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Dear Dr Battin,

Thank you very much for considering our submitted paper with minor revisions. We have now
revised our MS in order to address most of the comments by the two reviewers; these
comments, particularly those of reviewer #2, led us to make important modification in the text
(particularly in sections 2, 3, 5 and 6), that you can follow in the marked version below.
Basically, changes concerned the addition of information on surface areas by climatic regions
(new Table 1) in order to strengthen our reasoning about the importance of tropical wetlands,
some discussion about wetlands with little connectivity with rivers or lakes, such as peat bogs
and swamps (section 5), and about temporal variation of C export by flooding. The question of
hydrological connectivity of wetlands has been intensively addressed. Through all the text and
in figures 2 and 3, we also changed the term “wetland” to “flooded land” when appropriate.
Thanks to this very constructive round of review, we believe our revised paper convincingly
describes the inconsistencies between studies from terrestrial and aquatic perspectives, and
demonstrates that these inconsistencies can be solved by considering land flooding as a major
mechanism for the export of terrestrial C to rivers, together with runoff and drainage. We
suggest the occurrence of a wetland CO2 pump that efficiently transfer atmospheric carbon to
river systems, and propose an update of the renowned “plumbing paper” by Cole and coll. in
2007. Finally, we provide so guidelines in order to fill the important gaps in scientific knowledge
of carbon fluxes at the land-water interface. Because our paper contains cutting-edge ideas
about the continental carbon cycle and original concepts on aquatic ecology and
biogeochemistry we believe it will be of great interest to a large audience and could appear as
highlight article on the BG web site.

With best regards
Gwenaél Abril
Niteréi, 29/12/2018




Interactive comment on “Carbon leaks from flooded land: do we need to re-plumb the inland
water active pipe?” by Gwenaél Abril and Alberto V. Borges

Anonymous Referee #1
Received and published: 5 July 2018

COMMENT- The manuscript by Abril and Borges discusses existing conceptions of inland waters
in the global C cycle and presents an updated view with a stronger focus on inland water-
wetland interactions. While traditional conceptions see upland terrestrial ecosystems as only
allochtonous source of C to inland waters, wetlands are known to be an important source of C to
inland waters while having a specific ecology which is distinct from both terrestrial ecosystems
and inland waters. This new conception is timely as it finally allows for a more complete
perception of C cycling through the terrestrial-aquatic continuum of the continental surface.

Both authors have a great international reputation in the field of inland water and wetland
biogeochemistry, and their own work has in the past largely contributed to the growing
awareness of the importance of wetland-inland water interactions for the biogeochemistry of
inland waters. Their long-standing expertise becomes quite apparent in the presented
manuscript. The review of existing literature in the field is very complete and their own ideas
and perspectives are clearly described in a comprehensive and logically sound manner. | am
sure that this manuscript will be of great interest for the readership of Biogeochemistry, and I
recommend publication after minor revisions.

ANSWER- We thank the reviewer for her/his encouraging comments and positive evaluation of
our MS.

# General comments

COMMENT- L38-39: “primary production and respiration in air” What do you mean by “in
air”? Above ground/water table?

ANSWER- We will change the text to “submerged and emerged parts of the plants”

COMMENT- L59-60: You need a reference for that.
ANSWER- We will cite Ciais et al. 2013 here.

COMMENT- L73-78: Here you should quickly mention that reservoirs are an important form of
man- made inland waters.

ANSWER- We will write here “streams, lakes, reservoirs, rivers and estuaries”

COMMENT- L90-91: However, Garrels and Mackenzie 1971 were also among the first to show
the general CO2 oversaturation in rivers.
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ANSWER- Indeed, Garrels and Mackenzie (1971) computed pCO2 in a few large rivers based on
pH and HCO3- data from Durum et al. (1960), using a simplified and approximate computation
scheme. They mention briefly (in the legend of the figure) that the pCO2 values in rivers are
above atmospheric equilibrium. However, they did not estimate the emission of CO2 to the
atmosphere from global rivers, not put this number into perspective with regards to other
components of the carbon cycle such as organic carbon transport to the ocean. This was only
done from the 1990’s onwards, first with paper of Cole et al. (1994) in lakes, then the Cole &
Caraco (2001) paper on rivers that were then synthesized with additional data in the Cole et al.
(2007) paper.

COMMENT- Eq. 1: E and Fother should be net fluxes, as ecosystem can for instance take up
atmospheric CH4 and as there can also be lateral imports from upstream.

ANSWER- Yes indeed. In fact all fluxes are net fluxes (positive and negative) including also NEE,
NECB. We will specify this in the text

COMMENT- L146-148: Does this exclude or include weathering related fluxes of DIC?
Please, clarify.

ANSWER- Indeed, this deserves a clarification, because DIC from carbonate rock should be
excluded from this statement. New phrasing will be: “One process that makes -NEE diverge from
NEP and NECB is when significant amounts of inorganic C enter or leave the ecosystem as DIC in
the aquatic phase with horizontal hydrological transport rather than through atmospheric
exchange (Chapin et al. 2006). However, DIC from mineral source of carbonate rock weathering
will not contribute to the difference between NEP and NECB. In addition to this divergence
between NEE and NEP, NECB deviates from NEP when C enters or leaves the ecosystem in forms
others than CO2 or DIC (Eq. 1). This includes horizontal transport of particulate and dissolved
ocC..”

COMMENT- L189-191: Here, make clear that the weathering of carbonate rocks also involves a
mineral source of DIC. That is trivial, but may not be that obvious to the broad readership.

ANSWER- New phrasing will be “Weathering of carbonate and silicate rocks is mediated by soil
CO: derived from respiration, so that weathering is also a component of ER; however, the
weathering of carbonate rock involves another mineral source of DIC which contributes to half
of the alkalinity produced”.

COMMENT- L244-248: Lauerwald et al. used a 0.5 grid
ANSWER- Corrected in the revised version

COMMENT- L291-293: I don’t think that Krinner et al. 2005 is an adequate reference here.
That's the paper describing the standard version of ORCHIDEE which does not include fluvial C
fluxes. Only very recently, models have been developed which include fluvial C fluxes: e.g.
DLEM (Tian et al, 2015) and ORCHILEAK (Lauerwald et al.,, 2017).

JULES-DOCM (Nakhavali et al., 2018) is a land surface model that accounts at least
for the leaching of DOC from soils.

ANSWER- In the revised MS, we will remove the Krinner et al. 2005 ref and add the Tian et al.,
2015 Lauerwald et al.,, 2017 and Nakhavali et al., 2018 references.

COMMENT- L416-425: Here I find it a bit odd to report “-NEE”, and not just NEE with their
negative values. But that’s maybe a question of taste.
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ANSWER- We find easier and clearer to use “~-NEE” because it avoids any confusion in the
phrasing when comparing with NEP and NECB: “-NEE is higher than NEP” is easy to understand.

COMMENT- L450-451: I think there is a word missing in that sentence.

ANSWER- New sentence reads: “One problem with NPP data is that it does not account for all the
C transferred by the plants from the atmosphere to the soil and water.”

COMMENT- Eq. 13: You should define the meaning of, like “fraction exported laterally”, or
something similar. It’s obvious from the equations, but it would be nice to have it written in
words.

ANSWER- we define £ in the revised MS, and we will also write “af is thus the fraction of
ecosystem respiration that is exported laterally from the wetland in water masses.”

COMMENT- L550: What do you mean by “community”? An ecological community, i.e. the
assembly of organisms in one ecosystem?

ANSWER- we remove the ambiguous term “community”

Anonymous Referee #2
Received and published: 12 October 2018

COMMENT- This paper is a timely contribution to the discussion about the role of inland waters
in the global C cycle in that it connects two important aquatic elements (emergent
wetlands and rivers/lakes). I found the paper to be provocative, rigorous and insightful, and
thus look forward to its publication. I have several comments on the paper that are mostly
second-tier issues (i.e.,, none challenge the core arguments, just more minor details of those
arguments), as well as several editorial suggestions.

ANSWER- We thank the reviewer for her/his interest and detailed reading of our MS, her/his
overall positive evaluation of our paper and encouraging and constructive comments. The
reviewer has raised very relevant points and asked important questions concerning our
understanding of carbon exchange between wetlands and inland waters; on several aspects, the
reviewer highlighted some limits in our reasoning, particularly when considering wetlands only
when connected with inland waters. Owing to the general limited knowledge on these topics, it
is obvious we could not provide a definitive answer to all his/her five major comments; this is
why we acknowledge the reviewer when he/she recognises our contribution insightful and
rigorously and when she/he mentions that his/her comments are second-tier issues.
Nevertheless, in our revised MS, we will temple some of our statements in the light of these
comments, give more evidence on the mentioned facts based on new references to literature, put
more emphasis on the remaining uncertainties, and we provide some additional quantitative
information useful to support our views, particularly those on the relative importance of tropical
regions. These changes will improve our MS by giving more emphasis on current gaps and the
necessity to fill the gaps between land and water in the future.

COMMENT- 1) The equations provided are useful, but there a a few issues that the authors could
consider to augment. Principal among these was the utility of a master equation that connects
Eq. 1and Eq. 2. The text s full of compelling subtleties about where NEE departs from NEP,
and where NEP departs from NECB, and these are central to the overall argument. I think that
returning to this master equation for each section (aquatic, terrestrial and wetland) would
integrate the narrative more clearly.
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ANSWER: we will do our best to follow this excellent but very challenging suggestion; please
note that in fact, no single universal equation connects Eq.1 and Eq.2, exactly because in almost
all cases, all terms are significant and NEE departs from NEP and from NECB. However, it is
indeed possible to connect Eq. 1 and Eq.2 if the objective is to illustrate some assumptions
commonly made by ecologists, and the consequences of these assumptions on C fluxes
conceptualization.

In aquatic systems, the general case is a positive NEE (CO2 source), a negative NEP
(heterotrophy), a negative E (import from surrounding land) NECB can be positive (if burial of
terrestrial C exceeds heterotrophy) or negative and and Fomer can be reasonably neglected if CH4
emissions from open waters only are considered (L222-223); thus Eq.1 and Eq.2 can be
combined to: -NEE = NEP + Eco Consistent with the term “internal” (-NEP) and “external CO2”
(-E).

We will insert this simplified equation together with few explicative sentences in the aquatic
section after L286.

“In inland waters, Eq.1 and Eq.2 are generally combined to a simplified equation that only
considers inorganic C :
-NEE = NEP + Ecoz Eq. X

with NEE positive, NEP negative (heterotrophic metabolism), and Ecoz negative, as rivers and lakes
receive more dissolved CO; from groundwater than they export downstream.”

In terrestrial systems, the general approach based for instance on eddy-covariance CO2 fluxes
often consists in neglecting Fomer and E; thus Eq.1 and Eq.2 are combined to:

-NEE=NECB=NEP=GPP-ER; we will insert this statement in the terrestrial section L370:

... "by considering the loss of CO; that dissolves in groundwater as negligible or within the error of
estimation of metabolic flux at the ecosystem scale. In other terms, classical approaches in
terrestrial ecosystems consisted in neglecting Fomer and E and combine Eq.1 and Eq. 2 to:

-NEE=NECB=NEP=GPP-ER Eq. Y’

In flooded systems, similar hypothesis cannot be made to link Eq.1 with Eq.2. In fact the
relationship between fluxes in and out of the wetland (Eq.1) are linked to metabolic fluxes
(Eqg.2) according to the series of Eq. 14 to 16. Eq. 16 is the correct equation processes in the
flooded area atmospheric exchange and is more complex for many reasons

NPP+/KARW+IKARS-(1 —ﬁ)HR =B+FC02+FCH4+E
In the revised MS, we will modify the last sentence of the paragraph L546-547 “The three terms

ARw and ARs and HR together with the E term, are generally neglected in wetland C budgets that
quantify only NPP, FCO2, FCH4 and B (Mitsch et al. 2013; Sjogersten et al. 2014).”

COMMENT- When the equations for the wetland budgets are presented, new terms (alpha, beta)
are introduced. Alpha is described, but beta is not directly (i.e., proportion of aquatic CO2 that is
transported laterally). The general use or not of subscripts to denote fractions (e.g., E[subC02])

is not general (e.g. ARw and ARs).

ANSWER- We will define beta in the text and use subscripts for all terms of the equations

COMMENT - 2) The authors do a really nice job integrating inorganic C and organic C into
the narrative. That said, I feel like there is a missed opportunity in the wetland and stream
sections to actually enumerate the relative importance of the two modes of C transport. In the
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area where [ work, DOC overwhelmingly dominates mass transport (mean DOC 40 mg C/L,
mean excess DIC 3 mg C /L), suggesting a slightly different emphasis than the current paper
takes (for which the focus is mostly on DIC transport). One place this manifests as an issue is
L441-443. There the authors assert that if E is large (in this case not parsing organic and
inorganic species), then GPP, NPP and NEP will be overestimated and ER underestimated. This is
ONLY true if E is principally DIC. If,

however, most of the lateral flux is DOC then the opposite would be true.

ANSWER- we recognize that we have put more emphasis on inorganic lateral fluxes rather than
organic fluxes, probably because of our own experience in tropical floodplain systems, where
export of excess DIC apparently predominates. In our revised MS, we will put more emphasis on
the fact that some wetlands like peat bogs for instance exports DOC rather than DIC, citing:

Freeman C., Evans C.D. and Monteith (2001) Export of organic carbon from peat soils. Nature
412:785

Clark J.M., Lane S.N., Chapman P.J. and Adamson ].K. (2008) Link between DOC in near surface
peat and stream water in an upland catchment. Science of the total environment 404: 308-315

The sentence L441-443 was: “if wetland E is ignored but significant, GPP, NPP, NEP, and NECB
deduced from the diurnal changes of eddy CO: fluxes (Lu et al. 2016) would be overestimated
and, inversely, ER would be underestimated (Eqgs.1-6)”. We agree with the referee that this
sentence deserves more attention and must be moderated in some way. With the eddy
covariance technique, NEE is measured throughout day and night; ER is assumed equal to night-
time NEE, ER is correlated to temperature; GPP is calculated as daytime NEE minus ER re-
calculated for daytime temperature; NPP is calculated from the diurnal integration of GPP minus
ER. Thus, in the revised MS, we will first limit our reasoning to GPP, NPP and ER. If the wetland
exports DIC, then this DIC will be missing in the night-time positive NEE and its relationship
with temperature that are used to calculate ER; thus ER will be underestimated, and GPP and
NPP will be overestimated. If the wetland exports DOC, this organic carbon will not be respired
within the ecosystem and thus the assumption that ER equals nighttime NEE will remain valid.
Finally, we agree with the reviewer’s comment that “this is ONLY true if E is principally DIC”, but
we disagree with the statement that “if however, most of the lateral flux is DOC then the
opposite would be true” because in theory, DOC export would have no effect ER, GPP and NPP
deduced from eddy covariance; If DOC export is significant, NECB will be overestimated;
however, NECB cannot be derived directly from the eddy covariance method (reference to Lu et
al. 2016). In the revised MS, we will specify that the sentence is true if E is principally DIC and
remove “NECB” from the sentence above.

COMMENT- 3) Throughout the paper, the authors assume strong hydrologic connectivity
between wetlands and other inland waters. This is true, at least episodically, for many riparian
wetlands, particularly those along large rivers. This raises an important issue, however. Many
many wetlands are NOT well connected, but rather venues of distributed water storage that
connect only for short intense periods, but where otherwise water flowpaths to convey C are
neither rapid nor volumetrically significant. This storage is, indeed, the main reason that
wetlands provide flood attenuation services. While I cannot claim experience with wetlands in
all areas, the wetlands that I do work in are mostly disconnected expect via slow groundwater
flowpaths except during short bursts of event driven connectivity. As such, the C budget in those
flooded lands is mostly entirely vertical (during periods of weak connectivity) except when
connectivity enables transport. I think this means that for many of the wetlands that I know
well, the lateral fluxes are likely to be very small for most hydrologic conditions.

ANSWER- it is true that many wetlands are only temporally connected to inland waters; as a
corollary, only wetlands strongly connected with inland waters will contribute disproportionally
to the inland water C budget. We will make this point clearer in our revised MS by inserting the
appropriate statements in sections 2 and 5. Because of the complexity of processes and the
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spatial and temporal variability of wetland ecosystem functioning, in order to apprehend land
flooding as mechanism for lateral C transport, we use land flooding as operational criteria to
delimit continental areas (based for instance on remote sensing) as a major process that
contribute to the wetland to inland water C flux. Thus, as the reviewer emphases, wetlands
almost permanently flooded will contribute continuously, whereas wetlands episodically
flooded will contribute only during short periods, although C lateral fluxes during these short
periods can still be significant in the annual C budget.

Two major reasons justify to put more emphasis throughout our MS on riparian and littoral
wetlands: firstly, these type of wetlands directly connected to river and lake water bodies will
exchange more C with inland water; secondly, these types of wetlands predominate in tropical
regions owing to the specific hydrological features (dry and rainy seasons), and according to
Raymond et al. (2013) and Lauerwald et al. (2015) almost 80% of CO2 emissions from inland
waters occur at latitude lower than 25°. In sections 2 and 5 of the revised MS, we will put more
emphasis on the difference between swamps, bogs and marshes on the one hand and riparian
and littoral wetlands on the other hand. A special paragraph will appear in the section 6 (“what
tools do plumbers need?”) on the absolute necessity to build a global typology of wetlands that
adequately address the question of hydrological connectivity with inland waters.

COMMENT- 4) Building on #3, the time variation of lateral fluxes and respiration pathways is
not clearly considered. On P24, the authors assert that nearly all of ARs and HR occur sub-
aqueous. This is not the case, unless one assumes that wetlands are permanently inundated.
Most wetlands are not permanently inundated, and have sometimes prolonged periods when
soils are no longer saturated, during which there is frequently a significant pulse of respiration
with the atmosphere serving as the destination. This is both ARs and HR. [ admit that this is a
relatively minor nuance, and does not change the overarching assertion, but measuring
reasonable values of alpha and beta (not to mention ARs and HR) requires that our conceptual
model remain faithful to the actual processes. The timing issues are important not just because
they apply to nearly every "plumbing” flowpath, but also because time variation in
concentrations is informative about sources. In particular, the fact that DIC, DOC and POC
all generally increase with increasing discharge suggests sources that are activated during
events (consistent with the wetland source narrative). If the source were principally terrestrial,
it seems to me that dilution signals would be more frequently observed.

ANSWER- Yes, we agree that our reasoning do not explicitly consider wetland C balance during
prolonged emersion; indeed, during these periods, C fluxes are mostly vertical, with lateral C
fluxes occurring only as subterranean flow, similarly to drained land. Lateral fluxes induced by
flooding follow seasonal cycles and can occur as regular flood pulse such as in many tropical
wetlands, or as flash flood events. The proportion of wetland GPP exported annually to streams
and rivers can be highly significant in both modes; however it would make sense if regular
flooding export mostly DIC whereas flash flood export mostly DOC and POC. Probably because
remote sensing tools permit their clear delimitation in space and time, aquatic scientists use to
consider wetlands as the flooded area only, even if this area changes with time. This is why we
preferred to use “flooded land” and not “wetland” in the title of the MS. We do not neglect the
emerged period of wetland, but we consider it belongs to the terrestrial domain. We believe we
can assume this limitation because our main focus is the description of the C transport
mechanism induced by flooding, and not the net C balance of wetland ecosystems as ecological
entities. We agree with the reviewer that we must make it very clear in the MS, particularly in
sections 2, 5 and 6. In the revised MS, more emphasis will be given to temporal variation of
flooding and export. Section 6 (“plumber tools”) will contain a short paragraph on the
importance of building a global typology of wetlands that include hydrological connectivity and
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other ecosystems specificities such as productivity, CH4 fluxes, etc... In order to mitigate this
defect in our MS, we will also change “wetlands” to “flooded land” when appropriate.

We thank the reviewer for sharing constructive ideas on the analysis of concentration versus
discharge patterns. We agree with the idea that positive slopes suggest activation of a wetland
source and a larger export of wetland C at high discharge.

COMMENTS-5) The thought experiment on P24 and 25 to estimate the proportion of respired
CO2 that is exported has some flaws. First, the gas transfer velocity is way too high; 1 cm s-1 is
about 3000 times larger than values that we measure. I checked the Ho et al. (2018) reference
and their gas transfer velocities are 1 cm hr-1, which aligns with measurements we’ve made, and
likely represents a unit error. This should greatly INCREASE the fraction of CO2 that is laterally
exported, except that the velocities that are used are (at least for the wetlands that I work on)
way too high. As | mentioned above, velocities are typically 0 except during event driven
connectivity periods (neglecting the very modest, but non-zero, velocities associated with
groundwater transport). Even the lotic wetlands have maximum velocities of 1 cm s-1. These
two assumptions cancel out, possibly rendering the ultimate inference sound. I'd add that even if
the beta values are far lower (say 5%), this is still a significant mass flux. One convenient way to
frame this argument is using the Damkohler number relating advection to reaction (in this case
gas exchange). I could imagine a typological synthesis across wetlands that highlights very low
Damkohler numbers for distributed depressional storage, and higher numbers for riparian and
littoral wetlands.

ANSWER- we apology for the mistake in the unit. In our calculation, we have used a gas transfer
velocity of 1 cm hr-1 and not 1 cm s-1. As mentioned above in previous answers, the focus of our
paper is to discuss land flooding as a process that transport C to inland waters, and this is
relevant only when flooding occurs and when surface water velocities within wetlands are non-
zero. A water velocity of 1 cm s-1 is indeed classical for lotic wetland. However, in floodplains of
large tropical rivers which are significant contributors of tropical and global CO2 and CH4
budget, water velocities inside a flooded forest can reach several dozens of cm s-1 during the
months of maximum flood, when dissolved CO2 concentrations are maximum. 10 cm s-1 can be
assumed as a maximum velocity value. This observation also contributes to highlight the
importance of temporal changes in the lateral fluxes between wetlands and rivers (comment 4
and corresponding answer).

A few more minor comments:

COMMENT- As [ mentioned above, wetlands do not always exhibit "strong hydrological
connectivity" (L27).

ANSWER- the sentence will be changed to “Contrarily to well-drained land, many wetlands
combine a strong and dynamic hydrological connectivity with inland waters, high
productivity...”

COMMENT - I am not convinced that the authors have sufficiently demonstrated the primacy of
wetland C loading in the tropics. The mechanisms are general, and the absence of direct data to
support that the role of wetlands is disproportionately important in the tropics makes inclusion
of that conclusion in the abstract a little bit of a stretch.

ANSWER- we agree with reviewer that the mechanisms we describe are general; however, their
quantitative significance at the global scale is probably much more important in the tropic,
where 80% of global river CO2 degassing occurs. We will mention this fact in the abstract.
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COMMENT- phrasing on L168/169 is very odd. "intermittent and/or vegetated flooded land"
makes no sense to me as a wetland scientist.

ANSWER- we will remove this definition probably useless for our main message.

COMMENT- The structure of the text on P8-9 yields a "Second,.." on L176 that it took
some hunting to find the accompanying "first". Consider revising.

ANSWER- We will write L153 “As a first step, an adequate conceptualization...” and L176 “As a
second step, our conceptual model should be two-dimensional...”

COMMENT- L199 -is there a citation for this?
ANSWER- We will cite Chanton et al. (1995) here

COMMENT- I feel as though the emphasis in L286-287 is so much on DIC that DOC fluxes are
getting lost. DOC fluxes can be significant in numerous low-relief settings, even from
uplands.

ANSWER- We will put more emphasis on the importance of DOC export from some wetlands
such as peats citing Freeman et al. (2001) and Clark et al. (2008), in this paragraph of the MS as
well as in the latest section 6.

COMMENT - The mass budget closure of terrestrial systems was pretty compelling, but the
conviction of the narrative on L321-323 seemed strong given how close those numbers get. The
NEE vs. NECB difference could plausibly be as large as 0.7 Pg yr-1, which is in the range of OC
burial + export rates.

ANSWER- Indeed, we will modify this sentence to state that difference between NEE and NECB
is still is the range of OC burial+export.

COMMENT- L396 - extra "has". - L474 - I didn’t understand the "Albeit..." part of this sentence.
ANSWER- Will be re-phrased in the revised MS

COMMENT - L483 - Plants transporting gases from the soil to the air (and vice versa) is NOT why
wetlands are generally hypoxic. They are hypoxic because the gas exchange of oxygen is slow
compared to consumption. [ wonder if there was another sentence there in an earlier draft.

ANSWER- We agree with the reviewer. In the revised MS, will remove the words “This is why”

COMMENT- L504 - should be Mitsch et al. (2013), or another reference that is missing from the
list.

ANSWER- Indeed, the reference is Mitsch et al. (2013)

COMMENT - The controls on beta are as described (depth, gas exchange) but also critically
hydrological connectivity (which is not a constant property).

ANSWER- in our beta is also a function of water velocity, that is of hydrological connectivity; we
will mention that in the revised MS.

COMMENT- Fig. 3 is great. It's worth noting that the wetland depicted is one modest subset of
wetland area (i.e., those with perennial connections to other inland waters).
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ANSWER- We thank the reviewer for the compliment. We will change the title of the subsets
delimiting ecosystems type; change “land” to “drained land” and “wetland” to “flooded land”. We
will mention in the legend that with such delimitation, many wetland ecosystems are
temporarily in both categories; this was the best functional definition we found to conceptualize
the main message of the MS.
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ABSTRACT
At the global scale, inland waters are a significant source of atmospheric carbon (C),
particularly in the tropics. The active pipe concept predicts that C emissions from
streams, lakes and rivers are largely fuelled by terrestrial ecosystems. The traditionally
recognized C transfer mechanisms from terrestrial to aquatic systems are surface runoff
and groundwater drainage. We present here a series of arguments that support the idea
that land flooding is an additional significant process that fuels inland waters with C at
the global scale. Whether the majority of CO; emitted by rivers comes from floodable
land (approximately 10% of the continents) or from well-drained land is a fundamental
question that impacts our capacity to predict how these C fluxes might change in the
future. Using classical concepts in ecology, we propose, as a necessary step forward, an
update of the active pipe concept that differentiates floodable land from drained land.

Contrarily to well-drained land, many wetlands (in particular riparian and littoral

wetlands) combine strong hydrological connectivity with inland waters, high
productivity assimilating CO; from the atmosphere, direct transfer of litter and
exudation products to water and waterlogged soils, a generally dominant allocation of
ecosystem respiration below the water surface and a slow gas exchange rate at the
water-air interface. These properties force plants to pump atmospheric C to wetland
waters and, when hydrology is favourable, to inland waters as organic C and dissolved
CO3. This wetland CO2 pump may contribute disproportionately to CO; emissions from
inland waters, particularly in the tropics where 80% of the global CO, emissions to the
atmosphere occur, In future studies, more care must be taken in the way that vertical
and horizontal C fluxes are conceptualized along watersheds and 2D-models that
adequately account for the hydrological export of all C species are necessary. In flooded

ecosystems, significant effort should be dedicated to quantifying the components of

gwen abril 14/12/18 13:00
Mis en forme: Indice
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Supprimé: , and consequently at the global
scale.
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primary production and respiration by the submerged and emerged part of the

ecosystem community, and using these metabolic rates jn coupled hydrological-

biogeochemical models. The construction of a global typology of wetlands that includes

productivity, gas fluxes and hydrological connectivity with inland waters also appears

necessary to adequately integrate continental C fluxes at the global scale.

gwen abril 5/12/18 18:14

Supprimé: in air, water and waterlogged soils
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Supprimé: should be used
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1. INTRODUCTION

Continental surfaces play a major role on the present and past climates, in particular
through the exchange of greenhouse gases (GHGs) such as carbon dioxide (CO2) and
methane (CH4) with the atmosphere (Ciais et al. 2013). Conversely, the global climate
affects the continental carbon (C) budget, as biological productivity and the capacity of
ecosystems to store C are influenced by temperature, rainfall and other climatic
variables (Heimann and Reichstein 2008; Reichstein et al. 2013). The continental C
budget is in addition affected by direct human alterations such as
deforestation/reforestation and other land use changes. On continents, the C cycle is
tightly coupled to the water cycle, and CO; and CH4 budgets strongly depend on how and
how much water circulates through the plants, soil, groundwater, and surface waters to
the coastal ocean. Biogeochemical processes and fluxes in the critical zone, the
permeable layer of the continents from the vegetation top to the aquifer bottom (Lin
2010), have varied drastically at geological time scales (Knoll and James 1987).
Emissions of GHGs from continental ecosystems are expected to be highly sensitive to
precipitation and hydrology in the future (Ciais et al. 2013). Water is necessary for plant
photosynthesis; moisture strongly controls respiration in soils; the presence of water
promotes anaerobic conditions and CH4 production in wetlands, while soil desiccation
promotes soil CHs4 oxidation. Water also considerably contributes to continental C
budgets because rivers transport C laterally; C being later trapped in sediments, emitted
as COz and CH4 to the atmosphere, or exported to the ocean (Garrels and Macknezie

1971; Meybeck 1982; Cole et al. 2007).

In terms of CO2 and CH4 fluxes, continental landscapes act as a heterogeneous mosaic,

and some ecosystems store or emit more atmospheric C than others. Some small
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surfaces can behave as hotspots and disproportionately contribute to the total C mass
balance at the regional, continental and global scales. Surface waters are recognized
hotspots for CO2 and CH4 fluxes (Cole et al. 1994; Cole and Caraco 2001; Bastviken et al.
2011; Raymond et al. 2013; Holgerson and Raymond 2016). Natural surface waters

include the open waters of Jakes, reservoirs, streams, rivers and estuaries

(approximately 3.5% of the continents) as well as intermittently flooded land, where a
canopy of vegetation is active above the water and/or when water is temporarily
absent: swamps, marshes and floodplains, also called wetlands, that occupy
approximately 10% of the continents (Downing 2009). In general, inland waters and
wetlands show higher atmospheric C exchange rates per surface area than the
surrounding land: Wetlands are recognized for their high productivity, sedimentary
organic carbon (OC) burial and CH4 emissions (Mitsch et al 2013). Inland waters (rivers,
streams, lakes and reservoirs) act as a very significant source of atmospheric CO; at the

global scale (Raymond et al. 2013).

Although the magnitude of CO; outgassing from inland surface waters at the global scale
is still subject to large uncertainties, there is consensus that the quantity of C exported
from land to freshwaters (1.9-3.2 PgC yr-1) was larger than the C flux ultimately reaching
the ocean (0.9 PgC yr-, Fig. 1b). Cole et al. (2007) have conceptualized inland waters as
an active pipe (Fig. 1b), receiving, processing, emitting, and storing terrestrial C during
its travel from land to the ocean, as opposed to a passive pipe that simply transports
terrestrial C conservatively to the ocean (Fig. 1a), as generally assumed in earlier
literature from the 1970’s and 1980’s (Garrels and Mackenzie 1971; Meybeck 1982).
Since this definition, it has been assumed that most of the C emitted by inland waters

was initially fixed upland by terrestrial vegetation, then transported from soils to
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aquatic systems with runoff and drainage, and finally emitted downstream as CO; to the
atmosphere. Because no satisfactory methods are available yet to estimate directly the
flux of C across the land-water boundary (e.g, Deirmendjian et al. 2018), this flux is
calculated as the sum of outgassing from inland waters, burial in freshwater and
estuarine sediments, and export to the coastal ocean (Cole et al. 2007). However, the
processes controlling C fluxes at the land-water interface are poorly understood and
some potential inconsistencies could arise when comparing C budget derived from
terrestrial studies with those derived from aquatic studies. Here, we provide some
additional evidence demonstrating that the transfer of terrestrial C to rivers could occur

preferentially through land flooding, We suggest that wetlands behave not only as a

significant source of atmospheric CHs and a long-term C sink in soils (Mitsch et al. 2013)
but also as an efficient CO2 pump that exports dissolved and particulate C to inland
waters. This is particularly true for riparian and littoral wetlands that have strong
connectivity with open inland waters. Using classical concepts in ecology, we analyse
qualitatively and quantitatively how ecosystem production and respiration affect C

export from drained Jand and from flooded land. We stress that our current

understanding of processes and our ability to measure and quantify C metabolic and
hydrological fluxes must be considerably improved to understand the origin of carbon in
inland waters and predict future continental GHG budgets in the mosaic of continental

ecosystems.

2. CONCEPTUALIZING AND FORMULATING C FLUXES

Fluxes of C through the boundaries of an ecosystem, i.e, vertical exchange with the
atmosphere and burial in soils and sediments on the one hand, and horizontal exchange

between lands, wetlands and aquatic ecosystems on the other hand, are driven by
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metabolic processes in each ecosystem and physical processes that transport C such as
hydrology, wind, turbulent mixing, sediment deposition/resuspension, etc. Following
the conventions of Chapin et al. (2006), the net CO2 exchange of an ecosystem with the
atmosphere is partitioned into several forms of C fluxes (Fig. 2):

-NEE = NECB + Foter + E (Eq. 1)
where NEE is net ecosystem exchange (the net COz flux from the ecosystem to the
atmosphere), NECB is the net ecosystem carbon balance (the net C accumulation in the
ecosystem), Fotner is the sum of vertical fluxes of volatile forms of C other than CO2 (CHs,
carbon monoxide, volatile organic carbon) from the ecosystem to the atmosphere and E
is horizontal C export by hydrological transport, trading of food, feed and wood (Ciais et
al. 2008). Among the components of E, only hydrological horizontal transport of C will
be discussed in this paper. All terms in Eq. 1 are net fluxes and can be positive of
negative. Note that, by convention, NEE is opposite in sign to NECB because NEE is
defined by atmospheric scientists as a C input to the atmosphere, whereas NECB is

defined by ecologists as a C input to ecosystems (Chapin et al. 2006).

Regarding metabolic fluxes, net ecosystem production (NEP) is defined as:

NEP = GPP-ER (Eq. 2)
where GPP is gross primary production and ER is ecosystem respiration. For conceptual
and methodological reasons, it is necessary to consider separately the autotrophic and

heterotrophic components of ER as:
NEP = GPP-AR-HR (Eq. 3),
NPP = GPP - AR (Eq. 4), and:

NEP = NPP - HR (Eq. 5)



18
where AR and HR are, respectively, the autotrophic and the heterotrophic components
of ER and NPP is net primary production. A positive NEP (Eq. 2) reduces the
concentration of COz and/or dissolved inorganic carbon (DIC) inside the ecosystem and
generates a gradient that causes atmospheric CO2 to enter the ecosystem. One process

that makes -NEE diverge from NEP and NECB is the entrance in or departure from the

ecosystem of significant amounts of inorganic C as DIC in the aquatic phase with

horizontal hydrological transport rather than through atmospheric exchange (Chapin et

al. 2006). However, DIC originating from dissolution of carbonate rock will not

contribute to the difference between NEP and NECB. In addition to this divergence

between NEE and NEP, NECB deviates from NEP when C enters or leaves the ecosystem
in forms others than COz or DIC (Eq. 1). This includes horizontal transport of particulate
and dissolved OC by hydrological processes, as well as vertical CHs4 fluxes, a secondary C

flux that is significant for the active pipe concept, as well as for climate regulation.

As a first step, an adequate conceptualization of atmospheric C fluxes along watersheds

implies the definition of functional entities inside the boundless C cycle (Battin et al.

2009), at least between three types of ecosystems that have fundamentally different
properties with respect to atmospheric CO2 (Fig. 2): (1) the terrestrial, never flooded
land and its biosphere (forest, crops, shrub, grassland and their well-drained soils and
groundwater); (2) the floodable land and its mosaics of emergent wetlands with
extremely variable ecological and hydrological properties; (3) the open waters of
streams, lakes and rivers. Some estimations of CO2 outgassing from inland waters have

included wetland surface areas generally estimated as the time-averaged flooded area

(Richey et al. 2002; Aufdenkampe et al. 2011; Sawakuchi et al. 2017), while some others

have not (Cole et al. 2007; Tranvik et al. 2009; Raymond et al. 2013). However, wetlands
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are functionally different from inland waters because their canopy of vegetation can
alter the direction of atmospheric CO; exchange (Raymond et al. 2013; Abril et al. 2014).
Assuming that the CO: flux at the water-air interface equals -NEE in wetlands (Richey et
al. 2002) implicitly supposes that GPP and the aerial compartment of AR (Fig. 2b) are
null or exactly balanced, which is incorrect. With respect to C cycling, the flooded land
with emerged or floating vegetation has different properties from the drained land

which is never flooded and whose topsoil is never waterlogged, and from the permanent
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similar to drained land; thus, C export by land flooding must be conceptualized as a

transport mechanism that occurs during defined periods of time, even if it can mobilize
highly significant amount of C for the annual wetland budget. The surface areas of rivers,
lakes and wetlands on the continents are still subject to large uncertainties (Lehner and

D61l 2004; Downing 2009; Allen and Pavelsky 2018); In addition, the relative

importance of each entity vary considerably with latitude and climate; about one half of
lake areas are located in temperate regions and one half of global wetlands are found in

the tropics (Table 1).

As a second step, our conceptual model should be two-dimensional (vertical and up-
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export C to inland water, and E is necessarily always positive. In inland waters and
wetlands, E must be conceptualized and quantified as the net balance between
hydrological import to and export from the ecosystems and, depending on each case, E
can be positive or negative. In fact, C fluxes along watersheds must be seen as a cascade
from one sub-system upstream to another sub-system downstream, as described by the
river continuum concept (Vannote et al. 1980). Several chemical forms of C are involved

in the E term, which can be written as the sum of the export of four terms:
E = Epoct+EpoctEcoz+Ecns (Eq. 6)

Particulate and dissolved organic C (POC and DOC) are derived from NPP; DIC is in part
the result of ER, that release dissolved COz (as well as CH4) to waters and in part the
result of chemical weathering that generates alkalinity. Weathering of carbonate and
silicate rocks is mediated by soil CO derived from respiration, so that weathering is also
a component of ER; however, the weathering of carbonate rock involves an additional
mineral source of DIC which contributes to half of the alkalinity produced. Because
chemical weathering is assumed to occur mostly upland, alkalinity is considered as a
relatively conservative chemical form of river C, although some exceptions have been
reported in floodplains of tropical rivers (Boucher et al. 2012; Geeraert et al. 2017).
Here, we will discuss only the fraction of DIC that occurs as excess CO, that is, the DIC
that is potentially lost after complete water-air equilibration (Abril et al. 2000).
Concerning dissolved CHs, the role of wetlands was identified in the literature for
sustaining CH4 emissions in adjacent rivers (Borges et al. 2015b) and lakes (Juutinen et

al. 2003). However, owing to its low solubility, high loss rates through microbial

oxidation, and the fact that emissions from wetlands occur mostly as ebullition or

through plants (Chanton and Whiting 1995), contributing to the Fother term in Fig. 2B;

thus, the contribution of Ecus to E is small (few percent) in most ecosystems.
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NEE is generally negative in forests (Luyssaert et al. 2010; Ciais et al. 2013) and
wetlands (Morison et al. 2000; Saunders et al. 2007; Lu et al. 2016) but positive in lakes
and rivers (Cole et al. 1994; 2007; Raymond et al. 2013) (Fig. 3). Compared to NEE,
exchange of CH4 with the atmosphere (Fomer in Eq. 1) is significant in wetlands but not in
forests (Ciais et al. 2013; Saunois et al. 2016) and probably not in inland waters. Indeed,
budgets of CH4 emissions from inland waters strongly depend on whether wetland areas
were included or not and, in general, open waters of rivers and lakes emit CH4 at rates
approximately 100 times lower than CO; (Melack et al. 2004; Bastviken et al 2011;
Borges et al. 2015a). The occurrence of a horizontal transport of C by streams and rivers
implies a positive E term in terrestrial ecosystems, where -NEE should exceed NECB. E is
probably also large in riparian and littoral wetlands, where -NEE likely exceeds net
storage in soils plus CH4 emissions (Eq. 1; Fig. 1c). In contrast, in rivers and lakes, NECB
exceeds -NEE and E is negative (Cole and Caraco 2001; Battin et al. 2008) because these
ecosystems receive in general more C from upstream than they export downstream. In
addition, the fact that part of E occurs as OC implies that NEP exceeds NECB in
terrestrial systems and wetlands that export OC, whereas NECB will exceed NEP for
instance in lakes or estuaries that receive and store large amounts of allochthonous OC
in their sediments (Lovett et al. 2006; Cole et al. 2007; Tranvik et al. 2009). In general, C
fluxes at the boundaries of ecosystems and metabolic fluxes inside the ecosystems
suggest that the magnitude of the export term E in Eq. 1 and Fig. 2 and the deviation

of -NEE from NECB and from NEP, will strongly depend on their hydrological

connectivity, together with the allocation of GPP and ER above and below water.
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3. THE INLAND WATER PERSPECTIVE

Global estimates of COz emissions from inland waters (Cole et al. 1994; Raymond et al.
2013; Lauerwald et al. 2015) are derived from CO: flux intensities computed from the
water-air gradient of the partial pressure of CO2 (pCO2) and the gas transfer velocity at
the water-air interface and scaled to the surface area of lakes and rivers. Each of the
three terms suffers for uncertainties and generally poor data coverage. Cole et al. (1994)
provided the first quantification of the CO; emission to the atmosphere from lakes (0.1
PgC yr1), which was later confirmed by an updated calculation by Sobek et al. (2005).
Cole and Caraco (2001) estimated global CO; degassing for rivers and streams, which
has been recently re-evaluated by Raymond et al. (2013) and Lauerwald et al. (2015).
The two latter studies are based on pCO2 computed from pH and alkalinity from the
same database (GLORICH, Hartmann et al. 2014) but with different data selection
criteria and scaling approaches. Raymond et al. (2013) extrapolated discrete pCO>
values per COSCATS catchment aggregated units (Meybeck et al. 2006) and obtained a
global CO2 emission to the atmosphere of 0.3 PgC yr-! from lakes and 1.8 PgC yr-! from
rivers and streams. A potential problem in this estimation comes from the calculation of
pCO: from pH and alkalinity, which greatly overestimates pCO2 (up to several hundred
percent) in many acidic organic rich “black” waters such as those found in the tropics
and the boreal zone (Abril et al. 2015). Lauerwald et al. (2015) computed river pCO;

values on a regular grid (0.5°x0.5°), using a multiple regression model based on the

GLORICH pCO2 data and modelled terrestrial NPP on the catchment, population density,
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air temperature and slope; this method provided a lower estimate of global CO;
emission for rivers of 0.7 PgC yr-1. The strong divergence of global CO2 emission
estimates in these two studies most likely reflects the low data coverage in tropics that

account for nearly 80% of the modelled global emission, although in the GLORICH
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database nearly all of the data in the tropics are from the Amazon. Recent direct pCO;
measurements in several African rivers (Borges et al. 2015a), and in the Amazon (Abril
etal. 2014) scaled to the tropics with wetland coverage (Borges et al. 2015b) provide a
value of 1.8+0.4 PgC yr-1 of CO; outgassing from tropical rivers alone (latitude < 25°),

and thus jn line with the higher estimate of Raymond et al. (2013). The most recent

estimates of river areal extent are higher than those used by Raymond et al. (2013) and

Lauerwald et al. (2015) by 44% (Allen and Pavelsky 2018 ), which should lead to an

upward revision of CO2 fluvial emissions. A larger estimate of the global river CO2

outgassing of 3.9 PgC yr-1 has been published recently (Sawakuchi et al. 2017). However,
we choose not to consider this number in our analysis because it is based on
observations in the Amazon River that include the floodplain areas that belong to the

wetland domain, with a canopy of emergent vegetation,

According to the active pipe concept (Fig. 1b), the emission of COz to the atmosphere
from inland waters is attributed to terrestrial C fixed by plants on the catchment. The
transfer occurs as (1) an input of dissolved CO (and CH4) originating from soil
respiration, that will be further degassed from waters (Ecoz and Ecua in Eq. 6); (2) an
input of particulate and dissolved organic C (Epoc and Epoc) followed by heterotrophic
degradation to COz and CH4 in the aquatic system (Del Giorgio et al. 1999; Prairie et al.
2002; Cole et al. 2000; Battin et al. 2008; Hotchkiss et al. 2015). Inland waters,
particularly lakes, also store significant quantities of OC mainly of terrestrial origin in
their sediments (Cole et al. 2007; Tranvik et al. 2009). In aquatic systems, all the GPP
and ER occur in water and sediments (Fig. 2c) and can be quantified with in vitro or in
situ incubations. In addition, the CO2 outgassing flux measured with floating chambers in

open waters give a direct estimate of -NEE (although this method may create artefacts at
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the water-air interface), and diurnal changes in water pCO2 (or oxygen concentration)

can provide an estimate of GPP and ER. [n inland waters, Eq.1 and Eqg.2 are generally

combined to a simplified equation that allows to account for the inorganic C balance:
-NEE = NEP + ECO2 (Eq. 7)
with NEE positive, NEP negative (heterotrophic metabolism), and Eco2 negative, as
rivers and lakes receive more dissolved CO; from upstream than they export
downstream. Battin et al. (2008) made a global synthesis of aquatic metabolism rate
measurements (NEP) and confirmed that stream, river and estuarine ecosystems are
overall net heterotrophic and respire a total flux of about 0.3 PgC yr-1. The fact that net
heterotrophy (negative NEP) is in general lower than CO> outgassing in inland waters,
led Hotchkiss et al. (2015) to differentiate “internal CO2” (from -NEP) from “external
CO2” coming from groundwater or riparian inputs of DIC (negative Ecoz). Indeed, inputs
of groundwater DIC are acknowledged as sustaining a significant fraction of the CO;
emissions from lakes (Butman and Raymond 2011; McDonald et al. 2013) and from
rivers, especially headwaters (Johnson et al. 2008; Hotchkiss et al. 2015; Deirmendjian
and Abril 2018). Horizontal transfer of respiration-derived DIC from forest or wetland
soils fo aquatic ecosystems explain why aquatic NEE (CO; outgassing) greatly exceeds -
NEP (negative NEP, net heterotrophic ecosystems) in rivers (Abril et al. 2014; Hotchkiss
etal. 2015; Borges et al. 2015a). Conversely, this outgassing flux from aquatic systems
implies that in terrestrial ecosystems and wetlands that release DIC laterally, NEP
exceeds -NEE. Finally, large exports of DOC and POC from ecosystems such as peatland
occur preferentially at high water table (Freeman et al. 2001; Clark et al. 2008); the
large DOC hydrological mobilisation from swamps and bogs will make their -NEE much

higher than their NECB (Eq. 1).
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4. THE TERRESTRIAL PERSPECTIVE
Hydrological C export as a significant loss term for terrestrial ecosystems has been
considered in more detail only relatively recently (e.g., Ciais et al. 2008) and is included

in only a very limited number of global terrestrial models (Tian et al. 2015; Lauerwald et
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scales are based on different methods not consistent and precise enough to estimate
hydrological C export as a residual flux. In addition, no direct standardized experimental
method is available yet to directly estimate the flux of C across the boundary between
land and water, and the E term in Eq. 1 for terrestrial systems is almost always
calculated from a C mass balance in inland waters (Fig. 1b; Ciais et al. 2013).

Terrestrial -NEE calculated as the difference between land use change and net land C
flux is estimated at 2.6 PgC yr-! for the years 2000s (Ciais et al. 2013). In a conceptual
model that ignores the different functionalities between floodable and drained land (Fig.
1b), depending on what estimates are used for the outgassing term (Raymond et al.
2013; Lauerwald et al. 2015) and for the sediment burial term (Cole et al. 2007; Tranvik
etal. 2009), the hydrological export necessary to balance the inland water C budget is
1.9-3.2 PgC yr-1, which corresponds to 75-125% of the present net atmosphere-land C
flux (Fig. 1b). The atmosphere-land net C flux of 2.6 PgC yr! is derived from multiple
approaches including atmospheric CO; inversion, terrestrial ecosystem models and
forest inventories (Ciais et al. 2013). The atmospheric CO; inversion method integrates
large continental areas that include inland waters. Thus, the global -NEE calculated from
continental-scale inversion models accounts for CO; outgassing from inland waters.
Intriguingly, the results of inversion methods are relatively consistent with forest
inventories and process-based models that do not necessarily account for hydrological

export (Ciais et al. 2013). However, when a comparison is made at the plot scale with
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eddy-covariance data, model performance is generally poor (Schwalm et al. 2010), and
for instance modelled GPP can be overestimated by more than 100% in tropical forests
(Stockli et al., 2008). If a -NEE from atmospheric inversion is assumed close to NECB
from inventories and process-based models, then the E term (Eq. 1) is expected to be
small, within the error of flux estimates from the terrestrial perspective. If outgassing of
CO2 from freshwater is already included in -NEE calculated by atmospheric inversion
methods, and if this -NEE value (2.0-3.0 PgC yr-1) is very close to that of NECB (1.8-2.3
PgC yr1), then terrestrial ecosystems parely export the 0.6-1.0 PgC yr-! of recalcitrant

OC that is buried in inland waters (0.2-0.6 PgC yr-1) and exported to the ocean (0.4 PgC

yri).

Spatially, global forest carbon accumulation occurs in boreal and temperate regions,
whereas tropical forests were found to be near neutral, with net emissions from land
use change being compensated by sinks in preserved tropical forests (Pan et al. 2011).
In contrast, Lauerwald et al. (2015) estimated that 78% of global CO2 outgassing by
rivers occurred at a latitude lower than 25°. Such latitudinal uncoupling between CO>
uptake by forests and CO2 outgassing from rivers and lakes is intriguing and merits an
explanation. Indeed, it would imply that different climatic and/or anthropogenic forces
are driving these continental fluxes, in contradiction with the positive spatial correlation
between river pCO, air temperature and terrestrial NPP at the global scale (Lauerwald
etal. 2015). It should not be forgotten, however, that these correlations could be
indirect. Indeed, field pCO2 data in the Amazon and in African rivers including the Congo,
reveal a strong positive influence of flooding and the presence of wetlands on water

pCO: (Abril et al. 2014; Borges et al. 2015a,b).
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In terrestrial systems, few local studies at the plot scale compare -NEE or NECB
measurements with E derived from groundwater, spring and/or stream sampling. These
studies lead to very different conclusions from those of global modelling studies. In
remnant mature forests of Para, Brazil, Davidson et al. (2010) estimated the export of
dissolved CO; from soil and groundwater to streams at a value of 2-3 orders of
magnitude lower than the forest soil respiration and NPP. In temperate climate, Kindler
etal. (2011) quantified C leaching by combining a soil-water model and dissolved C
analysis in soil water; these authors reported significant E flux in croplands (25% of
NECB), grasslands (22%) but not in forests (less than 3%). In a temperate, forested and
well-drained watershed, Deirmendjian et al. (2018) monitored dissolved C
concentrations in groundwater and streams and estimated a total export E of 2%
of -NEE as measured by eddy-covariance at the same site. These modest export rates
from forests in this limited number of studies appear contradictory with the necessity of
alarge E term from terrestrial ecosystems (1.9-3.2 PgC yr! in Fig. 1b) to fuel inland

waters at the global scale (Cole et al. 2007; Ciais et al. 2013).

From an ecological point of view, a modest hydrological C export from well-drained
lands is also supported by the nature of their NEP components and more specifically by
the allocation of GPP and ER between air and water (Fig. 2,3). In terrestrial systems, GPP
assimilates atmospheric COz, and AR releases CO; partly in air (ARa), as foliar
respiration, woody tissue respiration, and partly in soil (ARs), as root respiration. HR
occurs almost entirely in soils (HRs). In forests, belowground respiration generally
accounts for 30-80% of ER, and aboveground respiration accounts for the remaining
fraction of ER (Davidson et al. 2006). Belowground respiration in soils (ARs and HR)

produces CO2 mainly in superficial well-drained soils, where root density is highest and
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which are enriched in biodegradable organic matter by litter fall and root exudation
(Ryan and Law 2005). When the land is well-drained, this CO2 is released in the
unsaturated zone of the soil and mostly returns to the atmosphere across the soil-air
interface. In a tallgrass prairie, downward transfer of soil CO; to groundwater was only
approximately 1% of the soil-air CO2 efflux (Tsypin and Macpherson 2012). For this
reason, CO2 efflux from soils as measured with static chambers (Fig. 3) is commonly
used as an integrative measure of soil respiration (Ryan and Law 2005; Davidson et al.
2006) and until now, by considering the loss of CO2 that dissolves in groundwater as
negligible or within the error of estimation of metabolic flux at the ecosystem scale. In
other terms, historical approaches in terrestrial ecosystems consisted in neglecting Fother
and E, combining Eq.1 and Eq. 2 to:

-NEE=NECB=NEP=GPP-ER (Eq. 8)
The transfer of C from well-drained terrestrial ecosystems to aquatic systems (Fig. 3)
occurs through mechanical erosion of superficial soil by runoff that mobilizes POC
including young litter, more refractory mineral-bound OC, as well as dissolved humic
0C, and percolation of rainwater through soils that dissolves gaseous CO2 and soil OC
and liberates DIC and DOC in groundwater, which is further drained to streams and
rivers. The fraction of HR that occurs in groundwater is probably modest in well-drained
ecosystems, as the deepest water-saturated soil horizons contain much less
biodegradable organic matter than the superficial soil (Ryan and Law 2005;
Deirmendjian et al. 2018). A modest export rate from forests is thus consistent with the
allocation of forest metabolism (in particular ER) mainly above the water table (Fig. 2a),
and with only few percent of -NEE ultimately reaching the aquatic system in non-

flooding conditions (Fig. 3).
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5. THE WETLAND PERSPECTIVE

Even though wetlands cover an area of only approximately 10% of land surface
(Downing 2009), they act as hotspots of productivity and CH4 emissions (Saunois et al.
2016). In addition, many wetlands, such as riparian and littoral wetlands, have strong
hydrological connections with streams, rivers and lakes. Ecologists formulated the
hypothesis of wetlands as efficient C-exporters long ago. Mulholland and Kuenzler
(1979) reported several-fold higher DOC export from swamps than from the
surrounding landscape in North Carolina (US). Junk (1985) described floodplain
wetlands as a source of POC for the Amazon River; Wetzel (1992) named littoral
wetlands of lakes as “metabolic gates” for nutrients and organic C between terrestrial
and aquatic ecosystems. More recently, using a landscape ecological approach, Jenerette
and Lal (2005) commented on the determinant influence of hydrology on wetland C
fluxes, including downstream export to open waters. Consequently, hydrological
variation (the second dimension of the conceptual 2D-Model) was identified as a factor
of large uncertainty in wetland C cycling (Jenerette and Lal 2005). Indeed, current
available quantitative information on the C export flux (Eq. 6) is particularly scarce. In
wetlands, the quantification of metabolic C fluxes, and the understanding of
biogeochemical processes regulating -NEE, NEP, ER, and NECB have a high degree of
uncertainty. The partitioning of wetland community metabolism between air, water and
sediment, and the complex biological and physical processes that transfer C in gaseous,
dissolved, and particulate forms between these three sub-compartments are only
partially understood (e.g., Hamilton et al. 1995); they are also highly variable in time and
space, and difficult to measure in practice. Connectivity between wetlands and inland

waters strongly impacts the magnitude of the E term in Eq. 1 and is much stronger in
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riparian and littoral wetlands than in swamps or bogs. Large variations in E are also

expected with climate and latitude, due to differences in seasonal land flooding and the

relative surface areas of rivers, lakes and wetlands in boreal, temperate and tropical

regions (Table 1).

The few estimates of wetland C fluxes at the global scale strongly vary depending first on
the surface area considered for upscaling (Fig. 1c). Lenher and Doll (2004) calculated a
wetland surface area of 9-11 106 km?2, Mitsch et al. (2013) have used a value of 7 106
km?, and Downing (2009) re-evaluated the total wetland area including smaller systems
to 13-16 10 km?2. Based on remote sensing data, Papa et al. (2010) provide a mean total
surface area of 3.4 10 km?, with 56% located in the tropics, in agreement with previous
estimates by Pringent et al. (2001; 2007). More recently, Lu et al. (2016) use a larger but
probably unrealistic value of 33 106 km2. Global wetland C fluxes consist in three major
terms in Eq. 1: (1) -NEE obtained from eddy-covariance measurements was up-scaled to
avalue of 3.2 PgC yr! (Lu et al. 2016), an estimate that needs to be corrected to 1.3 PgC
yr-1 when applying the surface area re-evaluated by Downing (2009); in addition, the
arithmetic mean of available eddy covariance data (Lu et al. 2016) is probably not the
most appropriate way to upscale -NEE at the global scale, and a more precise typology of
wetland -NEE is necessary, based for instance on the classification of Lehner and D61l
(2004). (2) NECB is assumed as equal to organic C sequestration in soils and estimated
from 210Pb and 137Cs core dating (Mitsch et al. 2013), a method that ignores slow decay
in the soil C pool and can result in unrealistically high soil C sequestration rates
(Bridgham et al 2014); Indeed, Mitsch et al. (2013) proposed a global C sequestration
value of 0.8 PgC yr-1, whereas Bridgham et al. (2014) re-evaluated this value to less than

0.01 PgC yr-L. (3) The Fother term for wetlands is mainly composed of CH4 emissions and
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estimated from bottom-up approaches using static chambers and process-based models
(Mitsch et al. 2013; Saunois et al. 2016), and top-down inversion models based on
atmospheric data (Saunois et al. 2016). Recent published estimates for the global
wetland CHs flux range between 0.2 PgC yr-! (Saunois et al. 2016) and 0.6 PgC yr!
(Mitsch et al. 2013). Wetland C sources and sinks are thus subject to large uncertainties
but still support the possibility of a residual C flux able to contribute significantly to

river and lake C budgets at the global scale (Fig. 1c.).

Eddy covariance reveals strong negative NEE (CO: sink) in most wetlands (Morison et al.

2000; Jones and Humphries 2002; Saunders et al. 2007; Lu et al. 2016). However, if
wetland E as DIC is ignored but significant, GPP, and NPP deduced from the diurnal
changes of eddy CO: fluxes (Lu et al. 2016) would be overestimated and, inversely, ER
would be underestimated (Egs.1-6). This point is particularly crucial because in flooded
land the emerged compartment contains most of the photosynthetic parts of the
ecosystem (GPP, NPP) fixing CO2 directly from the atmosphere, whereas the submerged
compartment contains most of the respiratory parts of the ecosystem (ER, HR and a
large fraction of AR) releasing CO2 to waters but only part of it back to the atmosphere
because of gas-exchange limitation at the water-air interface (Fig. 3). Wetland 1D mass-
balance budgets also include an estimation of NPP, based on biomass inventories
(Mitsch et al. 2013; Sjogersten et al. 2014). One problem with NPP data is that it does
not account, for all the C transferred by the plants from the atmosphere to the soil and

water; Indeed, as the sum of NEP and HR (Eq. 5), NPP does not include the fraction of

GPP that is recycled by AR, and most importantly, the root respiration in sediment and

water, which is highly significant below floating plant meadows (Bedford et al. 1991;
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Hamilton et al. 1995) and in flooded forest (Piedade et al. 2010). Total AR in flooded

ecosystems should be divided into three components according to:
AR=ARa+ARw+ARs (Eq.9)

where ARa, ARw and ARs are the fraction of AR occurring in air, water and soils,
respectively (Fig. 3). In flooded land, a canopy of vegetation generally protects the
water-air interface from wind stress and the gas transfer velocity is lower compared to
surrounding open waters (Foster-Martinez and Variano 2016; Ho et al. 2018).
Consequently, only a limited fraction of ARw and ARs will contribute to the CO2 fluxes
measured with static chambers in wetlands. This is a second reason why wetland mass
balances are incomplete and may artificially shift wetlands to atmospheric C sources or

sinks (Sjogersten et al. 2014).

The allocation of C stocks and metabolism above and below water is fundamentally
different in flooded land compared to well-drained land, and this considerably modifies
their ecological functionalities (Fig. 2 and 3). Although some wetland plants also use DIC
from water for photosynthesis, a large majority of wetland GPP is made by the emerged
part of plants that fix atmospheric CO; during the emersion periods, and/or during the

flooding thanks to,their emerged or floating canopies (Piedade et al. 1994; Parolin et al.

2001; Engle et al. 2008). A large fraction (excluding wood) of the wetland biomass
produced annually is transferred directly to water and sediment as litter fall and fine
root production, where it fuels HR, including methanogenesis. Beside some important
CH,4 oxidation (Segarra et al. 2015), this leads to a Fotner (Eq. 1) as CH4 fluxes more
significantly in wetlands than in well-drained terrestrial ecosystems (Ciais et al. 2013;
Saunois et al. 2016). In addition, because of anaerobic conditions in their soils, water-

tolerant plants can develop morphological aeration strategies (Haase and Ratsch 2010)
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that actively transport oxygen to the root zone and enhance respiration and the release
of dissolved CO2, CH4 and other fermentative organic compounds such as ethanol to
waters and pore waters (Bedford et al. 1991; Hamilton et al. 1995; Piedade et al. 2010).
Plants also transport CH4 directly from sediments to the atmosphere (Byrnes et al.
1995). Wetland water below plant canopies is generally hypoxic and highly
supersaturated in CO; (Bedford et al. 1991; Abril et al. 2014) and CH4 (Hamilton et al.
1995; Borges et al. 2015b). Because the water-air interface behaves as a strong physical
barrier for gas diffusion, depending on hydrological features, dissolved CO2 from
swamps, marshes and floodplains waters can be transported downriver for long
distance before being emitted to the atmosphere (Abril et al. 2014; Borges et al. 2015b).
Lateral export of C from wetland to inland waters can follow different patterns

depending on the hydrological connectivity and the frequency of flooding. Some

wetlands almost permanently flooded will contribute continuously, whereas wetlands

episodically flooded will contribute only during short periods through this mechanism.
Nevertheless, C lateral fluxes induced by flooding during these short periods can still be

very significant in the annual C budget of wetlands and rivers.

All these observations suggest the occurrence of a wetland COz pump that captures
atmospheric COz and exports organic and inorganic C to rivers and lakes, This biological
pump is also consistent with chamber measurements that generally identify CO2 sinks in
vegetated flooded areas and CO; sources in adjacent open waters (Pierobon et al. 2011;
Ribaudo et al. 2012; Peixoto et al. 2016). It is worth noting that little is known on how
wetland -NEE is affected by hydrology. For instance, a swamp of papyrus (Cyperus
papyrus) on a sheltered shore of Lake Naivasha, Kenya, was a CO2 sink during immersion

but a CO2 source during emersion, when large amounts of plant detritus accumulated in
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soils were exposed to air (Jones and Humphries 2002). In contrast, in the more
hydrologically dynamic Amazon floodplain, Brazil, a stand of Echinochloa polystachya,
another C4 plant, was a COz sink during both immersion and emersion (Morison et al.
2000). This suggests that a more efficient hydrological export of C in Amazon floodplains
compared to Lake Naivasha could have promoted an annual negative NEE (Eq. 1). Such

competition between C export and burial is also consistent with the more efficient C

Jburial (B term in Fig. 3) in low flow-through wetlands (Mitsch et al. 2013).

Concerning the metabolic C balance of wetland during flooding, the fraction of OC

produced by NPP that is not respired in situ or buried in the wetland soil is exported to

rivers systems as OC (Fig. 3), according to:

NPP = B+HR+Epoc+Epoc (Eq.,10)

NEP = B+Epoc+Epoc (Eq..11)
where B is the OC burial in the wetland soil. Thus, the export of POC and DOC from
wetlands is expressed as:

Eroc+Epoc = NEP - B = NPP - HR - B (Eq.,12)

Downstream, this organic material will undergo intense degradation in inland water
(negative NEP), contributing to CO2 outgassing through the OC detrital pathway (Cole

and Caraco 2001; Battin et al. 2008).

Plants and microbes respiring in water, sediments, and the root zone (ARw and ARs and
HR) release dissolved CO2 in wetland water. During flooding, ARa is the only component
of ER not contributing to Eco2. The fraction a of wetland ER occurring in water and
sediment (ARw and ARs) and almost all of the microbial HR (Eq. 11), release dissolved

CO:z (and CH4) to waters:
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aER= ARw+ARs+HR with (0<a<1) (Eq..13)

part of these dissolved gases are emitted to the atmosphere, and another part is

exported by the water flow:
aER=FCO2+FCHa+Eco2+Ecus (Eq. 14)
with Ecoz = afER and Fcoz =a(1 — B)ER and (0<f<1) (Eq. 15)

af is thus the fraction of ecosystem respiration that is exported laterally from the

wetland in water masses. For simplification, we do not include Ecus in Eq. 13 because
this term is assumed to be modest (few %) compared to Ecoz. Indeed, the  term might
be much smaller for CH4 than for CO; due to preferential CH4 ebullition and transport
through plants in wetlands (Chanton and Whiting 1995). For COz, the fraction  depends
on hydrological and geomorphological parameters such as water depth, velocity and gas
exchange in the wetland. Using a simple model of lateral dissolved gas transport (Abril
etal. 2014), typical values of 1 cm s-1 for the gas transfer velocity (Foster-Martinez and
Variano 2016; Ho et al. 2018) and 5000 ppmv for water pCO2, we calculated a § value of
0.93 for a water column of 1 m-depth flowing at a velocity of 10 cm s in a 100 m-long

wetland (assumed conditions for riparian wetlands during maximum flood). When the

water depth is set at 0.1 m instead of 1 m or the water velocity is established at 1 cm s!
instead of 10 cm s°1, B decreases to 0.53. Consequently, a large majority of the CO>
produced by wetland below-water respiration is outgassed to the atmosphere outside of
the wetland. Finally, accounting for all terms in Eq. 6 in wetlands leads to total export

expressed as:
E= (Enoc+Epoc)+(Ec02+ECH4)=(NPP—HR—B)+(,B(ZER -FCOz-FCH4) (Eqvlj)
E = (Epoct+Epoc)+(Ecoz+Ecus)=(NPP-HR-B)+(s (ARw+ARs+HR)-FCO,-FCH4) (Eq.17)

E = NPP-B+BARw+BARs+(8 — 1)HR-FCO2-FCH,4 (Eq..18)
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The correct 2D wetland mass balance budget in flooded ecosystems is also calculated as:

NPP+BARw+BARs-(1 — B)HR =B+Fcoz+Fcus+E (Eq,19).

The three terms ARw and ARs and HR together with the E term, are generally neglected
in wetland C budgets that quantify only NPP, Fcoz, Fens and B (Mitsch et al. 2013;

Sjogersten et al. 2014).

6. WHAT TOOLS DO PLUMBERS NEED?

Quantifying hydrological C export from wetlands at the gcosystem, regional, and global
scales would require information that to date is still missing or incomplete. General
recommendations include more systematic field observations of C fluxes across the
boundaries of wetlands with the atmosphere, the upland and the river. Eddy covariance
data is still lacking in some remote wetlands where logistics are complicated (Lu et al.
2016), for example in floodplains of large tropical rivers, which host highly productive
flooded forests and floating macrophytes (Piedade et al 1994; Morison et al. 2000), and
largely contribute to riverine global CO2 and CH4 emissions (Richey et al. 2002; Engle et
al. 2008; Bloom et al. 2010; Abril et al. 2014, Borges et al. 2015a). Eddy covariance
measurements should also be more systematically coupled at the same site with
chamber measurements, hydrological C fluxes and C sequestration studies but

accounting for the longer time-scale of the sequestration rates based on core dating.

The quantification in the field of the amount of C that enters or leaves wetland
ecosystems horizontally with water flow is challenging because many wetlands have
complex morphologies and multiple pathways of hydrological transport that can be

apprehended only using hydrodynamical modelling. In addition to hydrological
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complexity, the C chemical forms may largely change when water crosses the wetland

and for instance, fine terrestrial mineral-bound POC can be trapped and replaced by
wetland coarser POC, DOC and dissolved COz. Isotopic and molecular tracers can help in
differentiating terrestrial from wetland OC, when the signatures of the two sources are
well separated, for instance, in watersheds dominated by C3 forests, the contribution of
wetland C4 macrophytes can be tracked with §'3C in riverine POC, DOC and DIC (Quay et
al. 1992; Mortillaro et al. 2011; Albéric et al. 2018). In contrast, OC from flooded forests
is more difficult to differentiate from that coming from terra firme forests (Ward et al.
2013) when many tree species are common to both ecosystems (Junk et al. 2010).
Radiocarbon age in rivers can be interpreted as the time spent by C in soils and, when

young C predominates, they suggest a rapid transfer from plants to waters (Mayorga et

al. 2005), as expected in highly productive riparian wetlands, However, some wetlands
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Process-based biogeochemical models are indeed promising approaches for quantifying
C exports from flooded lands (e.g, Sharifi et al. 2013; Lauerwald et al. 2017). Ideally,
these models could simulate the most important biological processes in the wetland:
GPP, NPP, litter fall, and the different components of ER in air, water and soil, together
with hydrological transport and gas emission. Few modelling studies account for DOC
export (Sharifi et al. 2013), most miss the DIC export as dissolved CO2 and do not
correctly account for the autotrophic respiration terms (ARw and ARs), or the
heterotrophic microbial processes in the root zone (HRs) (Fig. 2). Recently, Lauerwald et
al. (2017) developed a new type of model of C cycling in large rivers that mimics the
most important physical and biological processes, including an empirical equation
during land flooding; when applied to the Amazon River, the model calculated a total
CO: outgassing flux close to that upscaled from field measurements (Richey et al. 2002);
in addition, the computed annual relative contributions to the total dissolved C inputs of
surface runoff (14%), drainage (28%) and flooding (57%) were consistent with recent
field evidence that wetlands predominantly fuel CO2 outgassing from the Amazon River

(Abril et al. 2014).

Finally, a precise upscaling of wetland and inland waters global C budgets requires an
adequate typology of C cycles that accounts for the different hydrological and
biogeochemical functioning of peats, swamps, marshes and floodplains, and their spatial
distributions along climatic zones (Lehner and D61l 2004). While large scale wetlands,

such as tropical flooded forests can be determined by remote sensing, and are available

in spatial data sets such as the Global Land Cover 2009 (Bontemps et al. 2010) there are
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However, progress has been made to develop algorithms to treat fine resolution remote

sensing data for local applications (Villa et al. 2018). Ideally, these global geo-referenced

databases could also include metabolic parameters such as ecosystem productivity,

respiration, and CHg emission, as well as simplified parameters that describe
hydrological connectivity and exposure time to flooding (e.g. Oldham et al. 2013).
Process-based models could also be built and validated in individual wetland types, and
then aggregated to a global model able to quantify C fluxes between drained land,
floodable land, rivers and lakes and the atmosphere at the continental scale. Such
modelling tools will also be highly valuable to predict the impacts of climate and land
use changes on these continental C fluxes. Knowing the relative contribution of well-
drained and flooded land to inland water CO2 emissions is crucial for quantifying the
continental greenhouse gas budget (Fig. 1) and to predict its sensitivity and feedback on
climate warming. For instance, the intensification of floods and droughts or river
damming have the potential to drastically modify C fluxes at the land-water-atmosphere
interface and alter or enhance the hotspot character of wetlands in the continental C
cycle. Such evolution must be monitored in the field, better understood, conceptualized,
and modelled in order to guide environmental conservation strategies in the next

decades.
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Table 1. Surface areas of land, rivers (from Allen and Pavelsky 2018), lakes and wetlands

(from Lehner and D61l 2004). * tropical and subtropical. Note that the estimate of

Downing (2009) gives larger surface areas for lakes and wetlands.

Land Rivers Lakes Wetlands
excl. Antartica)

Surface areas (km2)

Boreal 10417 452 138083 796 382 758 381
Temperate 49 208 693 205109 1218642 3677205
Tropical & Subtropical 75 464 855 429808 413006 4731415
Total 135091 000 773 000 2428030 9167001
Contribution of ecosystems to global land area

Boreal 8% 0,1% 0,6% 0,6%
Temperate 36% 0,2% 0,9% 2,7%
Tropical & Subtropical 56% 0,3% 0,3% 3,5%
Contribution of ecosystems to regional land area

Boreal 100% 1,3% 7,6% 7,3%
Temperate 100% 0,4% 2,5% 7.5%
Tropical & Subtropical 100% 0,6% 0,5% 6,3%
Regional contribution to ecosystem global area

Boreal 8% 18% 33% 8%
Temperate 36% 27% 50% 40%

Tropical & Subtropical 56% 56% 17% 52%
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Fig. 1. An update of the active pipe concept, including wetlands in the C budget of inland
waters. 2 from Cole et al. (2007); ® from Raymond et al. (2013) (note that the estimate of
global CO2 outgassing from Cole et al. (2007) is similar to that of Lauerwald et al. 2015);
¢calculated as the difference between land use change and net land flux in Ciais et al.
(2013); dfrom Tranvik et al. (2009); ¢ from Lu et al. (2016); f from Lu et al. (2016)
corrected for a global wetland surface area of Downing et al. (2009); & from Mitsch et al.
(2013); M from Saunois et al. (2016); i corrected from Mitsch et al. (2013), according to
Bridgham et al. (2014). Numbers in italics are calculated as the sum of all others fluxes

and include a high (grey) and a low (black) estimate. Black arrows represent C



56
originating from well-drained, terrestrial ecosystems, and green arrows represent

wetland C.
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Fig. 2. Relationship among the carbon (C) fluxes (in italics) that determine net EMis en forme: Police :12 pt ’

ecosystem carbon balance (NECB) (the net of all C imports to and exports from the

ecosystem), and the metabolic fluxes (inside grey oval) that determine net ecosystem
production (NEP). (Adapted from Chapin et al. 2006 to include aquatic compartments).
The boxes represent the ecosystems (drained land, wetland, inland waters). Fluxes
contributing to NECB are (i) net ecosystem exchange (NEE) with the atmosphere
(emissions to or uptake from the atmosphere of carbon dioxide, CO2); (ii) fluxes of
carbon forms other than COz (Foter), which include methane (CH4), carbon monoxide
(CO), and volatile organic C (VOC); (iii) lateral export (E) or import of dissolved organic
and inorganic C and particulate organic C by hydrological transport and other processes
such as animal movement, wind deposition and erosion, and anthropogenic transport or
harvest. In this study, we consider Focer as the flux of CHs from the ecosystem to the
atmosphere, and E as hydrological export from the ecosystem as POC, DOC, dissolved
€O and dissolved CH4. Fluxes contributing to NEP are gross primary production (GPP)
and ecosystem respiration (ER). ER includes autotrophic respiration (AR) by the
different components of vegetation (leaves, wood, roots and photosynthetic microbes)
and heterotrophic respiration (HR) by prokaryotes, fungi and animals. The shaded

volume in each box indicates the part of the ecosystem occupied by water. GPP and ER
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occur mostly above the water table in well-drained ecosystems, partly above and below

the water table in flooded ecosystems, and exclusively in water and sediments in aquatic
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ecosystems. Supprimé: wetland
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Fig. 3 Functional differences of carbon metabolism and hydrological export in well-
drained and flooded land. NEE: net ecosystem exchange; GPP: gross primary production;
NPP: net primary production; WP: wood production; LF: litter fall; AR: autotrophic
respiration; ARa: autotrophic respiration in air; ARw: autotrophic respiration in water;
ARs: autotrophic respiration in soils and sediments; HR: heterotrophic respiration; HRw
heterotrophic respiration in water; HRs heterotrophic respiration in sediments; B: long-
term burial in soils and sediments. POC: particulate organic C; DOC: dissolved organic C;
Eoc: export of organic carbon (sum of DOC and POC); Eco2: export of dissolved COz; Ecna:
export of dissolved CHa; Fcoz and Fcua: fluxes of CO2 and CHy at the soil-air or water-air
interface (as determined with static chambers). Note that, by convention, NEE is
opposite in sign to GPP and NPP because NEE is defined by atmospheric scientists as a C
input to the atmosphere, whereas GPP and NPP are defined by ecologists as C inputs to

ecosystems (Chapin et al. 2006). C export to river systems results from the interactions



60
between metabolic processes and C transport processes between air, plants, soils,
sediments and waters and are fairly different in flooded ecosystems (right) and

terrestrial, well-drained ecosystems (left). In terrestrial drained systems, carbon export

occurs as surface runoff and drainage and includes a small fraction of LF, root exudation,
ARs, and HR. In contrast, in wetlands during flooding (right), almost all LF and root
exudation (that releases DOC), as well as a substantial fraction of ecosystem respiration
(ARw+ARs+HRw+HRs) are transferring C to the aquatic system as OC and dissolved
gases; in addition, slow gas exchange (low gas transfer velocity) in protected wetlands
favours lateral export of dissolved CO; and CHa. These lateral C fluxes are enhanced in
flooded compared to drained systems and should generate strong discrepancies
between ecosystem metabolic fluxes (GPP, NPP, ER, and NECB) and vertical C fluxes
measured in the field with static chambers (Fcoz and Fcus), and eddy covariance towers

(NEE).

gwen abril 9/12/18 22:07

Supprimé: wetlands

gwen abril 9/12/18 22:07
gwen abril 9/12/18 22:07

Supprimé: ,

gwen abril 9/12/18 22:08
Supprimé: flooded

gwen abril 9/12/18 22:09
Supprimé: wetlands




