
1.  Introduction
Headwater streams create the Earth's largest interface between terrestrial and freshwater systems. The 
flux of carbon across land-water interfaces is important for the carbon balance of regional landscapes 
(Webb et al., 2019) and central to the ecology and biogeochemistry of recipient streams and rivers (Tank 
et al., 2010). Even though decades of research have explored how catchment processes regulate the export 
of terrestrial carbon to streams, important gaps in our understanding remain. Most notably, studies to date 
have primarily focused on the dynamics and supply of individual organic or inorganic carbon species, but 
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Plain Language Summary  Carbon transferred from soils to streams plays an important role 
in aquatic ecosystems and is relevant for carbon budget estimates at broader scales. The consequences 
and fate of carbon exported from land to water is influenced by the form of that carbon (e.g., dissolved 
organic carbon (DOC) or gases like carbon dioxide and methane). Yet, we still know little about what 
factors regulate the makeup of carbon that enters streams, including how it is influenced by the different 
“interface zones” that lie between soil sources and stream channels. We used seven years of data from a 
well-studied boreal research site to characterize the composition of carbon flux from three small streams 
dominated by different types of interfaces, including riparian forests, a large wetland, and a lake. Our 
results demonstrate that snowmelt periods are dominated by DOC and downstream transport, whereas 
high flow events in summer and autumn promote relatively greater carbon gas evasion to the atmosphere. 
DOC dominated export at all sites, but the relationships between water flow and the concentration of 
different carbon forms varied among sites and over time, reflecting differences in how interface zones 
regulate, store, and transform carbon before it reaches streams.
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efforts to assess the balance and proportions of different carbon forms delivered across land-water bounda-
ries are relatively few (Tank et al., 2018).

Different carbon forms supplied to streams vary in chemical structure and biophysical reactivity, play 
unique biogeochemical roles, and have distinct downstream fates in drainage networks. For example, dis-
solved organic carbon (DOC) delivered from soils can be an important source of energy to in-stream heter-
otrophic microbes (Mineau et al., 2016), and a large fraction of this pool likely travels long distances (e.g., 
103 – 105 m) before it is mineralized (Casas-Ruiz et al., 2017; Kaplan et al., 2008), particularly during high 
flows (Raymond et al., 2016). By comparison, much of the carbon dioxide (CO2) delivered to streams can 
evade within meters of entry, a process that depends on the interplay between the stream turbulence and 
the degree of supersaturation of this gas into the water (e.g., Duvert et al., 2018; Öquist et al., 2009). Final-
ly, methane (CH4) transported across ecosystem boundaries is more ephemeral still, as it can be rapidly 
oxidized along near-stream flowpaths that traverse low to high redox environments (Crawford et al., 2017; 
Lupon et al., 2019). Thus, variation in the forms of carbon moving across ecosystem boundaries will de-
termine what biogeochemical processes may occur locally in recipient streams and, owing to differences 
in reactivity and turnover among forms, regulate the relative importance of downstream transport versus 
local emissions.

Capturing the forms and fates of the lateral carbon flux is particularly important in heterogeneous boreal 
landscapes, which store vast quantities of organic matter in soils (Bradshaw & Warkentin, 2015). While this 
storage can lead to high rates of carbon loading to streams (e.g., Aitkenhead & McDowell, 2000), the mosaic 
of forests, wetlands (mires), and lakes that define boreal landscapes can create important variation in soil-
stream boundaries that alter the timing, magnitude, and forms of this exchange. This heterogeneity includes 
differences in vertical profiles of DOC, CO2, and CH4 among soils at the interface with streams (Campeau 
et al., 2018), which potentially guide patterns of carbon mobilization in response to changes in ground-
water levels and flow. For example, in forested catchments, increases in discharge often mobilize carbon 
from surficial riparian soils that are strong sources of DOC (Bishop et al., 2004; Ledesma et al., 2018), but 
relatively weak sources of carbon gases (Öquist et al., 2009). For wetlands, which are major sources of all 
carbon forms to boreal streams (e.g., Leach et al., 2016), hydrologic connections instead reflect preferential 
flowpaths that vary in their capacity to mobilize or dilute stream solutes and gases throughout the year (e.g., 
Holden et al., 2012; Sponseller et al., 2018). Finally, small headwater lakes, abundant in boreal landscapes, 
can also modify carbon fluxes to outlet streams through within-lake DOC processing, as well through peri-
odic release of solutes and gases generated and stored in hypolimnetic waters (Crawford et al., 2014; Den-
feld et al., 2018). While multiple studies in boreal landscapes have explored variable land-water connections 
for specific carbon forms (e.g., CO2; Wallin et al., 2010), especially during snowmelt (Laudon et al., 2011), 
little is known about how the relative contribution of multiple carbon forms is altered by the diversity of 
interfaces around headwater streams.

Concentration-discharge (C-Q) analysis has emerged as a powerful tool for understanding how lateral car-
bon fluxes to streams and rivers vary over space and time (Creed et al., 2015; Liu & Raymond, 2018; Zarnet-
ske et al., 2018). C-Q relationships yield three main patterns that describe whether stream concentrations 
are invariant (i.e., chemostatic), or increase or decrease (i.e., chemodynamic) with increasing discharge 
(Moatar et al., 2017; Musolff et al., 2017). These patterns give insight into what limits the transfer of sol-
utes and gases to streams. For example, a chemostatic C-Q relationship suggests a uniform distribution of 
solutes or gases in soils, such that changes in hydrological connections have no net influence on stream 
concentrations (Godsey et al., 2009). Positive C-Q relationships represent transport limitation, when the 
supply of a solute or gas is large enough for export to be limited by the strength of hydrological connections 
across ecosystem boundaries. In the context of carbon supply, positive C-Q relationships should emerge for 
forms that are concentrated near the soil surface (Bishop et al., 2004). By contrast, negative C-Q patterns 
represent source limitation and indicate that the supply of a solute is insufficient to keep pace with the in-
creasing hydrologic flux, resulting in dilution of stream signals. Dilution can be expected if DOC or carbon 
gases are concentrated in deeper soils but decline toward the soils surface. C-Q analyses have been widely 
applied to understand DOC export, and in most cases have revealed either chemostatic patterns or transport 
limitation (e.g., Creed et al., 2015; Zarnetske et al., 2018). Application of this approach to CO2 and CH4 has 
revealed a broader set of responses (Aho & Raymond, 2019; Dinsmore et al., 2013; Horgby et al., 2019), with 
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both transport and supply limitation reported for gases when considered across large scales (Liu & Ray-
mond, 2018). Here, we extend this approach to consider how unique C-Q relationships for different carbon 
forms, depending on catchment type and seasonal timing of flow, govern the overall composition of carbon 
supplied to boreal streams.

We quantified C-Q relationships for DOC, CO2, and CH4 from seven years of monitoring data collected 
at three headwater streams in northern Sweden and evaluated how hydrological changes influenced the 
balance of these carbon species (i.e., DOC:CO2 and CH4:CO2). The study streams are located close to each 
other, but drain catchments that differ in land cover: either completely forested, dominated by a large wet-
land, or drain a lake-wetland complex. We used our analyses to ask the following questions: (a) How do 
seasonal hydrological fluxes through riparian forest soils, wetlands, and lakes influence the supply and rela-
tive contribution of different carbon forms exported to streams? (b) How do C-Q relationships differ among 
high-flow events during snowmelt versus snow-free seasons? And finally (c) how do spatial and temporal 
variations in C-Q relationships ultimately govern the fate of carbon as either emissions or export?

2.  Methods
2.1.  Site Description

The study was conducted in the upper section of the Krycklan Catchment Study (KCS), in northern Swe-
den (64°14′N, 19°46′E, Figure 1). The KCS is part of the Svartberget Research Station, where research on 
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Figure 1.  Location of the Krycklan Catchment Study (KCS) in northeastern Sweden and the spatial distribution of major landscape units (i.e., forests, 
wetlands, and lakes; only wetlands and lakes are color coded due to the abundance of forests throughout the catchment). The black box highlights the location 
of three study headwater catchments within the KCS (catchment perimeters delineated with a black solid line) as well as the corresponding stream sampling 
locations (solid circles) and major landscape units. See Methods sections for more information.
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catchment hydrology and biogeochemistry have been ongoing since 1980 (see Laudon et  al.,  2013 for a 
full description of the study area). Briefly, climate at the KCS is characterized by long winters and short 
summers. Mean annual precipitation and temperature from 1980 to 2013 were 612 mm, and +1.7°C, re-
spectively. Approximately 50% of annual precipitation falls as snow, and snow cover persists for 168 days 
per year on average, from the end of October to the beginning of May (Laudon & Ottossen Löfvenius, 2016). 
Snowmelt begins between mid and late April and ends between mid and late May (Laudon & Ottossen 
Löfvenius, 2016).

This study focused on three small first-order catchments located in the headwaters of the KCS (Figure 1). 
This part of the catchment is largely forested, with Norway spruce (Picea abies) and Scots pine (Pinus syl-
vestris) as dominant species. Upland soils are primarily well-developed iron podzols, but thicker, organ-
ic-rich peat deposits are common in low-lying areas and along stream margins (Bishop et al., 1995). Open 
wetlands (mires) with extensive peat accumulation are also common in this part of the KCS, occupying 
more than 40% of area for some catchments (Laudon et al., 2013). The three catchments studied here drain 
glacial till soils, yet each is dominated by a distinct land-cover type of boreal landscapes: coniferous forests, 
wetlands, and lakes. The forest stream (C2) drains a 12-ha catchment with 99.9% forest cover. The wetland 
outlet stream (C4) drains an 18-ha catchment strongly influenced by a wetland (covering 44.1% of the total 
catchment area). Finally, the lake outlet stream (C5) drains a 65-ha catchment with mixed forest (54.1%) 
and wetland (39.5%) cover, but also a headwater lake covering 6.4% of its area. Water residence time of this 
lake is typically 4–6 months (e.g., Berggren et al., 2018; Denfeld et al., 2020). As is common in the region, a 
large fraction of this lake perimeter is fringed by a wetland ecosystem (Denfeld et al., 2018). The sampling 
stations for C4 and C5 are located approximately 50 m downstream of the wetland and lake outlets, respec-
tively. Thus, carbon supply patterns for these sites are expected to primarily reflect how solutes and gases 
move across ecosystem boundaries rather than how in-stream processes or atmospheric exchange re-shape 
these pools during transport. For the C2 catchment, the channel upstream of the weir is slightly longer than 
in C4 and C5, and thus likely presents greater opportunity for in-stream processes to alter the observed 
chemical signals. However, unlike C4 and C5, which operate as point sources in the landscape, riparian soils 
at C2 supply water and solutes along this entire stream (e.g., see Lupon et al., 2019).

2.2.  Stream Sampling and Laboratory Analysis

Stream DOC, CH4, dissolved inorganic carbon (DIC) and dissolved silica (DSi) were sampled at each site 
along with a suite of additional chemical and physical parameters as part of the KCS monitoring program. 
To cover a wide spectrum of hydrologic conditions, we compiled data from seven consecutive years (2010–
2016). Samples were collected monthly during winter, every second week during summer and fall, and 
more intensively (approximately every third day) during the spring flood due to snowmelt (in total, ca. 210 
sampling occasions).

Samples for DOC and DSi were filtered (0.45-μm pore size; sterile PVDF membrane) into acid-washed 250-
mL high-density polyethylene bottles (previously rinsed three times) and kept cold (<4°C) without head-
space until laboratory analysis (<24  h after collection). The samples for DSi analysis were additionally 
preserved with ultrapure HNO3 (1% v/v). DOC was analyzed by combustion using a Shimadzu TOC-VPCH 
following acidification to remove inorganic carbon. DSi was analyzed by inductively coupled plasma op-
tic emission spectroscopy using a Varian Vista Ax Pro instrument. Samples for pH were collected in ac-
id-washed 250-ml high-density polyethylene bottles (previously rinsed three times) and filled completely to 
avoid headspace. Samples were kept at similar temperatures as those measured in the field and upon return 
were immediately analyzed in the lab using an Orion 9272 pH meter. For DIC and CH4, a separate 5 ml sam-
ple of bubble-free water was taken and injected into a 22.5 ml glass vial (containing nitrogen gas (N2) at at-
mospheric pressure) sealed with a rubber septum. The vial was prefilled with 0.1 ml of 85% phosphoric acid 
and N2 at atmospheric pressure to shift the carbonate equilibrium toward CO2. Headspace CO2 and CH4 
concentration were then analyzed by GC-FID (Perkin-Elmer Clarus 500) equipped with a methanizer oper-
ating at 250°C and connected to an autosampler (Turbo Matrix 110). Concentrations of the different species 
of DIC (i.e., CO2, HCO3

− and CO3
2−) were determined by combining the analytical headspace CO2 with 

stream pH and temperature using temperature-dependent equations for carbonate equilibrium (Gelbrecht 
et al., 1998) and Henry's Law (Weiss, 1974). Similarly, we determined stream CH4 concentration using the 
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analytical headspace CH4 with the stream temperature following Henry's Law (Weiss, 1974). Free dissolved 
CO2 was the predominant DIC form during the studied period (accounting for 94.3 ± 6.3%, 98.6 ± 6 0.9% 
and 98.0 ± 7.1% of the DIC pool in the forest, wetland and lake stream, respectively). Accordingly, HCO3

− 
and CO3

2− were not included in our analysis due to their minor contribution to total DIC. Finally, we do not 
consider particulates, but previous studies in the Krycklan suggest that particulate organic matter typically 
represents a small percentage (on average <1%) of the total organic matter pool that is being transported 
(Laudon et al., 2011).

2.3.  Hydrology and Season Delineation

At each stream, discharge (L s−1) was estimated at hourly intervals from stage height measured with pres-
sure transducers installed at either a 90° V weir (C2 and C4) or an H-flume (C5) inside heated huts (al-
lowing for year-round discharge monitoring; see Karlsen et al., (2016) for details on hydrologic measure-
ments, including rating curves to estimates discharge). To normalize and compare discharge among streams 
with different catchment areas, we report specific discharge (mm day−1). To explore seasonal changes in 
discharge-concentration relationships, we defined three seasons based on (a) hydrologic observations 
across the 7 years of the study (2010–2016) and (b) historical (1980–2008) seasonal records (see Laudon 
et al., 2011). In the end, we grouped observations into the most contrasting and characteristic hydrologic 
periods in this region (Figure S1): (a) the snow-covered period during winter (average length of 165 days), 
(b) the snowmelt period during spring (average length of 50 days) and (c) the snow-free period during sum-
mer and autumn (average length of 150 days). For visual interpretation of the seasonal dynamics of stream 
DOC, CO2 and CH4 concentrations, we computed Locally Weighted Scatterplot Smoothing (LOESS) models 
with a span (degree of smoothing) of 0.5. Additionally, to compare average concentrations of DOC, CO2 
and CH4 concentrations across seasons, we used one-way analysis of variance. We then performed post-hoc 
comparisons (Tukey's Honest Significant Differences test) to evaluate the effect of season on the stream 
carbon concentrations across the three catchments. Both LOESS models and statistical analyses were con-
ducted using the “stats” package in R statistical environment (R Core Team, 2018).

2.4.  Concentration-Discharge Analysis

To understand how lateral inputs of different carbon forms vary with flow conditions and catchment, we 
generated concentration-discharge relationships (log C–log Q) across the full discharge range for each site 
(Thompson et al., 2011). C-Q relationships were analyzed as follows:

C Q ba� (1)

where C is concentration of each carbon form (mg  L−1), a is the coefficient (mg  L−1), Q is specific dis-
charge (mm d−1), and b is a unitless exponent representing the slope of the log-transformed C-Q relation-
ship (Moatar et al., 2017). Based on Meybeck and Moatar (2012), we used the b thresholds of −0.2 and 0.2 
for respectively a negative chemodynamic behavior (indicating dilution or source limitation) and positive 
chemodynamic behavior (indicating concentration or transport limitation). Accordingly, a b between −0.2 
and 0.2 would indicate a chemostatic behavior (i.e., and invariant response of the solute or gas with increas-
ing discharge). We also used the coefficient of determination (r2), to determine the goodness of the fit of the 
linear log C–log Q relationships for the different carbon forms and the probability value (p-value) at α = 0.05 
as the threshold for statistical significance (Godsey et al., 2009; Musolff et al., 2015).

In addition to evaluating C-Q relationships across the entire discharge range, we also decomposed the hy-
drograph above and below the median daily specific discharge (Q50) and calculated segmented C-Q relation-
ships (and associated b, r2 and p) for low and high discharge periods (following Meybeck & Moatar, 2012; 
Moatar et al., 2017; Figure S1). This decomposition of C-Q relationships provides a tool to evaluate solute 
dynamics during specific seasonal events, which are normally difficult to capture with entire range analysis 
due to nonlinearities and frequent hysteretic patterns (Meybeck & Moatar, 2012). In addition, to assess sea-
son-specific differences in the hydrological and biogeochemical functioning of the three studied streams, 
we analyzed the C–Q relationships (and associated b, r2 and p) above Q50 during two specific periods of the 
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year (the snowmelt and the snow-free period). Accordingly, decomposed or segmented C-Q relationships 
were analyzed as follows:

 

1/ 50,
50

Q50 50,

QC
10

b t

t a t

 
 
  

� (2)

where CQ50 is the average the carbon concentration at the median daily discharge (Q50), t is the specific 
period or season of interest (i.e., low discharge, high discharge during snowmelt and high discharge during 
snow-free), and the other terms are as defined in Equation 1. To compare the C-Q dynamics of the various 
carbon forms with those of a conservative weathering-derived element, we included the C-Q analysis for 
DSi. We generated linear log C–log Q models for the different carbon forms and its ratios using the “stats” 
and “vegan” packages in R statistical environment (R Core Team, 2018).

Finally, we generated segmented C-Q curves and analyzed density distributions for the mass concentration 
ratios of both DOC to CO2 (DOC:CO2) and CH4 to CO2 (CH4:CO2) for each stream to evaluate how the 
overall composition of the carbon pool shifted with changes in discharge across catchments and seasons. 
The DOC to CO2 ratio provides insight into the potential for carbon to be rapidly (and locally) lost from 
the system (e.g., via vertical CO2 emissions) or to have a more persistent, longitudinal influences down-
stream (e.g., if DOC dominates). Accordingly, increases in DOC:CO2 with discharge represent a shift toward 
stronger longitudinal versus vertical carbon transport/loss. Additionally, CH4:CO2 has been used as a proxy 
to understand the relative importance of anaerobic over aerobic metabolic processes (methanogenesis) in 
wetland (Segers, 1998) and stream ecosystems (Gómez-Gener et al., 2020; Stanley et al., 2016). In this study, 
CH4:CO2 provides insight into the metabolic properties and redox conditions of different ecosystem inter-
faces that supply carbon to headwater streams. For example, decreases in CH4:CO2 with discharge may be 
expected when rising water tables intersect increasingly oxic soil horizons. By contrast, increasing CH4:CO2 
with discharge should occur when/where expanding or contracting flowpaths intersect soils where anaero-
bic redox signals/pathways are dominant.

2.5.  Annual and Seasonal Stream Carbon Evasion and Export

Our final goal was to evaluate the implications of different C-Q relationships for the annual and seasonal 
patterns of carbon gas emission and downstream carbon export. To do this, we first quantified the daily 
DOC downstream export flux for each site and date as the product of concentration and discharge, corrected 
for drainage area (g C m−2 d−1). We used export flux estimates to identify times and landscape types where 
downstream DOC fluxes were elevated, so that we could compare these windows with emissions (below). 
We grouped export fluxes by season and discharge condition to estimate the total annual and seasonal ex-
port (g C m−2) and relative contribution (%) of seasonal export for the different streams.

We then estimated the daily CO2 and CH4 emission flux across the water-air interface (mmol m−2 d−1) for 
each stream and date using Fick's First Law of gas diffusion:

 2 CO CO ,w CO ,a2 2 2CO Emission Flux k c c � (3)

 4 CH CH ,w CH ,a4 4 4CH Emission Flux k c c � (4)

where CO ,w2c  and CH ,w4c  (mmol m−3) are the daily linearly interpolated molar concentrations of CO2 and 
CH4 in stream water; CO ,a2c  and CH ,a4c  (mmol m−3) are the stream molar concentration of CO2 and CH4 in 
the air. The CO2k  and CH4k  (m d−1) are the specific gas transfer velocities for CO2 and CH4. Positive values 
of CO2 and CH4 emission flux represent gas efflux from the water to the atmosphere, while negative values 
indicate gas influx from the atmosphere to the water.

We used Equation 3 in Raymond et al. (2012) to estimate the mean daily gas transfer velocity from stream 
hydraulics:

0.77 0.85
600 1162k s � (5)
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where 600k  (m d−1) is the standardized gas transfer velocity at 20°C. The segment slope (s; m m−1) and the 
mean stream water velocity (v; m s−1) derived from measured daily discharge (L s−1) and stream cross-sec-
tion (m2). We then transformed 600k  to gk  (i.e., CO2k  and CH4k ) following:

1/2
g

g 600
Sc
600

k k


 
   

 
� (6)

where Sc (dimensionless) is the Schmidt number for CO2 or CH4 at the measured water temperature (Wan-
ninkhof, 1992). The applicability of indirect estimates of 600k  based on stream morphometric and hydrologic 
variables (Raymond et al., 2012) was supported by comparison with direct gas tracer releases within these 
same streams by Wallin et al. (2011) (n = 28; Figure S5). We then converted daily molar CO2 and CH4 emis-
sion fluxes (mmol CO2 and CH4 m−2 d−1) to carbon mass units (g C m−2 d−1) and grouped them by season 
and discharge condition to estimate the total annual and seasonal emission fluxes (g of C m−2) and obtain 
the relative contribution (%) of seasonal emissions fluxes for the different streams.

3.  Results
3.1.  Temporal Patterns of Different Carbon Forms Across Catchments

Analysis of 7 years of stream DOC, CO2 and CH4 concentration data revealed distinct but repeated patterns 
among streams and C forms (Figures 2 and S2). Specifically, the DOC (Figure 2a) in the forest stream in-
creased from the snow-covered winter period (median: 14.1 mg L−1) to the snowmelt period (17.9 mg L−1) 
and subsequently to the snow-free in summer and fall (23.2 mg L−1). By contrast, DOC in the wetland outlet 
stream declined during snowmelt (from 33.0 to 21.4 mg L−1), but increased again to a median of 38.5 mg L−1 
during the snow-free period. Finally, DOC concentrations in the lake outlet stream remained relatively 
stable across snow-covered and snowmelt periods (24.9 and 23.4, respectively), but, unlike the other sites, 
decreased to a median of 19.5 mg L−1 during the snow-free period.

CO2 concentrations (Figure 2b) decreased during snowmelt in the forest stream (from 2.4 to 1.7 mg L−1) and 
wetland outlet stream (from 5.4 to 3.0 mg L−1), but increased at both sites during the snow-free period (to 
2.5 and 5.1 mg L−1, respectively), and remained relatively constant throughout winter. Consistent with DOC 
patterns, median CO2 in the lake outlet did not differ significantly between the snow-covered (2.6 mg L−1) 
and the snowmelt period (2.8 mg L−1) but decreased during the snow-free period (to 1.4 mg L−1).

CH4 concentrations (Figure 2c) in the forest stream were constant throughout the snow-covered and snow-
melt periods (2.0 and 1.7 μg L−1, respectively), but doubled during the snow-free period (5.6 μg L−1). Similar 
to DOC and CO2, CH4 concentrations in the wetland outlet stream decreased during snowmelt (from 133.0 
to 81.5 μg L−1). However, in contrast to these other forms, CH4 in the wetland outlet remained constant after 
snowmelt (82.8 μg L−1). Finally, CH4 concentrations in the lake outlet stream increased more than twofold 
from the snow-covered (8.3 μg L−1) to the snowmelt period (19.2 μg L−1) and snow-free period (15.3 μg L−1).

3.2.  Concentration-Discharge Dynamics of Individual Carbon Forms

The C-Q analysis for the full discharge range (Figure S3 and Table S1) differentiated the forest and wetland 
streams from the lake outlet. Specifically, C solutes tended to be correlated with discharge (i.e., intermediate 
to high b and r2) for the forest and wetland outlets, but there was no clear pattern for the lake outlet (i.e., 
b between 0.01 and 0.14; r2 ≤  0.03). Segmenting C-Q relationships at median flow (Q50) revealed emer-
gent C-Q patterns that were not detected when assessing the full discharge range (Figures 3 and S3, and 
Table S1). Trends above and below Q50 varied depending on stream type (forest vs. wetland outlet vs. lake 
outlet), carbon form (DOC, CO2, or CH4), and season of flood events (snowmelt vs. snow-free). Specifically, 
the only significant C-Q relationships with a negative slope that remained constant above and below Q50 
were for CO2 and CH4 in the wetland and forest streams, but only during snowmelt (Figures 3 and S3). In 
fact, either no significant C-Q relationship (for CH4 in the forest stream and CO2 in the wetland stream), 
or a positive C-Q relationship (for CH4 in the wetland stream and CO2 in the forest stream) was detected at 
these sites when evaluating high discharge (i.e., above Q50) during the snow-free period (Figures 3 and S3).
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Figure 2.  Intra-annual variability and density distributions of stream (a) dissolved organic carbon (DOC), (b) carbon 
dioxide (CO2) and (c) methane (CH4) concentrations (mg C L−1) for the study period (2010–2016) in the forest stream 
(green), the wetland outlet stream (brown) and the lake outlet stream (blue). Solid color lines in the time series plots are 
locally weighted regression model fittings (Loess) for a visual interpretation of the temporal dynamics. Horizontal bars 
in the top of (a) and vertical dashed bars within each time series plot delineate the most contrasting and characteristic 
hydrologic periods (see Method section and Figure S1 for a more detailed information). Inset in (c) represents zoomed-
in intra-annual variability of the forest stream and the lake outlet stream for a range of CH4 concentrations from 0.0 to 
0.12 mg C L−1. Black solid arrows indicate the timing of most contrasted vertical mixing episodes in the lake.
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There were also different C-Q patterns for DOC at high and low discharges compared to carbon gases, but 
again these relationships were more often predictable when segmenting C-Q relationships at Q50. Specifical-
ly, below Q50 there was no relationship between DOC and discharge in the forest and wetland streams, but 
catchment-specific C-Q trends emerged above Q50, and depended on the timing of the high flows (snowmelt 
vs. snow-free periods). For example, in the forest stream, we detected a positive C-Q relationship above Q50 
during the snow-free but not snowmelt period. In contrast, for the wetland stream, we observed a strongly 
negative C-Q relationship during snowmelt, but no relationship at all for high discharge (above Q50) during 
the snow free period.

In contrast to C-Q relationships in the forest and wetland outlet streams, high dispersion across the full dis-
charge range at the lake outlet indicated that the variability of carbon solutes was not driven by catchment 
hydrology (Figure S3). Instead, C-Q dynamics of the lake outlet stream, including chemostasis (for CO2) 
and transport limitation (for CH4) during snowmelt, appear more reflective of the physical and biogeo-
chemical processes occurring in the lake (e.g., gas storage in the hypolimnion and release through vertical 
mixing events; Figures 2c and S4).

3.3.  The Ratio of Carbon Concentrations Across Catchments and Hydrological Conditions

Evaluating the ratio of carbon forms across discharge conditions provided richer insight into how land-wa-
ter connections distinctly supplied carbon among headwater catchments. For example, the ratio of DOC–
CO2 increased gradually across the whole discharge range in the forest stream and showed similar respons-
es to flooding, regardless of season (Figure 4a). In contrast, DOC:CO2 remained relatively unchanged across 
discharge conditions in the wetland outlet (Figure 4b). Finally, DOC:CO2 varied considerably, but was also 
unrelated to discharge in the lake outlet stream (Figure 4c). In this case, the timing of flood events (snow-
melt vs. snow-free) determined the relative proportion of DOC–CO2 in the lake outlet stream carbon pool, 
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Figure 3.  The slopes of the concentration-discharge (C-Q) relationships for dissolved organic carbon (DOC), carbon dioxide (CO2) and methane (CH4) in the 
(a) forest stream, (b) wetland outlet stream and (c) lake outlet stream. Note that dissolved silica is included here as a reference because it is a conservative and 
weathering-derived element. Black circles represent slopes (b) of the C-Q relationships for the full discharge range. For C-Q regressions segmented at median 
Q, gray circles for low discharge conditions, yellow circles for high discharge during snowmelt and red circles for high discharge during the snow-free period. 
Error bars represent the standard error of the slope coefficient derived from C-Q relationships. Asterisks indicate statistically significant linear regression 
models (p < 0.05). The horizontal solid reference line represents a slope = 0 (a net chemostatic C-Q relationship). Horizontal dashed lines at slopes −0.2 and 
0.2 represent the slope thresholds for respectively a negative chemodynamic behavior (indicating dilution or source limitation) and positive chemodynamic 
behavior (indicating concentration or transport limitation) as in Meybeck and Moatar (2012). See Figure S3 and Table S1 for more a detailed information about 
the C-Q analyses.
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resulting in a marked bimodal distribution of this ratio at high discharges. Specifically, flood events during 
snow-free periods enriched the carbon pool with DOC, while snowmelt flood events resulted in the opposite 
pattern (Figure 4c).

The ratio of CH4 to CO2 decreased across the low discharge range in the forest stream, but remained rela-
tively stable in response to high discharges, regardless of season (Figure 4d). For the wetland outlet stream 
the opposite pattern was observed, with unchanged CH4:CO2 across the low range of discharge, but the 
ratio differed for high discharge during the snowmelt and snow-free seasons. Specifically, flood events dur-
ing snow-free periods were characterized by a pool of carbon with significantly lower CH4:CO2 than flood 
events occurring during snowmelt periods (Figure 4e). Finally, the CH4:CO2 in the lake outlet stream did 
not change in response to discharge (Figure 4f).

3.4.  Annual, Seasonal and Episodic Apportionment of Stream Carbon Emissions and Export

The total annual DOC export and its seasonal apportionment varied across the three catchments (Fig-
ure 5a). On an annual basis, DOC exported from the wetland (median ± sd = 10.1 ± 1.7 g C m−2 y−1) and 
the lake outlet (median ± sd = 8.7 ± 2.0 g C m−2 y−1) was two times greater than that exported by the forest 
stream (4.6 ± 1.2 g C m−2 y−1). Seasonally, DOC export fluxes during the snow-melt period contributed to 
about half of the annual exports in the forest and lake outlet stream (median ± sd = 2.8 ± 0.7 g C m−2, 49% 
and 4.4 ± 1.1 g C m−2, 48%; Figure 5d). In contrast, the snow-free period DOC export contributed to 48% 
(4.7 ± 1.3 g C m−2) of the total export flux from the wetland outlet, whereas the snow-free period DOC ex-
ports only contributed 27% (1.9 ± 0.6 g C m−2) and 32% (2.6 ± 1.1 g C m−2) of the total annual DOC export 
flux from the forest and lake outlet stream, respectively (Figure 5d).
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Figure 4.  Relationships between the mass concentration ratio of dissolved organic carbon (DOC) to carbon dioxide (CO2) (upper panels, DOC:CO2) and 
specific discharge (mm d−1) at the (a) forest, (b) wetland and (c) lake streams. Relationships between the mass ratio of methane (CH4) to CO2 (lower panels, 
CH4:CO2) and specific discharge at the (d) forest, (e) wetland and (f) lake streams. Colors of the circles and density plots represent specific seasonal events: 
gray for low discharge conditions, yellow for high discharge during snowmelt, and red for high discharge during the snow-free period. Vertical dashed lines 
represent the median discharge (Q50) of the different streams for all the study period that was used to split between high and low Q analyses. Note that axis 
ranges are adjusted to the results for the type of headwater stream and ratio.
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Figure 5.  Intra-annual variability of the (a) downstream dissolved organic carbon (DOC) export flux (g C m−2 d−1), (b) carbon dioxide (CO2) emission flux 
(g C m−2 d−1), (c) methane (CH4) emission flux (g C m−2 d−1) in the three studied headwater streams: forest stream (green), wetland outlet stream (brown) 
and lake outlet stream (blue). Solid color lines represent the daily medians for the study period (2010–2016). Color shading includes the range of daily inter-
annual minimums and maximums for the study period. Horizontal bars at the top of panel (a) and vertical dashed bars within time series plots delineate the 
most contrasting and characteristic hydrologic periods in the catchment (see the Method section and Figure S1 for a more detailed information). Annual and 
seasonal median (d) DOC export flux (g C m−2), (e) CO2 emission flux (g C m−2) and, (f) CH4 emission flux (g C m−2) for the three studied headwater streams. 
Error bars represent the inter-annual variability for the study period (2010–2016).
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The total annual CO2 and CH4 emission fluxes and their seasonal apportionment also varied substantially 
for the three catchments (Figures 5b and 5c). In absolute terms, the CO2 emitted annually from the wetland 
outlet stream (median ± sd = 1,087 ± 104 g C m−2 y−1) was 1.9 times and 8.4 times higher to that in the forest 
(551 ± 97 g C m−2 y−1) and lake outlet stream (128.8 ± 23 g C m−2 y−1), respectively. Similar to CO2 emissions, 
the total annual CH4 emissions from the wetland outlet stream (114 ± 26 g C m−2 y−1) were 13.5 times and 
13.1 times higher than those from the forest (8 ± 4 g C m−2 y−1) and lake outlet stream (8 ± 3 g C m−2 y−1), 
respectively. Seasonally, the CO2 and CH4 emission fluxes during the snow-free period dominated annual 
emissions in the forest stream (median ± sd = 315 ± 22 g C m−2, 49% and 7 ± 3 g C m−2, 71%; Figures 5e 
and 5f). Similarly, the snow-free period CO2 emissions contributed to 49% (584 ± 38 g C m−2) of the to-
tal annual efflux from the wetland outlet, whereas snow-free period CH4 emission only contributed 30% 
(33 ± 5 g C m−2) of the total annual CH4 emissions from the same stream (Figure 5). In the wetland stream, 
up to 51% (60 ± 23 g C m−2) of the total annual CH4 flux was emitted during the snow-covered winter pe-
riod (Figure 5). Finally, in the lake outlet stream, the temporal contribution of CO2 to the total annual CO2 
emission flux was equally distributed across seasons (Figure 5). This was not the case for total annual CH4 
emission flux from the lake outlet, where summer CH4 emissions contributed up to 51% (4 ± 2 g C m−2) of 
the total annual CH4 emission.

4.  Discussion
The mosaic of patches within landscapes creates a diversity of land-water interfaces that regulate the lat-
eral transfer of carbon from soils to river networks. For boreal regions, the heterogeneity of interfaces is 
determined by the areal extent and spatial arrangement of forests, wetlands, and lakes in the landscape. 
Our results show that unique C-Q relationships for DOC, CO2, and CH4 across headwater streams with 
different land cover features likely emerged from differences in physical, chemical, and hydrological prop-
erties among these interfaces. Further, within streams, differences in C-Q relationships across seasons and 
among carbon forms underpin shifts in the relative contribution of dissolved versus gaseous carbon inputs 
to aquatic ecosystems (Figure  6). While our relatively coarse sampling frequency precludes detailed as-
sessment of individual flow event responses (e.g., Knapp et al., 2020), seasonal shifts in the composition of 
carbon inputs highlight time windows where the fate of terrestrial carbon is more strongly linked to local 
gas evasion versus longitudinal transport through the aquatic network.

4.1.  Variation in Carbon Supply Among Dominant Interfaces

In forested landscapes, the riparian soils adjacent to small streams represent the most spatially extensive 
land-water interface. For boreal regions, these soils tend to be highly organic and thus serve as major carbon 
sources to streams (Ledesma et al., 2018), with the timing and magnitude of supply driven by the vertical 
arrangement of solutes and gases (i.e., supply) in relation to the fluctuating water table (i.e., transport; Bish-
op et al., 2004). This juxtaposition between supply and transport creates unique C-Q relationships among 
carbon forms (Figures 3 and S3), which together determine the overall composition of the carbon pool that 
is supplied to streams. For example, chemostasis for DOC in the forest stream indicates a rather uniform 
vertical distribution of supply across the riparian soil profile (Godsey et al., 2009). Compared to DOC, CO2 
and CH4 tend to have different vertical patterns in riparian forest soils (Campeau et al., 2018) and thus 
generate distinct hydrological responses. CO2 concentrations typically increase gradually with soil depth 
(Leith et al., 2015; Öquist et al., 2009), which gives rise to moderate dilution (i.e., supply limitation) when 
high flows mobilize water from more surficial soil strata. By comparison, CH4 requires more specific redox 
conditions to accumulate, and is thus restricted to even greater soil depths, and is even more strongly dilut-
ed when considering the entire range of flows. In addition to these overall trends, resolving Q-C relation-
ships by season and flow also revealed non-stationarities for all carbon forms, which either shifted toward 
chemostasis (for CH4) or even transport limitation (for CO2 and DOC) between the snowmelt and snow 
free seasons (Figures 3a and S3). These shifts are consistent with carbon production and accumulation in 
seasonally disconnected surface soils during summer (e.g., Winterdahl et al., 2011) but also highlight the 
biogeochemical distinctiveness of rain-driven episodes, which have garnered less attention than snowmelt 
in high latitude landscapes. More broadly, a recent assessment at the same forested stream monitoring 
site shows that long-term changes in the concentration and vertical distribution of DOC in riparian soil 
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solution has reduced the occurrence of transport limitation in favor of chemostasis over the last 20 years 
(Fork et al., 2020). Finally, a major consequence of distinct C-Q relationships among carbon forms is an 
emergent pattern in the overall composition of supply with changing discharge (Figure 4a). Specifically, the 
carbon pool in the forest stream shifted from a nearly equal representation of inorganic and organic forms 
at low flows (e.g., the DOC:CO2 = 2–5) to a pool that is, overwhelming dominated by DOC at high discharge 
(DOC:CO2 > 10 (Figure 4a).

Headwater wetlands (mires) are abundant in boreal landscapes (Nilsson et al., 2001) and act as a source 
for all carbon forms to the streams they feed (Leach et al., 2017). Indeed, compared to riparian soils, wet-
lands support higher concentrations of carbon that can be mobilized to streams, including CO2 and CH4 
that accumulate with depth in anoxic peat layers (Campeau et al., 2018). However, wetlands tend to be less 
uniformly drained than riparian soils, with surficial and deep preferential flowpaths (Holden et al., 2012; 
Peralta-Tapia et al., 2015) that regulate chemical responses during high flow events in outlet streams (e.g., 
Sponseller et al., 2018). During snowmelt, rapid flushing along superficial preferential flowpaths can dilute 
all carbon forms in the wetland outlet (see Laudon et al., 2011). However, hydrological events during other 
times of the year generate different chemical responses: chemostatic patterns for DOC and CO2 and trans-
port limitation for CH4 (Figures 3b and S3). These observations indicate that rates of carbon production and 
accumulation in hydrologically active peat layers during summer and autumn are sufficiently high to at 
least keep pace with hydrological throughput during non-snowmelt high flows. Despite seasonal differenc-
es, the overall variability in C-Q responses in the wetland outlet was dampened relative to the forest stream 
(Figure S3). Similarly, DOC:CO2 in the wetland outlet (Figure 4b) was considerably lower than for the forest 
stream (Figure 4a), with values commonly between five and 10. The reduced variability in C-Q metrics and 
the ratio of forms suggests that the distribution and activation of preferential flowpaths draining wetlands 
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Figure 6.  Conceptual diagram illustrating the seasonal shifts in the relative importance of downstream flux verses emission losses across headwaters with 
different land-water interfaces in the boreal landscape ((a), forest; (b), wetland; and (c), lakes). Patterns in the relative supply of dissolved organic carbon 
(DOC) and carbon gases emerge from superimposing the seasonal changes in the individual concentration-discharge (C-Q) relationships for DOC and C gas 
concentrations. In the right panels, the colored text describes the individual C-Q relationships (based on Figure 3), while the lines represent the hypothetical 
changes in the balance of forms during low flow (gray) and for high flow episodes during snow melt (yellow) and snow free (red) seasons.
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influences the mobilization of dissolved and gaseous carbon forms in similar ways. While our results reflect 
the dynamics of a single catchment, the abundance of wetlands differs both locally and regionally across 
the boreal biome (Gorham, 1991), which we expect to generate even larger-scale heterogeneity in landscape 
arrangements and carbon sources beyond the Krycklan watershed.

Small, headwater lakes are abundant in boreal landscapes and, compared to forested riparian zones and 
wetlands, represent a unique interface between terrestrial carbon sources and downstream river networks 
(Leach & Laudon,  2019). These lakes receive particulate, dissolved, and gaseous carbon from soils and 
through physical and biological processes can transform, store, and emit such inputs before delivery to outlet 
streams (Vachon et al., 2021). The potential for within-lake processing to control the magnitude and forms 
of carbon downstream is related to external inputs and lake water residence time (e.g., Evans et al., 2017), 
and our results suggest that the presence of lakes in stream networks can dampen downstream C-Q rela-
tionships. DOC and CO2 in the lake outlet stream were essentially chemostatic across all flow conditions, 
and only for CH4 did we observe a more dynamic shift between source and transport limitation (Figures 3c 
and S3). In addition, our results indicate that lake processes, including the timing of stratification and the 
accumulation of gases in the hypolimnion (e.g., Denfeld et al., 2016; Ducharme-Riel et al., 2015), regulated 
the seasonality and composition of carbon supplied downstream. This effect was again clearest for CH4, 
which increased during each snowmelt season, consistent with the release of gases stored beneath the ice 
during the long winter and/or mobilized from adjacent wetlands during thaw (Denfeld et al., 2018; Jammet 
et al., 2015). The potential influence of lake physical processes on downstream reaches was also reflected in 
the seasonal shift in the DOC and CO2 pools in the outlet (Figure 4c). Specifically, the spring flood favored 
the mobilization of carbon gases relative to DOC (DOC:CO2 = 6–10), likely because of the release of CO2 
and CH4 accumulated at depth during winter and the concomitant dilution of surficial DOC from the wider 
landscape. By comparison, floods of similar magnitude during summer appeared to be more important for 
DOC transport, with DOC:CO2 ratios similar to those observed in the forest stream (DOC:CO2 > 15). Thus, 
the role of headwater lakes as ecosystems that mediate carbon transfer from soils to streams varies strongly 
throughout the year and appears linked to the timing of flow events relative to lake stratification processes 
that promote internal gas storage.

Variations in stream CH4:CO2 highlight biogeochemical differences among ecosystem interfaces, particu-
larly in their capacity to support methanogenesis (Stanley et al., 2016). While several studies have suggested 
that CH4:CO2 is relatively constrained in northern streams (e.g., Campeau & Del Giorgio,  2014; Wallin 
et  al.,  2014), we observed considerable variability among sites and dates, from ratios less than 0.001 to 
nearly 0.12, which is high relative to estimates made in surface headwaters elsewhere (median of 0.006; 
Stanley et al., 2016). Not surprisingly, this ratio was greatest in the stream draining the wetland, ecosys-
tems well known to support methanogenesis (Segers, 1998). Yet, we also observed clear shifts in CH4:CO2 
across seasons. For example, high flows in the wetland outlet during the snow-free season led to increas-
es in CH4:CO2, likely reflecting hydrologic connections to low-redox flowpaths within the wetland and/
or comparatively upregulated rates of CH4 production in peat soils during warmer summer periods (e.g., 
Gómez-Gener et al., 2020; Hopple et al., 2020). By contrast, in the forest stream, increases from low to me-
dian flows exponentially depressed CH4:CO2, likely because CH4 supply is greatest from deeper, perpetually 
anoxic riparian soils (Campeau et al., 2018), and this signal is lost as the water table rises and more water 
flows through surficial, oxidized strata. In this case, elevated flows may also affect the magnitude and dis-
tinct pathways of methanogenesis (hydrogenotrophic vs. acetolactic methanogenesis; Stanley et al., 2016) or 
enhance methane oxidation in stream and near stream sediments by increasing oxygen resupply (Trimmer 
et al., 2009, 2015). Finally, the CH4:CO2 in the lake outlet was the lowest of all streams and had no clear 
temporal signal. While we know that CH4 can be produced, stored and emitted in boreal lakes (Juutinen 
et al., 2009), recent studies indicate that a large fraction of CH4 may be oxidized within the lake itself (Den-
feld et al., 2016) and during initial transport to outlet streams (Lupon et al., 2019). The widespread flow-in-
duced variability in CH4:CO2 highlights a critical need to better understand how hydrologic fluxes across 
distinct soil-stream boundaries modulate changes in the supply and fate of carbon to streams.
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4.2.  Implications of C-Q Relationships for Landscape Carbon Cycling and Fluxes

The C-Q trends for CO2 and CH4 reflected distinct seasonal patterns in the magnitude of gas evasion across 
streams. In general, events and seasons that support chemostatic or transport-limited CH4 and CO2 dynam-
ics are moments of relatively high gas emissions, because this is when stream concentrations and air-water 
gas exchange are simultaneously elevated. Thus, hydrological events during the snow-free period supported 
pulses of CO2 evasion from the forest and wetland outlet streams that were not observed during the spring 
flood, when gases were diluted by meltwaters. A similar dynamic was observed for CH4 in the wetland out-
let, where hydrological events during the snow-free season generated positive C-Q relationships and thus 
pulses of evasion. Because of the seasonal changes in C-Q relationships, gas losses during the summer and 
autumn accounted for a large fraction of the annual efflux from the forest and wetland outlet streams (e.g., 
>50% for CO2). In fact, only CH4 evasion from the wetland outlet was high throughout the winter and at the 
onset of spring flood, despite low discharge during this period. Deep groundwater sources likely support 
streamflow in the wetland-dominated catchment throughout winter, when reduced solutes accumulate in 
preferential flowpaths (Sponseller et  al.,  2018). While this merits further study, our results suggest that 
deeper flowpaths also supply the stream with large amounts of CH4 and that gases stored in preferential 
flowpaths are rapidly mobilized at the onset of snowmelt. Overall, recognizing the significance of seasonal-
ly shifting C-Q dynamics for CH4 and CO2 could help predict the consequences of future hydrologic change 
for stream carbon emissions and the carbon balance of landscape mosaics. In this context, the combination 
of C-Q patterns and evasion fluxes suggest that future changes in summer and autumn flood regimes are 
likely to be far more important to carbon emissions from streams than changes to the spring snowmelt.

Finally, seasonal changes in C-Q relationships for gases, when superimposed with patterns of DOC export, 
reveal likely shifts in the relative importance of downstream flux verses emission losses across headwater 
catchments (Figure 6). For example, even though the contribution of stream C losses to the annual net 
landscape carbon balance in the Krycklan is highest during the spring flood (8%; compared to other three 
seasons (2.4%–4.8%) (Chi et al., 2020), these events support comparatively low rates of gas evasion and, 
are instead dominated by downstream DOC flux. Snow melt floods thus maximize upstream-downstream 
“carbon connectivity” via DOC transport, as represented by other conceptual frameworks (e.g., Raymond 
et al., 2016). However, because carbon gases have different C-Q relationships during the snow-free season 
(e.g., chemostasis and/or transport limitation), hydrological events during snow-free periods induce con-
siderably higher emission rates, indicating that a larger fraction of the total carbon pool is evaded locally 
rather than transported downstream. Our results further suggest that seasonal changes in the strength of 
longitudinal versus vertical carbon fates are more pronounced for the forest and wetland catchments, and 
are potentially dampened by headwater lakes. Regardless, such shifts in the contribution of different carbon 
forms supplied during episodes acts to either expand or contract the spatial scale at which the overall carbon 
pool is cycled and transported in river networks.

5.  Conclusions
Efforts to integrate the lateral supply of different carbon forms in transit from soils to streams remain rare 
(Tank et al., 2018). Here we show that the type of ecosystem interface connecting soils and streams in boreal 
landscapes play a unique role in regulating not only the composition of the carbon pool supplied to aquatic 
ecosystems, but also its downstream fate. Landscape mosaics generate a diversity of interfaces that differ 
in how they store and process carbon internally as well as how and when they are connected to aquatic 
networks. In this context, exploring variation in carbon fluxes across landscapes with a greater diversity 
of land-water interfaces is a critical next step for characterizing landscape-scale carbon dynamics. Fur-
ther, lateral fluxes in other biomes may be more influenced by hydrological pulses that create pronounced, 
but intermittent connections with adjacent floodplains or dry channels (e.g., Allen et  al.,  2020; Campo 
et al., 2019). Similarly, for many catchments, anthropogenic structures and activities could exert primacy 
over the timing and character of lateral carbon fluxes (e.g., Barnes et al., 2018; Fork et al., 2018). Regard-
less of the interface type, our results show how the consideration of landscape heterogeneity is required to 
understand the fluxes and fate of lateral carbon inputs to stream networks. Future research in ecosystem 
interfaces across heterogeneous landscape mosaics is necessary for real-world characterizations and predic-
tions of biogeochemical cycling in complex and dynamic linked ecosystems.
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Data Availability Statement
All data can be accessed via www.slu.se/Krycklan or by request to authors.
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