% greater in the transition position (33 mol CO2 m? year'), and 58% greater in the upland position (38 mol CO2 m?2).
This general difference became even more pronounced when cumulative CO2 emissions were normalized to C content, with
the upland position showing significantly greater emissions than beth-in the transition (p-value <0.001; Tukey’s HSD) and
lowland (p-value <0.001, Tukey’s HSD) positions. In the non-growing season, the transition position registered the largest
cumulative CO2 flax-emissions (20 mole CO2 m2), but there were no noticeable differences between the upland and lowland
positions (16 and 15 mole CO2 m™, respectively) (Table 1).

Moisture dynamics. As typical in seasonal wetlands in the Northeastern US (Brooks, 2005), the water table in all three
positions was highest from January to July and lowest from August through December (Fig. 2b). The lowland position had the
greatest fluctuations in water table depth; the water table rose above the ground surface from February through June and
dropped below the ground surface from July through January (-2 to -42 cm) (Table S1). The water table in the transition and
upland positions showed similar seasonal dynamics, but the water table was significantly lower in the lowland position
throughout the year. VMC generally followed water table fluctuations, although with less seasonal variation (Fig. 2¢). Soil
moisture was consistently the greatest in the lowland position; during the growing season lowland VMC was 20% greater than
the upland position (p-value < 0.05; Tukey’s HSD), and 15% greater in the non-growing season (p-value < 0.05; Tukey’s

HSD) (Table S1).
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Redox dynamics. Redexpotentia{En) values typically mirrored the hydrologic conditions of each landscape position,
with the lowest values generally occurring from May to July and the highest values between October and February (Fig. 2d).
The lowland position had the largest seasonal amplitude, with values of less than 100 mV between May and July and above
500 mV from October to December. En in the transition position only fell to values between 200 to 300 mV between May and
July, and recovered to values near 600 mV by October. The En values at the upland position remained above 450 mV
throughout the entire year at 15 cm depth, but reached 400 mV or lower at 30 and 45 cm depths from May to July.

3.3 Distribution-Relatingef carbon_concentration to; root biomass; and mineralegymineral composition across upland-
to-lowland transitions

To identify how roots and mineralegymineral composition affected the-C distribution ef-C-across the upland-to-

lowland transect, we examined C concentrations in relation to root biomass, texture, extractable Fe and Al and En (Table 3).

Along the upland-to-lowland transects, C concentrations in the surface horizons increased (p-value < 0.05, Tukey’s HSD)

whereas concentrations in the subsurface horizons decreased along the transect (p-value < 0.05, Tukey’s HSD) (Table 3). C

concentrations in the lowland position tepseil-surface horizons were were-twe-and-four times greater than the transition(p-

value<0-01:-Tukey s HSP)andupland positions subseils-surface horizons (p-value < 0.001; Tukey’s HSD), respectively. In
contrast, the subseis—subsurface soils in the upland positions had nearly double the C concentrations than the—subseis

subsurfaceses—efthein the transition and lowland positions_(p-value < 0.05, Tukey’s HSD) (Table 3). Root biomass

significantly decreased from the upland to the lowland positions (p-value < 0.05, Tukey’s HSD) (Table 3)(Fable3), with a 10-

fold decline in -both e-surface

and subsurface horizons..—howeverthe differences observed—inthe subsurface horizons (C and C.—horizons)were not

statistieally sienifieant: Silt and clay content increased from the upland to the lowland positions, particularly in the subsurface

soile#t (+33%, Table 3), although shifts in silt and clay contents were also not statistically significant. Both Fe, and Al

deereased-bynearty-50-%significantly decreased frem-along the upland--to--lowland pesitiens-transects in the tepsetlsurface

horizons (p-value < 0.05, Tukey’s HSD). However, in the subseil-subsurface horizons, Fe, akmest-deubledshowed a two-fold

increase from the upland to the lowland positionss—yetthis-inerease-wasnot (albeit not significantly-different), while —Fhe
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showed a four-fold decline -Ale

(p-value < 0.001, Tukey’s HSD) (Table 3)and-deelined-with-depth-ineachlandseapepesitien. Feq and Alq strenshfollowed

the trends of Feo and Al, (Table 3), thus we further limit our discussion to Feo, and Al.

3.4 Linear mixed effects models between total carbon and biogeochemical parameters

To determine-predict the relative influence of roots, mineralegymineral composition and Ex on C concentrations in

each landscape position, we performed linear mixed effects models using total C as a response variable and root biomass, clay,
Feo, Al, and mean Ei in the growing season as predictor variables with horizon as a blocking factor (Fig. 4a). The relative
importance of the predictor variables changed across the upland-to-lowland transects. In the upland positions, Fe. was the
strongest predictor with the largest F-value (17.31, p-value < 0.001), followed by root biomass (13.31, p-value < 0.01). In the
transition and lowland positions, however, only root biomass and particularly Al, were significantly correlated with C (p-value
< 0.01; Table 4). The model results show that as the importance of redox-active Fe, as a predictor for soil C concentrations
beeamelessimpertantdecreased along upland-to-lowland transects, the importance of Al, increased.

To identify—predict the influence of the biogeochemical variables on soil C concentrations with soil depth, we
performed linear mixed effects models on the different horizons, using landscape position as a blocking factor (Fig. 4b). In
the A-horizon, En had the highest F-value and strongest correlation to C (6.31, p-value < 0.05; Table S3). In the lowest horizons,
Alo, was the only significant predictor variable in the models (F-value = 16.10, p-value < 0.01, Table S3). These results indicate

that, among the tested biogeochemical variables, En, a proxy for oxygen availability, has a predominant influence on C

concentrations in the surface soils, while Alo has the strongest effeet-influence on C concentrations at depth.

3.5 Carbon chemistry across upland-to-lowland transitions
To examine variations in C chemistry €-along upland-to-lowland transects, we analyzed solid-phase and water-
extractable OM. C (1s) NEXAFS spectra showed a_general a-everall-increase in abundance of chemically-reduced, solid-phase

C across the upland-to-lowland transects in the tepsetsurface horizons, but an opposite trend in the sabsetl-subsurface horizons

(Fig. 5a, Table S3S4). Aliphatic jarematie-and carboxylic C relative abundances were significantly different amongst the three

landscape positions (p-value = < 0.05, ANOVATukey’s HSD). The relative abundance of chemically-reduced aliphatic ane

arematie-C increased from the upland to the lowland position in the surface horizons (p-value < 0.001 Tukey’s HSD-TFukey's
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HSD): though not statistically significant, -but-theiit’s contribution also decreased gradually along the same transect in the

subsurface horizons (Fig. 5a, Table S4). Generally, chemically reduced aromatic C followed the same trend as aliphatic C:

howeverthesetrends—werenot-statisticallysisnificant. Chemically more oxidized carboxylic C decreased in the surface

horizons from the upland to lowland positions (p-value < 0.01, Tukey’s HSD), yet increased slightly in the sabsed-subsurface

horizons along the same transect. As a measure of the degree of oxidation, we calculated carboxylic-to-aromatic C ratios (Fig.

5b), with higher ratios indicating a greater degree of oxidation. Due-te-the-hichvariance-withinthe C{Is) NEXAFES speetra;

the-caleulated-Although the ratios were not significantly different among the landscape positions (p-value > 0.05, Tukey’s

HSD), heweveritisworth-netingthe generanoteworthyl trends were found. In the tepseilsurface horizons, the ratio gradually

decreased across the upland-to-lowland transects in the tepsets-surface horizons (Fig. 5b, Table S4). In the subsetsubsurface

horizons, the opposite trend was observed, and the ratio steadily increased from the upland C--horizons to the lowland Cg-
horizons (Fig. 5b, Table S4).
To assess changes in oxidation state and molecular weight of compounds more readily available for microbial

respiration, water extracts of all samples were analyzed by FT-ICR-MS (Fig. 6a-b, Table S5, Table S6). The composition of

water extractable OM was remarkable similar across the transect (While-the-nominal-exidationstate-ofearben (INOSC)-did

positionsp-value > 0.05, Tukey’s HSD), but s;we-do-note-some apparent-general trends were noticable. -across-the-upland-to-

lovland transeet-Bboth the modified aromaticity index (Almod) and the average molecular weight of the detected compounds

showed-significant-and gradual increases across the upland-to-lowland transitions_in the surface horizons (Fig. 6a, Table S65).

Paralleling that change, the relative contributions of lignin increased (+7%) and that of lipids decreaseds (-11%) moving from

the upland -to the -lowland position aeress-the-transeet-(Fig. 6b, Table S5). In the subsetssubsurface horizons, however, both

Almod and average molecular weight did-net-changesignifieanthyshowed little changes (Fig. 6a, Table S6), while the relative

abundance of lignin increased (+9%) and that of lipids decreased (-11%).

4 Discussion
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the factors regulating CO2 emissions and C accumulation shifted as predicted in surface soils along the upland-to-lowland

from-that-intopseils:, but exhibited petentially-inverse trends in the subsurface.

4.1 Environmental parameters controlling CO: emissions

Our field data support our hypothesis that reducing conditions under flooded conditions inhibit microbial respiration

and thus reduce CO2 emissions ir-seasenalyfloeded-seilin the lowland position-is-supperted-by-ourseasonalfield-data. Indeed,

WefoundstrengStrenscorrelationsbetween-seasonal COz emissions in the lowland positions were strongly correlated withané
VMC, water table depth, and En -in

(Fig. 3)._Conversely, in upland positions where oxygen

limitations are not limiting, TheJn-theupland positionpesitionregressionsbetween €O» i
itine—soil temperature hewever,—soil-temperature
explainediswas found to be the best predictor variable for -the-mest-variation-CO> emissions (Fig. 3a, Table 2). Ourresults

ndi hat CO»

Our results further shoewed-indicated that the impact of seasonal drainage of the lowland soils on CO> effluxes -€O2

atis limited by temperature effects

temperatures—sufficient-for mierobialaetivity (Fig. 2, Table 2). Oxygenation in other seasonally flooded soils usually results

in increases in CO» effluxes due to enhanced aerobic microbial respiration (Laine et al., 1996; Krauss and Whitbeck, 2012¢refs).
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ay—Although the-our lowland soils becoame

oxygenated in the non-growing season due to the water table drop.; we observed near equal CO2 emissions from the three

landscape positions during that time period (Table 1, Fig. 2a). A pessiblepossible explanation for this convergence in CO»

emissions during the non-growingseason-could-betheis that oxygenation coincides with the low seasonal temperatures during

the non-growing season (-1.7 to 10 degrees Celsius) which inhibit microbial activity (Lloyd and Taylor, 1994). In other words,

even when seasonal drainage oxygenates the lowland soils, -alewsfor-aerebic-metabolism-in-the lowland seils;allowing for

aerobic microbial respiration to occur, respirationtatesCO: efflux in these seasonal wetlands -still remains hmitedsuppressed

due to lewcold temperatures. It remains to be seen if higher temperatures during the non-growing season, as expected

throughout the Northeastern US with climate change (Karmalkar and Bradley, 2017), disproportionally increase microbial

respiration (and potentially C loss) from these soils.

4.2 Contrasting impacts of roots, mineralegymineral composition and redox on C concentrations along the upland-to-

lowland transect
C concentrations in the lowland tepseil-surface soils were nearly four-times greater than in the upland tepseil-surface
soils (Table 3), which are-was mere-most likely caused by lower microbial respiration rates (Fig. 2a) rather than by-differences

in C inputs. Given the proximity of our three landscape positions and the—flattepegraphyminor changes in elevation,

aboveground litter inputs can be considered equal across the transect. Moreover, if belowground C inputs were responsible for
the greater C concentrations, we would expect root biomass to be higher in lowland than in upland positions. In fact, the
opposite was the case (Table 3). —~Our linear mixed effects model further showed that C concentrations in the tepseils-surface
soils was-were inversely related to En across the upland-to-lowland transect (Fig. 4b). In other words, low Ex values (i.e.,
oxygen availability) coincided with high C concentrations in the surface soil, an observation consistent with findings by Hall

and Silver (2015) in tropical surface soils. Hence, greater C concentrations in lowland tepseils-surface soil horizons are likely

due to oxygen limitations rather than greater above or belowground C inputs.
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Surprisingly, this relationship did not hold true in the subsetssubsurface horizons, where our linear mixed effects

model showed that En failed to predict C concentrations across the transect (Fig. 4b, Table S3). Lower C concentrations in

lowland subsets—subsurfacehorizens; as compared to adjacent upland subseHs—subsurface soils (Table 3); were likely a

consequence of differences in root biomass—+

3);; a difference that can be attributed to restricted root growth under oxygen limitations (Tokarz and Urban, 2015). With roots
recognized as primary C inputs belowground, especially in the subsoil (Rasse et al., 2005), the lack of root-derived C may
explain the low C steeks—concentrations in deeper lowland horizons. With limited C inputs at depth, microbial oxygen
consumption resulting from heterotrophic respiration may not be sufficient to cause prolonged oxygen limitations (Keiluweit
et al. 2016). These results suggest that the effect of oxygen limitations on C accumulation in seasonally flooded mineral soils
may be most pronounced in C-rich tepseHssurface soils, and less so in C-depleted subseilssubsurface soils.

Contrasting trends between upland and lowland soils were also found for the relationship between C concentrations
and the presence of reactive Fe and Al phases, which are known to contribute to C accumulation (Wagai and Mayer, 2007).

The amount of Fe, was significantly lower (Table 3) and had significantly less power to predict C concentrations (REEERTO

EMMRESULTS FIGUREFig. 4a-b, Table 4) in lowland soils than in the upland soils. The-ameuntofEeo.inlowland-sotls-was

signtficantty lowerthanmnupland seils(Fable 3);-The diminished importance of Fe, in C accumulation in our seasonally

flooded lowland soils is consistent with the loss of reactive Fe phases observed in flooded paddy soils (Hanke et al., 2012) and

in gleyed forest soils (Fiedler and Kalbitz, 2003). Here, redox-active minerals such as Fe(III) oxides are frequently lost due to

reductive dissolution under reducing conditions and subsequent translocation (Chen et al., 2017)._An-ebservedA noticeable,

yet insignificant-butinsienificant, increase in Fe, concentrations in the lowland Ce-horizons (Table 3) isare likely a reflection

of vertical transportationr of soluble or colloidal Fe phases into the subsurface horizon, where they may reprecipitate during

suggests that seasonal redox cycles, over pedogenic timescales, has progressively redueced-and-depleted-thesoilsof Fe

oxides-lowered the capacity for C to accumulate with redox-active Fe oxides.
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‘While the predictive power of- Fe, diminished across

the upland-to-lowland transect, -of-Al, -compared-to-the-upland-pesitienbecame are stronger predictor of C concentrations

ol bbb dasb, Table 4 Sessecuepibeam Haear b edelleermedel e hosadhalHe mapend oo e s lponeeny

lowland-transitions(Fig—4a)—In contrast to Fe, Al hydroxides are not reducible to a more soluble lower oxidation state. Al

hydroxides are thus more likely to accumulate in a dynamic redox environment such as our lowland soils. In fact, we found

consistently higher Al, than Feo contents in the lowland soils (Table 3). In similarly dynamic forested floodplain environments,

C content was also found to be more strongly correlated with Al, than Fe,, which was attributed to the formation of stable

oo (Fable3-Additienallyhieh soil OM-eontents;High OM contents,

typicallyfound—n—wetland-soilsas found in our lowland soils, have also been found to stabilize Alz*-OM complexes by

inhibiting crystallization of Al into more crystalline, and less reactive ean—inhibit-Al oxides —erystallization £ AP f

incorporated-into-A-OM-—complexes-(Darke and Walbridge, 2000; Borggaard et al., 1990). These Al-OM-complexesresultin

reactive; Adexides—Thus, -mMineral preteetionof €C accumulation -in our seasonally redueed

flooded mineral wetland soils may_partly thas-depend on ren-redueible-Al-exidesnon-reducible, poorly crystalline Al;*-OM

complexes.

Together, eur-these results indieate-clearly illustrate the-that the relative importance of roots, mineral composition

and redox conditions on that-C storage shifts not only along the upland-to-lowland transect, but also with depth.- On the one

hand, -#upland-seilsC accumulation in our upland soils relied relies-wupon both root inputs and the presence of both Fe and

Al phases, as previseudypreviously documented

Al-exidesanddow-oxygenavailability—.— On the other hand,
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reducing conditions (or

oxygen limitations) in the seasonally flooded lowland soils are sufficient to cause Cte accumulatione €-in the tepset-surface

horizon relative to upland soilsh

is-, mostlikely-due-to-oxygenlimitations-and-in-spite-ofdespite lower root C inputs and lower abundance of reactive Fe and Al

phases. Heweverln contrast, ;—subseils—subsurface horizonsseils in seasonally flooded lowlands had much lower C

concentrations than in the uplands; here C accumulation appears to be owed to non-redex—activereducible Al phasess -OM

complexes, but is limited by the lack of root C inputs belowground and the absence of reaetivereactive Fe phases.

4.3 Divergent controls on C-organic matter composition in seasonally flooded tep—and-subseilssurface and subsurface
soils

We hypothesized that anaerobic periods during seasonal -flooding efthetowland-seils-limit the depolymerization of

larger macromolecular compounds and/or the microbial respiration of chemically-reduced OM in the lowland soils. H<eituweit

etal201+6)-Conversely, we expected the upland positions to contain smaller and chemically more oxidized OM as a result of
consistently largely aerobic conditions. While prior studies have primarily focused on total C in surface soils (Hall and Silver,
2015), subsurface soils (Olshansky et al., 2018), or DOM (Rouwane et al., 2018), this work represents the first examination of
the depth-resolved chemical characteristics of C composition across upland-to-lowland transitions. Analysis of the

composition of solid-phase and water-extractable C supported our predictions of a greater abundance of lignin-rich, higher-

molecular weight, chemically-reduced OM in the lowland positions, but only in the surface horizons (Fig. 5, Fig. 6). Analysis

In the surface horizons, Ssolid-phase OM across the upland-to-lowland transects beeame+elativelybecame more enriched in

relatively reduced redueed-aromatic and aliphatic C and relatively—depleted in relatively oxidized exidized-carboxylic C,

causing the -in+the-tepseil-surface-horizonsaverage oxidation state to gradually decrease «(Fig. 5a). Along the same transect,

the average molecular weight, aromaticity and contribution from lignin compounds in Waterwater extractable OM increased

(Fig. 6a=;b). -The selective preservation of chemically-

reduced, high-molecular weight OM in the lowland surface soils confirms our assertion above that comparatively low CO»
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fluxes and high C accumulation in the lowland surface horizons is controlled by redox-conditionsoxygen limitations. -Thefaet

Contrary to our expectation, subseils—subsurface soils showed the reverse trend. —and—sSolid-phase C became

stgnifieantly-more oxidized along the upland-to-lowland transect (Fig. 5). Enhanced C oxidation in seasonally flooded soils is
consistent with reports by Olshanksy et al. (2018), who showed that wet-dry cycles increased the interactions between more

oxidized OM constituents (i.e. carboxylic C) and reactive soil minerals. It is also well known that subsurface soils in seasonally

flooded mineral soils receive significantly meregreater amounts of dissolved OM leaching down from the tepset-surface

horizons compared to upland soils (Fiedler and Kalbitz, 2003). In forest soils, dissolved OM leachates have been shown to

consist of partially—oxidized aromatic acids, presumably derived from lignin decomposition at the surface, that preferentially

associate with reactive Fe phases in the subsurface (Kramer et al. 2012). As noted above, while lowland horizons showed an

overall decline in Fe, and Al, contents relative to the upland position (Table), a modest uptick in Fe, content was observed in

the lowland subsurface (C,) horizon. One possibilitytes is thus that GeneralyOverallthelowland pesitions—efeurstudy

Feo(Fable 3)—Suchreaetive-Fe precipitates in the seasonally flooded subseisubsurface soil horizon phases-ceuld-petentially

trappedtrap dissolved, partially-oxidized, setible-compenndslignin-derived OM leaching down the profile and-se+esultand so

resulted in the accumulation of relatively--oxidized OM.-in-seasonaty-flooded-subsoils:

AdditionallyAdditionally, changes in C oxidation state in the subseils-subsurface may be driven by variations in root
C inputs along the upland-to-lowland transect (Table 3). Root C inputs are composed of chemically reduced aliphatic (e.g.
suberin and cutin) and aromatic compounds (e.g. lignin and tannins) (Spielvogel et al., 2014). With root biomass in upland
positions being noticeably higher, such root-derived inputs may have resulted in greater contributions of chemically--reduced

OM (Liang and Balser, 2008). In contrast, the lowland subsurface soils were nearly void of roots (Table 3). If OM in lowland
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subsurface soils predominantly stems from dissolved, partially-oxidized OM leaching down the profile, as discussed above,
the lack of root-derived, reduced OM compounds may result in an average C oxidation state that is relatively more oxidized.

4.4 Balance betweenlnterplay among -mineral-anredox controls, mineral protection and vegetation dynamics d-redex
eontrols-will determine climate change response of C storage in seasonally flooded mineral soils -to-climate change

Our results indicate that oxygen limitations are-account for the significant C accumulation in surface horizons of seasonally

flooded mineral soils.a - The Northeastern US is the

fastest warming region in the contiguous US, with winter temperatures rising at a higher rate than summer temperatures

(Kkarmalkar and Bradley, 2017). -Similarly, precipitation is expected to increase—s-aninereasean increase that is predicted to

occur almost exclusively in the winter months (Karmalkar and Bradley, 2017). “Warmertemperatures—and-lessrainin-the
stmmermonthsispredieted-toshortenthe It is thus assumed that the duration and extentd of alterthe-timingefflooding within

similar wetland systems will change throughout the Northeastern US (Brooks, 2005). -In the summer months, we would assume

that increasing temperature will cause greater evapotranspiration if precipitation remains roughly the same. Consequently,

summer drainage of seasonally flooded mineral soils will likely become more pronounced. -The resulting sere-eoxygenation

of the surface soils may ed:-liftine- metabolic constraints on OM depolymerization and respiration;-ane, and is thus likely to

cause —premeting-soil C loss and greater CO2 emissions.

ge-In the winter months, however, when both temperature and precipitation are expected to increase

no rainag
o POt Grartia

(Karmalkar and Bradley, 2017), seasonally flooded mineral soils around the Northeastern US will most likely remain flooded.

Yet the increase in temperature may help overcome temperature limitations that we found to control emissions in winter

months. -To assess how the total C balance within seasonally flooded mineral wetlands may respond to climate change in the

Northeastern US, it appears pertinent to explore how warmer winter temperatures affect anaerobic metabolic rates under fully

—saturated conditions over the winter months, and whether they have the potential to increase CO2 or CH4 emissions.
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Additionally, recent studies suggest that colonization by deeper-rooting upland plants will offset some of the C loss upon

drainage of former wetlands through additional C inputs (Laiho, 2006; Mueller et al., 2016). In our system, seasonal flooding

over pedologic time scales has resulted in an overall loss of reactive metal phases. This result suggests a limited capacity for

new C inputs to associate with reactive Fe or Al phases, and, consequently, a low potential to offset the losses of anaerobically

protected C upon drainage in the short-term. —The question whether increased root erowth, and associated root-driven

weathering of primary minerals, might also increase the abundance of reactive metal phases (Yu et al., 2017), and thus the

potential for increased C storage in the long--term, warrants future research.Additionally;—seasenal-floeding-over pedelogic

5 Conclusions

Our examination of COz emissions, C concentrations, and organic matter composition across six-replicated upland-
to-lowland transects yielded important insights into the controls on C cycling in seasonally flooded mineral soils. Importantly,
we see distinctly different mechanisms controlling C concentration and organic matter composition in surface versus
subsurface soils, which sharply contrasts those governing the upland system. While Fe, and Al, predicted C concentrations at
the upland sites, En and Al, best explained the significantly larger C accumulation in lowland soils. In spite of seasonal re-
oxygenation of the tepseilssurface horizons, periodic flooding (and the associated oxygen limitations) imposed sufficient
metabolic constraints on depolymerization and—+espiration—to cause the accumulation of plant-derived, aromatic, high-

molecular weight OM in tepsetssurface soils. In the subse#-subsurface horizons of seasonally flooded soils, anaerobic

protection of C appears to be less important. C accumulation was low and primarily related-tecorrelated with Al,, and the OM
preserved at depth was relatively oxidized. The fact that anaerobic periods during flooding restricted root growth and caused
a relative depletion of Fe(III) oxides in the subsetl-subsurface soil suggests that the lack of root C inputs and reactive sineralt

surfaeesmetal phases are primarily responsible for the low subsurface C accumulation. Our findings suggest that anaerobically
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protected C in seasonally flooded surface soils may be particularly vulnerable to increased frequency of droughts. The extent
to which associated C losses from surface soils may be compensated by upland plant encroachment and deeper root growth

warrants further research.
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Figure Captions

Figure 1. Illustration of upland-to-lowland transects in forested seasonally flooded mineral soils wetlands-used for this

study. (a) Approximate distances and elevation change between landscape positions along the transects as well as the horizons
sampled within each position. Approximate seasonal high and low water table depths are indicated by dashed lines. Example

of (b) flooded and (c) drained seasonal wetland with marked upland (U), transition (T) and lowland (L) positions.

Figure 2. CO: efflux, water table, moisture and redox dynamics along upland-to-lowland transects. Mean monthly (a)
soil COz efflux, (b) water table depths, (c) volumetric moisture contents, and (d) depth-resolved redox potentials for the three
landscape positions; upland, transition and lowland. Redox potentials are standardized from a calomel to a_standard hydrogen

electrode. Data are the means of measurements along upland-to-lowland transects in six replicate wetlands.

Figure 3. Pairwise linear-regressions between soil CO: efflux and soil temperature, water table depth, moisture content
and redox potential. Monthly averages for each environmental variable, recorded in six replicate upland-to-lowland transects
over a full year, were combined for regression analyses. Regression analyses were conducted for both growing (red-scale
markers) and non-growing season (blue-scale markers). (a) Relationship between soil temperature at 10 cm depth and soil
respiration medeledmodelled using the Arrhenius equation. (b) Linear regressions of water table depths against COz efflux.
Water table depths less than zero are below soil surface; depths greater than zero are above soil surface. (c) Linear regression
of volumetric moisture contents at 10 cm depth plotted against COz efflux. (d) Linear regressions of soil redox potentials at 15

cm depth plotted against CO: efflux. Growing season (GS) and non-growing season (NGS) fits are shown for each regression.

Figure 4. Fixed effect parameters predicting total C in linear mixed effects models. (a) F-values of fixed effects for Alo,
Fe,, clay, root biomass, and mean growing season En in each landscape position. (b) F-values of fixed effects for Alo, Feo, clay,

root biomass, and mean growing season Ex in the different horizons.

Figure 5. C (1s) NEXAFS analyses of solid-phase OM chemistry across upland-to-lowland transects. (a) NEXAFS
spectra from six replicate wetlands (grey), plotted for each landscape position and depth, with the resulting mean spectra
plotted (black). Peaks of particular interest are carboxylic C (285.35 eV), aliphatic C (287.20 eV), and aromatic C (285.03 eV)
denoted by dotted vertical lines. (b) Average carboxyl-to-aromatic C ( 285.35 eV/285.03 eV) ratios plotted for each landscape

position and depth; bars are standard error of the mean of the six-replicates.
Figure 6. FT-ICR-MS analysis of water-extractable OM chemistry across upland-to-lowland transects. (a) Average

relative abundances of compound classes as identified by O/C and H/C ratios in Van Krevelen plots. Grey-scale colors denoted

primarily plant-derived compound classes, while blue-scale compounds denote microbial-derived compound classes. (b)
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Average Almod values, as an index for aromaticity, and molecular weights of all detected compounds. Averages represent the

mean of replicate samples from six upland-to-wetland transects; bars are standard error of the mean.
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Table 1 Average cumulative CO2 emissions (n = 6 * standard error) for each landscape position across
upland-to-lowland transects

Full year Growing season Non-growing season
mol CO2 m? mol CO2 m? mol CO2 m? L
Upland position 540+ 1.1 38+ 1.6 16+ 0.8 v
Transition position 5324+0.9 33:+1.5 200 +0.9
Lowland position 39¢+0.8 242+ 1.3 152 +0.7

Letter designations are Tukey’s honestlysignifieaneeHSD test results. Different letter designations indicate a
p-value of < 0.05.
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Table 2 Regression analysis (r) results of potential environmental variables that
predict CO2 emissions along a moisture gradient

Environmental Season Upland Transition Lowland
Variable
Soil temperature? Full 0.72%%* 0.60%** 0.53%**
GS 0.627%%* 0.56%** 0.45%**
NGS 0.79%** 0.8 #** 0.69%**
Water Table DepthS Full -0.03 -0.05 -0.30%**
GS -0.32%* -0.14 -0.55%%*
NGS -0.20 -0.17 -0.35%*
Volumetric Moisture  Full 0.20%* -0.44%%* -0.32%%*
Content® GS 0.10 0,725 0.5
NGS -0.10 -0.37%* -0.37%*
Soil Redox Potential® Full 0.10 0.10 0.01
GS 0.05 0.41%** 0.40%**
NGS 0.06 0.08 0.27*

Full = entire year, GS = growing season, NGS = non-growing season.
# Arrhenius fit

s Linear fit

Significance codes: < 0.001 = “***° /(.01 = “**°_0.05 =" *’
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Table 3 Average (n = 6 + standard error) soil properties along the upland-to-lowland transect

drd ?‘K_-“?'”“":'G’G T O aataod "='=J"’€“""'=“-l‘y, FORGHtIC S O 'i-'"”,‘ POt 1OMARIAO S TC Alo
Herizon Total Catbon C:N  RootmBigwsedl) pH SiliClay4%)Fe, (mgg'soiMde  (mg g soil)
v —— e ——

A 232405 112425 612 +27 498+02 482+ 11 3.6°+0.5 51+0.8
Bpland 1.1% +0.3 132 + 3.4 1443 5200402 390411 244 +0.7 57+ 1.9
(& 230Pe0:50.1 H#32553 6425 +3 49820 0.1 48%37k 12 36" =95 + 0453 =08 .6° + 0.8
Bransition 110403 13e+34 14043 5220402 3941} 24%+07 5719

& 0-64°080H 5 13°5B 1.6 6°E3g0 + 17 S2UeRE 0.2 3741k 10 H70%094 + 0.4367+ 0852 1 0.3
Brbhsition 0.64°+ 0.1 6.4+ 1.4 152+ 6 5.382+ 0.1 412+ 11 1.52+0.3 1.9a+0.3
&g 30p364450.1 14°5:0h6 3.8 48°+13°+1  49F4B2(0.2 51590 10 20037 + (0.32.5% £ 01332 + 0.4
Béwland 0-647+ 0.1 64°+£14 150+ 53801 411} 15®+£03 193

&g 03@204:-D4  5.0963481.1 3°=1 P+2  543¢9020.]1 595000 13 1.3+10Sh + 0.4+30 041 + 1.1
Cowland 1.9+ 0.5 132 +3.7 2°+0.6 5290+ 0.1 66 + 9 .00+ 0.3 2.60+0.5
Qg SH3IN 4002 16234149 D7 +0.5 495314 0.1 500703+ 9 1 500220 +0.74 4be 11 1.0°+0.2

Cetter designatidn@ebmd@ste signieand differeQeas@éonge horiZna9ea @imilar €60th9 Compafsand 3vithin Qustbes 04 horizons)
@germediate (B/fdwrizongd. andzprbsuyfare (CHmhogizons) horzgnesgre detengined by AN A dalowedilpeazgbukey’s HSD
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Table 4 Fixed effect parameters from the linear mixed models along the upland-to-lowland transects

Variable Degrees Regression F - value Landscape Horizon
of Coefficient + Prob >F Prob >F
freedom standard error
Upland
Root Biomass 17 0.15+0.09 13.31 <0.01 NS
Feo 17 0.37+0.15 17.31 <0.001 NS
Al 17 0.31+0.09 10.76 <0.01 <0.05
Clay 17 0.39+£0.23 8.56 <0.01 <0.05
En 17 0.24 +0.31 2.86 NS <0.05
Transition
Root Biomass 18 0.05+0.07 21.81 <0.001 <0.05
Feo 18 -0.05+0.08 2.86 NS <0.0001
Al 18 0.14+0.14 15.57 <0.001 <0.001
Clay 18 0.24 £0.07 1.68 NS <0.0001
En 18 -0.08 +0.08 0.32 NS <0.0001
Lowland
Root Biomass 12 0.12+0.38 11.22 <0.01 NS
Feo 12 -0.01 +0.17 0.45 NS <0.01
Al 12 0.91+0.15 137.36 <0.0001 NS
Clay 12 -0.08 +0.21 0.31 NS <0.01
En 12 -0.47 +0.23 0.77 NS <0.01

Model parameters with p-values > 0.05 are denoted as not-significant with the letters NS.
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