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Accounting for lithospheric carbon inputs to inland waters

In its simplest form, eq. 3 does not capture the present-day inputs of ancient carbon from the
lithosphere. In contrast, the storage in sediments and export through rivers of this same ancient
carbon are included in the AC and Rexort terms. Hence, not accounting separately for lithospheric
carbon fluxes may lead to biased NWE estimates. We can look at the case of petrogenic organic carbon
(OCpetro) @s an example. On the one hand, if measurements of aquatic carbon storage (4C;y) and
export (Rexport) include the OCepetro fraction, inputs of carbon from the lithosphere will be mistakenly
allocated to contemporary watershed NPP, leading to NWE overestimation. On the other hand,
aquatic emissions derived from OCpetro remineralization are not captured in eq. 3 as is, which will
therefore lead to aquatic NEE underestimation and, again, NWE overestimation.

From a theoretical point of view, there are two options to address this issue. First, researchers
could subtract the fraction of lithogenic carbon from the storage (4Ciw) and export (Rexport) terms, and
then add the lithogenic fraction of aquatic emissions as an additional emission term to the equation.
There are multiple methodological challenges associated with separating the old fraction from the
emission, storage, and export fluxes, and in the best-case scenario it would come with three additional
sources of uncertainty. Second, researchers could estimate old carbon inputs from the lithosphere
and soils to inland waters and add them to eq. 3 as an additional input term. Doing so would fully close
the mass balance, avoiding the potential overestimation of NWE, and has the additional benefit that
it only adds one source of uncertainty. Quantifying old carbon inputs to inland waters is not exempt
from methodological challenges, yet given the above considerations, we recommend choosing this
second option if possible. In the subsections below, we provide potential solutions to quantify
lithospheric carbon inputs to aquatic systems and outline regions and watershed types where these
could be significant. If lithogenic carbon fluxes are not accounted for in the carbon mass balance, the
potential overestimation of NWE should be carefully evaluated.

For a hypothetical watershed where fluxes of petrogenic- and carbonate-derived ancient
carbon are relevant, the NWE equation (eg. 3) should be expanded as follows:

NWE + OCPetro + WCO??_ = Z?:l ACl + RExport +T (eq Sl)

where, 0Cpgtroand Wco32‘ are the inputs to inland waters of OCpetro and ancient dissolved inorganic

carbon from carbonate dissolution, respectively. Researchers should assess a priori the potential
contribution of each of these ancient carbon sources to the study watershed and adapt eq. S1 to their
case.

Petrogenic organic carbon

The erosion and oxidation of OCpetro releases CO, from long-term geological storage to the
atmosphere. This flux, which is sometimes referred to as “geo-respiration”, has recently been
identified as an important component of the geological carbon cycle?, and its quantification has
received particular attention over the last decade. Eroded OCpetro is mobilized on hillslopes and
colluvial deposits and transferred to the particulate load of streams and rivers, from where it can be
mineralized and emitted to the atmosphere, stored in sediments, or exported downstream. Recently,
riverine dissolved fluxes of rhenium have proven to be an integrative proxy to OCpetro €rosion rates?3.
Therefore, if measurements of dissolved rhenium are performed at the outlet of the study watershed,



they could be used to quantify the entrance of eroded OCpetro to streams and rivers at the watershed
scale (OCpetroin €q. S1). Alternatively, measurements of soil and bedrock OC coupled to 4C activity
measurements may provide estimates of average OCretro €rosion and potential oxidation*, although
guantification at watershed scales will bring additional challenges and uncertainty.

Ancient DIC from carbonate mineral dissolution

All dissolved inorganic carbon (DIC) derived from silicate weathering originates from CO,
derived from contemporary soil organic matter decomposition and/or direct reaction with
atmospheric CO,. Thus, silicate rock weathering simply changes the form of DIC, from CO; to
bicarbonate. This is an example of the weathering reaction for enstatite (MgSiOs):

MgSiOs + 2CO; + 3H,0 <> Mgy* + 2HCO3™ + HsSiO4 (1)

In contrast, during chemical weathering of carbonate rocks, 2 mols of DIC are released for
every mol of CO,. One mol derives from the transformation of soil respiratory CO, to bicarbonate
(same as for silicate rocks), and an extra mol is released through the direct dissolution of carbonate
minerals. Here is an example for calcite (CaCOs):

CaCOs3 + CO; + H20 <> Cay* + 2HCOs (2)

Whereas the mol derived from the transformation of soil respiratory CO, is biogenic and
contemporary, the one derived from carbonate minerals dissolution is geogenic and can be millions
of years old. Hence, to fully close the short-term mass balance in eq. 3, an additional lithospheric input
term of ancient geogenic DIC has to be added.

There are studies that provide empirical models to calculate the generation of bicarbonate or
alkalinity for different lithologies based on local runoff>~’. Thus, if runoff and the fraction of carbonate
geology in the study watershed are known, these empirical models can be applied to estimate the
total weathering flux of bicarbonate at the watershed scale (e.g., ref &). The input of DIC derived from
carbonate minerals dissolution can be then computed as half of the total weathering flux of
bicarbonate. The GLiM database® contains global lithology data at high resolution that can be used for
this purpose. The contribution of ancient, weathered carbonates will increase with the relative
proportion of carbonate to silicate lithologies in the watershed.

As mentioned above, an alternative yet less convenient approach would consist of 1)
subtracting the geogenic fraction of the river DIC export term and 2) adding a new equation term of
aquatic emissions linked to geogenic DIC inputs®!l, The geogenic fraction of both fluxes can be
assessed by mixing models based on the isotopic signatures (6*3C) of riverine DIC and potential
biogenic and geogenic endmembers (soil respiration and carbonate dissolution).



Challenges and opportunities

Groundwater exchange between watersheds

The global volume of groundwater to a depth of 2 km is estimated at 4.2 x 10° km?3, of which
approximately 6% is within 100 m of the ground surface'?. Across North America, groundwater DOC
concentration oscillates around ~8.8 mg C L' at < 10m depth decreasing to ~3.3 mg C L'! at 90 — 100m,
while groundwater DIC averages 30 — 43 mg C L™ and does not vary substantially with depth?!?,
Combining these carbon concentration profiles with estimates of groundwater volume and discharge,
Downing and Striegl*? calculated a potential global groundwater carbon content of 145 Pg and a
groundwater carbon discharge to inland waters of ~0.68 Pg C yr'.

Subsurface water flows within a watershed generally originate from the same watershed
domain®3. Thus, although subsurface carbon fluxes are difficult to quantify, they are all indirectly
accounted for in the NWE framework through the whole-watershed carbon mass balance
(Supplementary Note; see below). On the contrary, deeper flows paths such as groundwater
upwellings in karstic springs can potentially derive from outside the study watershed and would
therefore have an impact on NWE calculations if ignored. For example, in a small Costa Rican
rainforest, Genereux et al.!* showed that overlooking inputs of carbon associated to deep
groundwater regional flow paths leads to the wrong impression that the whole rainforest (including
streams) acts as a carbon sink when in reality it was a substantial source of CO; to the atmosphere.
Hence, external deep groundwater carbon exchanges should be considered an additional input or
output term in the watershed mass balance of carbon. A major challenge remains the identification
and quantification of only those deep carbon fluxes that originate from outside of the study
watershed. Multiple isotopic techniques, such as measuring the stable isotopes of water with
radiogenic isotopes, can offer a robust approach to constraining both the source and age of
groundwater inputs®>'7,

Using larger watersheds would nonetheless reduce the importance of deep groundwater
carbon exchanges relative to the other terms of the mass balance (NWE, AC, and Regort). This is
because lateral groundwater exchanges into and out of the watershed would mostly occur along the
perimeter of the watershed, whereas carbon exchange with the atmosphere and carbon accumulation
take place across the total area of the watershed. Hence, assuming the watershed shape is held
constant, increasing the watershed size will increase the area to perimeter ratio and therefore the
magnitude of NWE, AC, and Rewort Will increase faster than potential groundwater exchanges with
adjacent watersheds.

Direct groundwater discharge to the ocean

Hydraulic gradients determined by topography and subsurface porosity in coastal regions
often result in direct groundwater discharge from the continents into the ocean, usually referred to
as fresh submarine groundwater discharge (fresh SGD). Unlike saline SGD, a diffusive pathway of
recirculated seawater that is ubiquitous along the world’s coastlines, fresh SGD is a more local, point
source of terrestrially derived water and nutrients to the coastal ocean. This lateral transfer flux
represents an important connection between the coastal ocean and the land. Yet, fresh SGD has been
overlooked due to the difficulties to investigate it and thus is not accounted for in global carbon
budgets, even though it is widely recognized as an important contributor to the hydrological and
biogeochemical budgets of coastal and freshwater systems?®,



Recent advances in spatially explicit groundwater models constrain global fresh SGD to 289—
2400 km?3 per year (refs.t®>21). This is 0.6 to 6.4% of global river discharge?? and represents at least 5%
of marine Li, Mg, Ca, Sr, and Ba budgets?® and ~2 % of total freshwater input of carbon, nitrogen, silica
and strontium to the ocean?!, depending on which fresh SGD amounts are used. Applying groundwater
concentration versus carbon depth profiles from Downing and Striegl *2, this amounts to a global fresh
SGD of 10-86 Tg C yrt and 2—17 Tg C yr! of dissolved inorganic carbon and DOC, respectively. Such a
lateral transfer flux represents an additional hydrologic carbon export out of coastal watersheds that
should be considered when applying the NWE framework to watersheds with a coastal component.
This is especially true in regions with substantial fresh SGD relative to river discharge such as in tropical
coastlines as well as high-relief, tectonically active margins?°.

Incorporating hydrologic carbon transfers into wetland models

Process-based models offer an opportunity to estimate carbon accumulation in wetlands, but
only if the lateral transfer of carbon to inland waters is accounted for. As of today, the lateral carbon
transfer from wetlands to streams and rivers remains challenging to quantify, predict and, therefore,
to incorporate into the structure of process-based models. At the same time furthering the NWE
approach offers some opportunity to bridge this gap and thereby improve wetland models.

Lateral export of carbon from wetlands is a function of the soil porewater concentrations of
mobile carbon species and the hydrology responsible for mobilizing them. Water table changes have
been linked to peatland CO, and CH; dynamics?* and are typically used in process-based models .
Nevertheless, it remains unclear how hydrology impacts soil porewater DOC. Beyond simple dilution,
changes in acidity and ionic strength associated with changes in water table levels, runoff, or drought
conditions exerts a solubility control on DOC concentration in porewaters?%?’, In some peatlands, for
example, soil acidity is the major factor predicting porewater DOC?8, emphasizing that hydrologically
driven chemical and biological processes are required in predicting lateral carbon fluxes in wetlands.
Furthermore, lateral transfers of DOC may also be underestimated since they typically occur outside
of the growing season, an underrepresented study period in higher latitude wetlands 2°3°, Thus, a
predictive understanding of lateral carbon transfers is needed in order to incorporate them into
wetland carbon budgets and process-based models, especially for DOC but also dissolved inorganic
carbon.

Although increasing our understanding of chemical and biological processes that could control
wetland DOC export will be highly valuable for improving process-based models, the scalability of
these relationships will be just as important to consider. In order to integrate DOC export into
national- or regional-scale models used for greenhouse gas inventories and mitigation plans, wetland
researchers will need to consider parameters available at large spatial-scales. For instance, simple
classes should be explored such as catchment-scale hydrological units (e.g., hydrological response
units; ref. 31) that could be used as an index of lateral flow strength. Also, peatland functional types
that could reflect porewater pH as well as widely available climate variables that indicate drought
conditions (e.g., the Drought Code of the Canadian Forest Fire Weather Index System; ref. 32) should
be considered.

Resolving lateral carbon transfers at relevant scales presents some challenges that could be
environments that

Ill

turned into opportunities using the NWE approach. Many wetlands are “margina
exist at the interface between terrestrial and aquatic ecosystems and are thus difficult to resolve
discretely both in terms of their landscape extent (e.g., forested wetlands) and contribution to lateral
carbon transfers3®. If lateral carbon transfers are directed into an adjacent hillslope, how are they



resolved and accounted for? If riparian wetlands contribute to aquatic carbon fluxes, how are they
resolved and accounted for? Incorporating wetlands into the NWE approach would enable this
accounting. The prediction for lateral carbon transport for identified wetlands within a watershed
should contribute to the overall watershed carbon export and thus enable means to constrain such
lateral transfers fluxes between wetlands and the terrestrial environment. Further, by observing
export at the smaller watershed scale, concentration-discharge relationships can be used to identify
the more cryptic riparian wetlands, as such near stream sources that exhibit strong clockwise
hysteresis patterns with discharge343>,

Supplementary Note | Accounting for lateral hydrologic carbon exchanges

The net accumulation of carbon in an ecosystem does not necessarily reflect the amount of
carbon it exchanges with the atmosphere. Terrestrial ecosystems often accumulate less carbon than
they withdraw from the atmosphere3®, and even more evident, aquatic systems are substantial carbon
sources to the atmosphere while simultaneously accumulating carbon in their sediments®. In the
absence of lateral anthropogenic carbon fluxes, the reason behind the mismatch between carbon
accumulation and exchange with the atmosphere is often the same for both cases, namely the
hydrologic transfer of carbon from terrestrial to aquatic ecosystems. Therefore, whereas the
mismatch can be substantial for terrestrial and aquatic ecosystems separately, they offset each other
when both ecosystems are combined. This can be illustrated with a simple numerical exercise. The
figure below shows a simplified scheme of the vertical and horizontal carbon fluxes across the
terrestrial and aquatic ecosystems within a model watershed. We have assigned random numbers to
each of these fluxes based on the principle of conserving the overall mass balance of the different
components. To make the mass balance straightforward, we assume steady state conditions (i.e.,
fluxes are constant through time) and momentaneously define NEE as positive when there is a net
flux from the atmosphere to the watershed (continued on next page).

Atmosphere

70 Watershed NEE = X NEE, = 100 - 30 = 70
NWE = X AC, + Regent = 50 + (104 1) + (8 + 1) = 70

Mismatch between NEE and AC:
300 H 7 Terrestrial: 100 - 50 = 50

Inland waters: (-=30) - (10 + 1) = =41
¥ Mismatches = 50 =41 = 9 = Regpon

Terrestrial { 3 j ‘ 8
ecosystems
ACTEM = 50 50
—— Qutlet
Lateral transfer Inland waters Ruoot = 841
ACyw=10+1

Simplified scheme of the different ecosystems and carbon fluxes across a theoretical watershed. All
fluxes are in absolute values, with the shape of the arrow indicating their direction. Brown and green
elements correspond to carbon originally fixed from the atmosphere by terrestrial and aquatic ecosystems,
respectively. Note that, against convention, positive NEE indicates an input from the atmosphere to the
landscape, while negative NEE indicates emission to the atmosphere.



According to this simulated scheme, the total gross primary production and ecosystem
respiration in terrestrial ecosystems are 300 and 200 carbon units of mass per time (C t%; e.g., tons of
carbon per year), respectively. Thus, the net carbon exchange between terrestrial ecosystems and the
atmosphere (NEEr.r) is 100 C t1, i.e., net uptake. Fifty units out of the 100 are stored in situ (ACrer),
for example as forest and wetland biomass, while the other half is laterally transferred as organic and
inorganic carbon to inland waters (Lateral Transfer). This induces a mismatch between NEEr., and
ACrerr of 50 C t2, implying we would underestimate NEEr, if assumed equivalent to ACre. Inland
waters then receive this terrestrial Lateral Transfer, that is, 50 C t* of terrestrial organic and inorganic
carbon. Thirty-two units out of the 50 are emitted from streams, rivers, and lakes to the atmosphere
(NEEw), either through the direct emission of terrestrial inorganic carbon (i.e., soil-respiratory CO; and
CH,) or through the mineralization of terrestrial organic carbon within aquatic systems. In addition,
10 C t1 of the terrestrial Lateral Transfer are buried at the bottom of lakes and stored in the sediment
pool (ACw). Simultaneously, aquatic ecosystems fix carbon directly from the atmosphere (10 C t%).
Most of this atmospheric carbon fixed by aquatic ecosystems is readily remineralized and outgassed
(8 Ct1), whereas some of it is stored in lake sediments (1 C t'). Together, this represents a mismatch
between NEEwand ACw of -41 C t%, implying that, if only based on carbon accumulation, we would
assume a net uptake of 11 C t* from the atmosphere when aquatic systems are in reality emitting 30
C t''to the atmosphere. The remaining 9 C t™! of the terrestrial lateral transfer plus carbon fixed by
aquatic ecosystems are transported as DOC, POC, and DIC by rivers to the outlet of the watershed
(Rexport)-

From an individual ecosystem perspective, it becomes clear that AC does not represent NEE,
because there is a clear mismatch both in terrestrial (50 C t!) and aquatic ecosystems (-41 C t1).
Nevertheless, we have a mismatch in terrestrial ecosystems because part of the carbon uptake is
laterally transferred to inland waters, and we have a mismatch in inland waters because a large share
of the aquatic fluxes is actually a relocation of the transferred terrestrial carbon. Hence, when we
adopt a holistic perspective and combine both terrestrial and aquatic ecosystems through a mass
balance, the two mismatches practically offset each other. In fact, the offset of mismatches is not
absolute but equivalent to the watershed riverine export [50 + (-40) = 9 C t!], which makes sense if
one considers that the export at the watershed outlet represents the imbalance between watershed-
atmosphere carbon exchange and watershed carbon accumulation. Therefore, by combining the
accumulation of carbon in the different terrestrial and aquatic elements and the riverine carbon
export at the watershed outlet, we indirectly account for all hydrologic lateral exchanges of carbon
among ecosystems. This simple numerical exercise shows the power of adopting a whole-watershed
perspective for landscape carbon accounting and emphasizes the central need to consider all the
different ecosystem types together.
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