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The supply, processing, storage and transport of carbon ininland waters

have garnered considerable attention in past decades due to their ecological
importance, water quality influence, and contribution to landscape
carbonbalance. Yet, understanding how the various sources, pathways

and transformations combine into predictable downstream patterns
remains elusive. Here we synthesize 40 years of research from the Krycklan
Catchment Study (KCS) to advance a new framework—‘variable scale
domains’ (VSD)—which describes the multiscale dynamic controls over
aquatic carbon. The VSD framework identifies distinct spatial domains
where either scale-dependent or patchy geomorphic properties control the
supply, dynamics and transformations of major carbon forms, including
dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), carbon
dioxide (CO,) and methane (CH,). By integrating scale-dependent and
patchy attributes along river networks, VSD enhances the predictability of
how, when and where environmental changes will alter carbon fluxes and
concentrations in freshwater systems.

The concentrations and fluxes of carbon in aquatic networks have
widespread implications for water quality, ecosystem functioning and
the landscape net carbon balance'* While lateral carbon fluxes from
soils are increasingly accounted for in regional-to-global budgets®*,
gapsinour quantitative and conceptual understanding prevent us from
resolvingtheimportance of inland waters as sources, sinks, processors
and transporters of carbon*®, These gaps reflect a failure to account for
multiple organic and inorganic carbon forms in most studies’, but also
afailure to fully integrate the hydrogeomorphic processes that under-
pin carbonsupply, dynamics and fate®. A better understanding of how
carbonisregulated across space and timeis thus essential for assessing
therole of inland water networks within the broader carbon cycle’.

A more comprehensive understanding of carbon supply and
transformation within aquatic networks is also needed to rigorously
test and predict how these systems will respond to environmental
change. Ongoing climate warming can have both direct and indirect
effects on the supply and transport of organic and inorganic carbon
forms'°. Lateral carbon export, and its residence time within aquatic
networks, is largely regulated by hydrology, and is thus vulnerable to
shifts in the magnitude and timing of rain and snowmelt inputs'-*,
as well as to changes in plant water demand and evapotranspiration
losses™!*. Changes in water residence time, in turn, strongly alter car-
bon processing and fate in both rivers” and lakes'®. Superimposed
on climate change are other environmental drivers that may further
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alter terrestrial carbon supply” and transformation within aquatic
systems'®, For example, recovery from acid deposition in many regions
has affected the mobilization of dissolved organic carbon (DOC)"
and dissolved inorganic carbon (DIC)* from soils to surface waters.
Land-use changes, including shifts in agricultural practices, forest
management and fire regimes, are similarly linked to altered concentra-
tions and fluxes of both DOC* and DIC*. The consequences of these
collective pressures are often context-dependent and co-vary with a
range of catchment properties”, which complicates the development
of underlying theory and predictions of terrestrial carbon export.
Our current ability to predict cumulative effects on aquatic car-
bon sources, transport and fate is limited, in part because existing
conceptual frameworks remain incomplete. For example, the river
continuum concept (RCC)* and modifications such as the pulse-shunt
concept®* view aquatic carbon transformations as continuously organ-
ized alonglongitudinal gradients. Although these frameworks help us
understand downstream changes in carbon metabolism?* and shifts
in DOC properties®*?, they do not address discontinuities in carbon
supply, processing, storage or evasion that are common along river
networks®, Other frameworks, including the river ecosystem synthesis
(RES)* and the process domains concept®’, emphasize how variation
in geomorphic structure creates distinct patches, or discontinuities,
in physical, ecological and biogeochemical processes along rivers®.
While promisingin terms of capturing greater system complexity, these
frameworks have seldom been used to understand carbon dynam-
ics in a holistic way, and rarely do they account for the influence of
the lakes, reservoirs and wetlands commonly embedded within river
networks. Indeed, lakes are recognized as distinct features within
aquatic networks®>*, but there has been surprisingly little conceptual
integration of carbon cycling across lotic and lentic systems™. Similarly,
the role of ephemeral and intermittent streams as carbon sources is
another feature of aquatic networks that has rarely been included in
concepts of carbon cycling at the landscape scale, despite growing
recognition that channels with temporary flow are common in many
landscapes and are hydrologically and biogeochemically important®®’.

Theboreal landscape as amodel system
Boreal landscapes store vast quantities of soil organic matter (SOM) in
forests and wetlands®® and export globally significant amounts of car-
bonto aquatic systemsin the form of DOC* and DIC, including carbon
dioxide (CO,)*° and methane (CH,)". Interpreting patterns of carbon
concentrations and fluxes across northernriver networksis challenged
by the highvariability in terrestrial carboninputs and stream process-
ing, which in turn reflects variability in hydrological connectivity**
and in the spatial configuration of contributing landscape elements*.
Resolving these challenges has been amain goal of more than four dec-
ades ofresearch conducted around the Svartberget research stationin
northern Sweden (64°14’ N, 19° 46’ E), which developed into the Kry-
cklan Catchment Study (KCS; www.slu.se/Krycklan). The KCS aquatic
programmeis focused ona 68-km?research catchment composed of 11
nested, long-term monitoring subcatchments, where stream discharge
and biogeochemical data have been collected**. The subcatchments
vary in terms of soil properties, elevation, geomorphological history,
vegetation properties and land use (see ref. 45 for details). Additional
KCS satellite sites surrounding the research catchment are also part
of the programme, with field experiments addressing the effects of
peatland rewetting, forestry and climate change**. The Krycklan main-
stem, which drainstheresearch catchment, isa tributary to the Vindel
River (drainage area of 12,650 km?), whichin turn flows into the Umeé
River (drainage area of 29,300 km?) where existing monitoring data
have been used to understand headwater-to-downstream linkages*©.
KCS research has advanced knowledge of how aquatic carbon
concentrations and fluxes are regulated across spatial and temporal
scales*. Ofkey importance are the roles of hydrological vectorsin the
landscape, from the point of entry as rain or snow, via different types

of soil and riparian zone, to headwater streams, wetlands and lakes,
and finally through the river network exiting at the catchment outlet.
Thiswork hasbeenbased ona combination of hydrometric studies**%,
analysis of isotopic tracers*’~*, hydrological modelling®*>*,and a suite
ofbiogeochemical studies thatidentify mechanismsregulating riverine
carbon concentrations across the landscape**. The synthesis of this
extensive research now allows us to classify these mechanisms as either
primarily scale-dependent or patch-dependent, based on how they
regulate the supply, dynamics and transformations of major carbon
forms, including DOC, DIC and CH,.

The variable scale domains framework

Toexplain carbon variability, we propose aframework that integrates
existing paradigms in river network science to capture the various
mechanistic drivers of riverine carbon concentration and dynamics
from headwaters to larger basins (Fig. 1). The variable scale domains
(VSD) framework classifiesindividual geomorphic attributes (Table 1)
influencing different carbon formsinto those whose spatial organiza-
tion is either primarily continuous or patchy, and considers how the
influence of each varies depending on flow conditions. More specifi-
cally, our framework incorporates a set of scale-dependent geomor-
phicattributes, from headwaterstolarger rivers, whose influence over
carbondynamics varies predictably with drainage size. Superimposed
on scale-dependent features are patchy geomorphic structures with
either more transientinfluences (for example, areas of discrete ground-
water inputs, intermittent streams) or more permanent influences
(for example, lakes, wetlands, turbulent stream sections) that create
discontinuitiesin carbon concentrations and fluxes. This categorization
isthus empirical and based largely on past KCS research where predict-
ing aquatic carbon could be achieved solely by considering changes
indrainage area*’ versus cases where the spatial heterogeneity in land
cover>® or geomorphology*’ were required for prediction. Finally, we
discuss how resolving interactions between scale-dependent features
and patchy geomorphic structures can help to mechanistically explain
stream carbon dynamics across fluvial networks.

Resolving the role of scale is fundamental to understanding aquatic
carbon concentrations and fluxes in river networks. Interest in such
controls has increased over the decades, with substantial advances in
identifying and understanding scale-dependent processes™*. Scale
dependenciesare particularly apparentin catchment and river science
given changes in channel geometry, stream flow*” and incident light,
all of which commonly vary with drainage size and guide longitudinal
patterns in biotic communities**“° and biogeochemical dynamics®..
In contrast to scale-dependent influences, patchiness in land-water
connections, channel form and slope cangenerate hotspots or control
points of biogeochemical change that have large and abrupt conse-
quences for carbon supply, transformation and downstream fate®"®,
Such discontinuities along streams and rivers may reflect landscape
transitions across geomorphicsettings®®, whichin turnalter the physical
channelstructure and lateral connectivity locally”, but also change how
water moving through hillslopes interacts with soils to mobilize solutes
and gases tostreams®’. In the context of the VSD, a ‘scale domain’ refers
totherange of drainage sizes and upslope contributing areas for which
agivenset of geomorphic attributes is mostimportant for controlling
the concentration, flux and transformation of different carbon forms
depending on runoff conditions. Here, scale breaks can occur when
changesinthe spatial scale considered (for example, from small to large
catchments) are associated with the emergence of new attributes that
exert primary controls over carbon®’. The ‘variable’ in VSD refers to
theideathat these domains are not static but can change based on the
carbon form considered and from low to high flow conditions.

Organic and inorganic carboninriver networks
A key challenge to understanding the controls over aquatic carbon
is that different forms originating from various terrestrial sources
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Fig. 1| A synthesis of decades of research from the Krycklan Catchment
Study (KCS) into a conceptual framework illustrating how continuous
features and patchy geomorphic structures influence different forms of
aquatic carbon (C). The primarily scale-dependent arrangements (to the left)
exert acontinuous influence along the length of the stream network, leading
to gradual and predictable changes in carbon dynamics with increasing
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catchment size. In contrast, the primarily patchy structures (to the right)
represent spatially discrete landscape features that introduce localized shifts
in carbon concentrations, transformation and fluxes, with weaker dependence
on catchment scale. Brown colours represent SOM sources in riparian soils
and wetlands.

have dissimilar mechanisms of mobilization and experience diverse
fates within freshwater environments®’. How DOC becomes mobilized
from soils to streams across boreal landscapes has been a major area
of research for decades. For landscapes not influenced by carbonate
bedrock, DOC derived from SOM is often the largest component of
the mobile carbon pool®. Variations in topography, hydrology and
vegetation all give rise to the mosaic of SOM-rich features in the land-
scape, including riparian soils and peatlands®. Strong hydrological
connectivity to organicsoils and sediments provides amain source for
DOCinheadwaters, with hydrological transport, groundwater inputs,
andinstream processinginteracting to drive variationsin downstream
concentrations®. Although a portion of the DOC pool may turn over
rapidly in streams®*, average travel distances along stream networks
for the bulk of DOC exported are often relatively long, with reported
ranges from a few to several hundred kilometres®®*’,

Although DOC has received most attention, it is not the only
form of terrestrial carbon supplied and processed in rivers. Particu-
late organic carbon (POC), while seldom of quantitative importance
to carbon transport in Nordic boreal streams*, can nonetheless be
important to instream carbon processing and flux in other settings’.
Similarly, exports of DIC (mainly in the forms of CO, and bicarbonate
(HCO5")) are often lower than for DOC in boreal streams’’, but not in
all cases’. Riverine DIC is sustained by a variety of sources, including
mineral weathering (HCO,™ production) and ecosystem respiration
(CO, production), while speciation within this pool is tightly con-
nected to the acid-base conditions. Due to characteristically low pH
inmany forested headwaters”®, CO, typically dominates theinorganic

pool, while HCO; can make up alarger fraction downstream owing to
more buffered conditions. In contrast to HCO;~, CO, turnover is far
more rapid within river networks, mainly due to exchange with the
atmosphere in turbulent stream sections. Finally, another gaseous
carbon component is CH,, which can be supplied from anoxic soils
and sediments at high rates, but typically oxidizes or evades within
metres of entering a stream’, yielding even shorter residence times
thanfor CO, (refs. 75,76). Overall, the key to conceptualizing how these
different carbon forms vary along river networks is recognizing how
the various mechanisms regulate their supply and fate across spatial
and temporal domains.

Scale-dependent geomorphicregulations on
aquatic carbon

Based on KCS research, we identify three primarily scale-dependent
features regulating carbon patterns and dynamicsin streams (Fig.1and
Table1): riparianzones, deep groundwater contributions and instream
transformations. In headwater streams, riparian zones regulate con-
centrations and fluxes of carbon by producing and mobilizing carbon
across the soil-stream interface””. Increasing water flux through more
shallow riparian soils often results in greater DOC’®, but reduced DIC
and CH, concentrations’”*’ instreams, with the different mobilization
patternsreflecting distinct vertical distributions across soil depth®. We
contend that this mechanismis mostinfluential in smaller catchments
and decreases in importance downstream as lateral signals become
overwhelmed by a combination of other regulating factors®. Specifi-
cally, at larger spatial extents, stream water chemistry is increasingly
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Table 1| Summary of the primarily scale-dependent and primarily patch-dependent features influencing carbon dynamics

arising from the geomorphic template in KCS

Primarily scale-dependent

Primarily patch-dependent

Riparian zone

Riparian areas are commonly the main source of DOC and DIC in
headwater streams. Increases in DOC and declines in DIC occur
when the groundwater table rises and activates shallower and more
conductive soil layers, changing the source strength of the riparian
zone through the transmissivity feedback mechanism of runoff
generation””"°.

Deep groundwater

Increasing contributions of deep, older groundwater downstream
contribute water with lower DOC concentrations®’, as well as
greater base cation concentrations and higher pH*°. The export

of HCO; also increases with catchment size, because of more
alkaline water further down in the landscape, resulting in a shift in
DIC speciation, shifting from rapidly evading CO, to the more stable
HCO, (ref. 101).

Instream transformations

Transformation of DOC to DIC by instream microbial processing and
photo-oxidation is affected positively by water residence time moving
downstream in the river network'” and by less shading as channels
widen'®, Variation in upwelling and downwelling, depending on flow
conditions, affects microbial activity, driving decreases in DOC and
increases in DIC concentrations®.

Discrete groundwater inputs

Local topographic controls on shallow groundwater result in the formation

of discrete groundwater inputs® and the formation of intermittent streams®,
which affect both DOC and DIC mobilization®*®*'®°, As a result, streams located
immediately downstream can become control points for changes in DOC and
rapid carbon gas loading®.

Wetlands

Permanently wet soils are important sources of all carbon forms in connecting
aquatic ecosystems'®, with positive correlations with DOC*"°, as well as CO, and
CH,"", While DOC concentrations are highest during baseflow and diluted during
events'", elevated concentrations of CO, and CH, are typically outgassed within
short distances downstream, especially during high flows®

Lakes, ponds and reservoirs

Depending on residence time, a portion of organic carbon entering lakes is
commonly buried in sediments, and mineralization of allochthonous and
autochthonous carbon sources supports evasion of CO, and CH,”". Similarly to
wetlands, elevated concentrations of CO, and CH, are typically outgassed within
short distances downstream from lake outlets’®.

Turbulent sections
Fine-scale variation in channel slope and its influence on turbulent flow control
much of the spatial variation in CO, and CH, outgassing®.

modified by deep groundwater contributions*® arising from flowpaths
with longer subsurface water transit times, which in the KCS are partly
associated with abroad-scale shift from glacial till to sorted glacioflu-
vial sediments*‘. These deeper flowpaths interact with mineral soils,
low in DOC but with high pH and base cations®, which tend to dilute
riverine DOC but enrich DIC concentrations as more alkaline condi-
tions lead to a shift in the DIC speciation towards non-gaseous forms
(thatis, HCO,)®. Finally, instream transformations occurring along the
fluvial network, including microbial processing and photodegrada-
tion, transform terrestrial carbon along the channel length****. Asin
most river networks, the overallimportance of instream processing of
DOCandDICincreases downstreaminthe KCS due tolongerinstream
travel times and moreincident light that allow for greater accumulated
carbon mineralization and uptake™?**3¢,

Role of patch-dependent attributes across river networks

The mosaic of forests, wetlands and lakes, as well as sections with inter-
mittent surface and groundwater inputs or turbulent flow (for example,
step-pool, rapids and waterfall features) influence carbon supply and
fate at network scales® ¥, First, differing hydrological responses to
rainand snowmelt among terrestrial, wetland and lake landscape ele-
ments—in terms of hydrologic pathways, storage and release**—create
complex nonlinear contributions of water and solutes downstream,
reflecting the full range of discharge-concentration relationships
from individual contributing areas*’. Wetlands can be found almost
anywhere along theriver networkinboreal landscapes, and their pres-
ence causes patchy influences onaquatic carbon due to their large and
often highly mobile carbon pools®*®. Similarly, lakes, ponds and res-
ervoirsoccur asdiscrete elements that can be present throughout the
fluvial network and influence both the temporal dynamics of runoff®°,
but also promote the burial, transformation and evasion of aquatic
carbon’. In addition to these aquatic features, the underlying parent
material and topographic form of landscapes can give rise to focal
areas of groundwater inputs and intermittent streams, which connect
toand disconnect fromthe broader, perennial network through cycles
of wetting and drying. These dynamic connections can have highly
variable and patchy influences on carbon supply to streams across
time and space that affect DOC, CO,and CH, in various ways®**, Finally,
the occurrence of turbulent sections due to step changes in channel
gradient causes rapid gas exchange with the surrounding atmosphere”.

Although turbulent flow will tend to decrease with channel gradient
from headwaters to river mouths, even small patches of high-energy
environments can support outgassing of CO,and CH,, while the impact
on DOC s negligible. Collectively, landscape heterogeneity in these
geomorphicattributesleads to contrasting controls on carbon dynam-
ics and fate, with patterns that become difficult to disentangle without
proper mechanistic insights into each major component.

Reconciling aquatic carbon dynamics with the
VSD concept
The VSD framework is based on the premise that each carbon com-
pound inrivers is regulated by a unique set of biophysical rules. The
variability of each carbon form and the different mechanisms regulat-
ing their concentrations are a function of both scale-dependent and
patchy geomorphic features. Each mechanism regulating the sup-
ply or loss is also variably influenced by hydrological conditions (for
example, by enhancing or reducing concentrations; Fig. 2), but other
external factors can also be important, such as land-use alteration
and climate change (Fig. 3). Key to the VSD framework is that each
geomorphicattribute regulates the process of various carbon species
invariable ways, which creates distinct signals in aquatic carbon. The
VSD framework thus provides atemplate for deciphering riverine car-
bon concentrations and fate by accounting for the main mechanisms
underpinning the supply and loss of different carbon forms and explic-
itly considering how these mechanisms are organized in space and
altered by changes in flow. Onceidentified, how changesin runoffeither
enhance or reduce the influence of these geomorphic attributes on a
given carbon form need to be evaluated, in addition to whether such
changes will be gradual (scale-dependent) or more abrupt (patchy).
The VSD framework builds on and integrates existing paradigms
inriver network science by capturing various mechanistic drivers of
aquatic carbon concentration dynamics from headwaters to larger
basins. However, in contrast to both the RCC* and the process domains
concept®, the VSD does not view aquatic systems as primarily con-
trolled by continuously organized processes along longitudinal gra-
dients (scale), nor entirely by a variationin geomorphic structure that
creates distinct patches, but as a combination of the two, depending
on the reactivity and form of carbon considered and the flow condi-
tions. Similar to the river wave concept®, the VSD emphasizes the
role of hydrology in mediating the relative importance of continuous
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Fig.2| Geomorphic attributes drive both primarily scale-dependent and
primarily patch-dependent patterns of aquatic carbon across river networks.
The subpanels display hypothetical patterns for DOC (upper row) and DIC
(generally also for CH,; lower row) across spatial scales, from headwaters to the
regional scale, under low flow (blue) and high flow (red) conditions. Shaded areas

Catchment size

above the dashed zero line indicate a concentration increase (enrichment), and
those below represent a concentration decrease (from dilution, degradation,
uptake or evasion), reflecting the net influence of specific geomorphic attributes
on carbon dynamics under varying hydrological conditions.

and patchy mechanisms, but it takes a more holistic view of carbon
forms, the various sources and their fates in the landscape. Given
this flexibility, the VSD framework can be adapted depending on the
solute or system in question, and whether aspects such as land use or
climate change need to be included. As such, the VSD can be useful
for formulating testable hypotheses related to how sensitive various
mechanisms are to ecosystem changes (Fig. 3).

Application of the VSD framework in KCS
Consideration of the VSD framework has helped solve several puz-
zles related to the patterns and variability in stream carbon across the
KCS network and beyond. One of the earliest examples was linked to
understanding lateral DOC supply to headwater streams, including
the paradox of how streams could be dominated by old water at high
flow, while also exhibiting threefold increasesin DOC concentrations
compared to those observed during low flow conditions’”’. This behav-
iour was explained by the transmissivity feedback mechanism, where
hillslope runoff rapidly increases in response to rain and snowmelt
events, activating shallow riparian sources of DOC**’%, This mechanism
highlights the ‘variable’in the VSD framework, mechanistically resolved
how DOC is supplied to forested headwaters, and has paved the way
for understanding broader-scale network patterns. Another example
involved the correlation between wetland cover and DOC concentra-
tions across the KCS stream network®®, which is predictably strong dur-
ing baseflow, but falls apart at high flow”. Explaining this shift required
anunderstanding of differencesin forest versus wetland hydrology and
DOC mobilization, but also how the resulting downstream signals from
these two sources shift as discharge increases. In mixed forest-wetland
catchments, stream DOC originates predominantly from wetlands dur-
ing baseflow, but then shifts towards forest soil sources at high flows
owing to fundamentally different discharge-concentration relation-
shipslinked to these landscape components®. This ‘source switching’,
withimplications for in-stream biotic communities’®, was the first reali-
zation of how the strength of multiple mechanisms in KCS varies over
the course of hydrological events to shape aquatic carbon dynamics.
LowDOC concentrationsin larger streams andriversintheregion
posed another puzzle that could not be predicted from different
land-cover patterns, nor explained entirely by instream processing’®.
Here, discovering that deeper groundwater, with long transit times and
lowDOC concentrations®** (Fig. 2), becomes anincreasingly important

source of water downstreamin the river network helped reconcile the
observed DOC, not just for the KCS network, but also across northern
Sweden*®. Recognizing the broad-scale shift from stream carbon being
regulated by shallow, organic-rich soils in the headwaters, to ground-
water sources from deeper aquifer formations along larger streams and
rivers, also clarified other counterintuitive observations. For example,
concentration-discharge (C-Q) relationships for DOC are variable
across the KCS, but show a strong flushing relationship for the largest
streams®”’%, This occurs because flood events at this spatial scale rap-
idly connect organicsoilsin the distant headwaters with downstream
reachesthat arelargely supported by deep groundwater inputs. Given
low DOC concentrations during baseflow, the emergent flood response
ismore dramatic than for headwater sites thatlack deep groundwater
support. This same mechanism also helped explain why network-scale
responses to drying-rewetting cycles are more pronounced inthe larg-
est streams”’. Here again, the rewetting response becomes amplified
downstream because the reconnection to headwater soils following
drought occurs against abackdrop oflow DOC concentrations reflec-
tive of deep groundwater influence.

These examples are DOC-focused and thus do not capture the full
range of patterns and dynamics that could arise for other carbon forms.
However, KCS-based work on carbon gas dynamics along the stream
network clearly indicates that the location of sampling relative to
wetland or lake patches®’, the connectivity of variable source areas and
intermittent streams”, the distribution of turbulent stream sections”,
and the distance downstream in the network'* all have implications for
interpreting CO,and CH, dynamics and fluxes. Also tobe consideredis
the effect of extreme drought manifested in strongincreasesin stream
CH, concentrations, particularly where peatlands and other wet areas
sustain stream flow even during the driest conditions'”. Collectively,
these examples illustrate that, despite the unique behaviour of each
carbon form, consistent and generalizable patterns emerge that can
help improve our ability to predict concentrations and fluxes across
space and time.

Applying the VSD framework beyond KCS

The extensive empirical insights made in the KCS over the several
decades of research have been critical to informing the VSD frame-
work. This focus on local processes may suggest that the framework
has limited transferability to other landscapes. However, although
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Fig.3 | Aset of hypotheses generated from KCS studies regarding the
influence of different VDS attributes on patterns of DOC (left) and DIC

(right) concentration in response to four environmental drivers: forestry,
temperature increase, flooding and drought (during low flow and following
rewetting). The solid circular line indicates no expected change in the face

of environmental drivers. Predicted relative increases in stream carbon
concentration (that is, enrichment) are shown by wedges in an outward direction.
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certainty in predictions is depicted as either more certain (solid colour) or more

uncertain (dashed). References to published studies are shown as numbered
Citationssl,82,85,92,93,99,]02,1]1,11]7120

some processes influencing carbon dynamics may not be universally
important, this mechanistic understanding of scale-dependent and
patchy processes should be highly transferable. The transferability of
the VSD framework to other systems should thus start by identifying
the dominant mechanisms shaping riverine carbon, and we expect that
this framework will be most useful for landscapes with strong hetero-
geneity in catchment features that regulate carbon storage and flux.
Furthermore, although some of the VSD mechanisms identified for the
KCS are likely to differ when applied to other river networks, other
features embedded in our framing are generalizable across diverse
freshwater systems in the boreal, as well as other biomes. For exam-
ple, we expect that the role of SOM pool activation and the temporal
variability in lateral supply driven by hydrological events is central to
riverine carbon in most locations, even if the specific mobilization
mechanisms may differ. The increasing importance of instream carbon
transformations with greater water residence time along river networks
isalso probably universally valid®. Similarly, the dominantinfluence of
subsurface flowpaths and transit time on lateral DOC and DIC supply
should be relevant to awide range of ecosystems. Finally, the controls
over stream gas evasion follow the same underlying physical rules
independent of biome'®®. Thus, several features of the VSD concept,
particularly those linked to scale-dependent drivers, are likely to pose
important controls on riverine carbon in most settings.

In contrast, other aspects of the VSD framework as applied to
KCS are probably specific to northern boreal landscapes. First, the
overwhelming importance of DOC in the KCS reflects the boreal set-
ting®; research in other biomes may therefore need to place greater
emphasis on theinputand fate of DIC and/or POC. Beyond this, hydro-
logical routing can be fundamentally different between recently glaci-
ated and non-glaciated environments because of contrasting soil and

subsurface geologies. For example, recently glaciated landscapes
are often characterized by shallow groundwater flowpaths draining
SOM-richsoils*. These conditions resultin topographically controlled
groundwater input zones that create patchinessin carbon concentra-
tions and processing along streams’”. Although similar patchinessin
stream gas concentrations has been observed elsewhere'®, such pat-
terns may be absent or caused by different hydrological mechanisms
inother settings'®. Finally, the frequency and distribution of wetlands
and lakes have stronginfluences on DOC, DIC and CH, in Arctic, boreal
and tropical landscapes, yet these surface water features are largely
absent in other regions, such as in more arid biomes. We expect that
application of the VSD framework to new settings could help to identify
processes that canbe generalized across landscapes but also those that
are unique to thelocal study environment.

We hope that our mechanistic framework will help progress the
aquatic carbon field from upscaling based on simple power-law func-
tions, or poorly constrained Al models, to concepts that are more
grounded in process understanding. Thisis especiallyimportant when
predicting aquatic carbon responses to climate, hydrological and
land-use change (Fig. 3). Greater mechanistic understanding should
provide the most rigorous basis for making predictions outside those
based on past observed conditions. Ultimately, the goal of the VSD con-
ceptistherefore to describe the mechanistic regulation of aquatic car-
bonwithinaframeworkinwaysthatcanbeapplied, tested and further
refined across regions to better understand the role of scale-dependent
and patchy attributes in heterogeneous landscapes. To achieve this,
spatially distributed, coupled biogeochemical and hydrological models
that incorporate individual modules representing the key processes
would provide an important step forward. In this context, recent
efforts to apply spatially distributed models to DOC across the KCS
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highlight the need to better account for the range of scale-dependent
and patchy processes that regulate stream concentrations'*. Attempt-
ing to build such modular and parsimonious models that canrepresent
catchment-wide carbon dynamics would first require that the hydro-
logical processes are depicted correctly for each VSD attribute, and
thereafter that each of the scale- and patch-dependent mechanisms are
explicitly formulated. Used this way, the VSD can provide aframework
to evaluate and refine models and provide guidance inunderstanding
when and where model performance falls short.

Despite the KCS being one of the most studied catchments in
the world, there is still much to learn about this landscape in terms of
hydrological and biogeochemical regulation. Important questions
remain regarding aquatic carbon responses to the cumulative effects of
climate change and anthropogenic alterations found in this landscape,
such as forestry, wetland rewetting, beaver re-introduction, hydro-
logical restorations, dams and reservoirs. We propose that the VSD
framework offers anintegrative approach to disentangle the complex
interactions that shape aquatic carbon dynamics, but also a vehicle to
propose testable hypotheses regarding the sensitivity of each mecha-
nismto external drivers associated with environmental change (Fig. 3).
Furthermore, we hope that this framework can inspire discussions
and improvements in how to plan and execute sampling programmes,
understand the regulation of other solutes beyond carbon (for exam-
ple, nutrients and metals), and model catchment processes in ways
thatenhance our capacity to predict how environmental stressors will
affect freshwater resourcesin the future.
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