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Abstract

Boreal regions store most of the global terrestrial carbon, which can be transferred as dissolved organic carbon (DOC)

to inland waters with implications for both aquatic ecology and carbon budgets. Headwater riparian zones (RZ) are

important sources of DOC, and often just a narrow ‘dominant source layer’ (DSL) within the riparian profile is

responsible for most of the DOC export. Two important questions arise: how long boreal RZ could sustain lateral

DOC fluxes as the sole source of exported carbon and how its hydromorphological variability influences this role. We

estimate theoretical turnover times by comparing carbon pools and lateral exports in the DSL of 13 riparian profiles

distributed over a 69 km2 catchment in northern Sweden. The thickness of the DSL was 36 � 18 (average � SD) cm.

Thus, only about one-third of the 1-m-deep riparian profile contributed 90% of the lateral DOC flux. The 13 RZ

exported 8.7 � 6.5 g C m�2 year�1, covering the whole range of boreal stream DOC exports. The variation could be

explained by local hydromorphological characteristics including RZ width (R2 = 0.90). The estimated theoretical turn-

over times were hundreds to a few thousands of years, that is there is a potential long-lasting supply of DOC. Esti-

mates of net ecosystem production in the RZ suggest that lateral fluxes, including both organic and inorganic C,

could be maintained without drawing down the riparian pools. This was supported by measurements of stream

DO14C that indicated modern carbon as the predominant fraction exported, including streams disturbed by ditching.

The transfer of DOC into boreal inland waters from new and old carbon sources has a major influence on surface

water quality and global carbon balances. This study highlights the importance of local variations in RZ hydromor-

phology and DSL extent for future DOC fluxes under a changing climate.
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Introduction

Boreal peatlands and permafrost regions store most of

the world’s terrestrial carbon (Post et al., 1982; Gorham,

1991; Tarnocai et al., 2009) and export large amounts of

organic carbon to inland waters (Battin et al., 2009). In

the aquatic environment, dissolved organic carbon

(DOC) plays a key role in food web interactions and

biodiversity (Williamson et al., 1999; Karlsson et al.,

2012), water acidification status (Erlandsson et al., 2011;

Valinia et al., 2014), and mobilization of toxic metals

and organic pollutants (Shafer et al., 1997; Dawson

et al., 2009). DOC also interferes in water treatment pro-

cesses (Lavonen et al., 2013). A large proportion of the

terrestrial DOC inputs to inland waters is lost by emis-

sion to the atmosphere as carbon dioxide (CO2) or bur-

ied in aquatic sediments before reaching the oceans

(Cole et al., 2007; Aufdenkampe et al., 2011). This

implies that headwaters have higher DOC concentra-

tions and exports than downstream waters (Wolock

et al., 1997; �Agren et al., 2007). The influence of small

headwater catchments on large biogeochemical cycles

and in the geochemistry of larger aquatic networks is

widely recognized (Bormann & Likens, 1967; Peterson

et al., 2001; Temnerud & Bishop, 2005).

The link between the terrestrial and the aquatic envi-

ronments in boreal headwaters is dominated by organic

matter-rich riparian zones (RZ) and wetlands. The

potential for organic matter accumulation in RZ is

caused by both high productivity due to high nutrient

availability (Jansson et al., 2007) and low degradation
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limited by shallow groundwater tables that create

anoxic conditions. The result is a transition in the soil

configuration from mineral podzols in upslope areas to

organic histosols in the near-stream RZ, typical of bor-

eal regions (Chesworth, 2008). This pattern is not homo-

geneous because the RZ extent is spatially variable

depending on the local hydromorphology (Grabs et al.,

2012; Kuglerov�a et al., 2014). Constraining the size of

the RZ and its contribution to stream DOC exports is

important to shed light on catchment biogeochemical

processes and the global carbon cycle because the ripa-

rin zone is often the main source of DOC entering

streams independent of upslope conditions (Fiebig

et al., 1990; Dosskey & Bertsch, 1994; Bishop et al., 1995;

Hinton et al., 1998; F€olster, 2001; K€ohler et al., 2009;

L€ofgren & Zetterberg, 2011; Strohmeier et al., 2013; Dick

et al., 2014). The apparent disconnection between RZ

and upslopes is revealed by a typical low vertical trans-

fer of carbon from upland topsoils (Fr€oberg et al., 2006;

Sierra et al., 2013), which suggests that only a limited

amount of carbon from upslope makes it to the RZ.

Supporting this idea, comparisons among upslope, RZ,

and stream DOC quality show similar organic matter

composition in RZ and stream in contrast to upslope

(Sanderman et al., 2009; Maehder, 2012).

Lateral DOC fluxes from RZ to streams are limited to

only a fraction of the total RZ volume. The exponential

decrease in hydraulic conductivity with depth (Bishop,

1991; Nyberg, 1995) implies that lateral fluxes are often

shallow and converge to a relatively narrow layer in

the riparian soil profile (Schiff et al., 1998). This is a

common phenomenon in till soils worldwide (McDon-

nell et al., 1998; McGlynn & McDonnell, 2003b; Seibert

et al., 2003) and dominant in the boreal region (Rodhe,

1989; Bishop et al., 2011). If DOC concentrations are

constant or decline with depth, most lateral DOC fluxes

occur within this layer of predominant flowpaths (Hin-

ton et al., 1998). We termed this layer in the RZ profile

as the ‘dominant source layer’ (DSL) and attempt for

the first time to quantify its spatial extent.

Some authors have defined the RZ as a near-infinite

DOC source into streams (McGlynn & McDonnell,

2003a; Sanderman et al., 2009). The concept that the

majority of DOC in run-off originates from a narrow

RZ layer (the DSL) leads to the question of, if not infi-

nitely, how long this source can possibly sustain the

current lateral DOC fluxes. Typically, stream DOC

exports in boreal catchments vary between 2 and 10 g

m�2 year�1 (�Agren et al., 2007). Furthermore, RZ are

spatially variable. This raises the additional question as

to how the RZ variability influences its role as contribu-

tor of DOC to stream run-off. Both questions are rele-

vant in the context of climate change: forecasted

warmer soils and wetter conditions in boreal regions

will tend to increase DOC fluxes (Futter et al., 2009;

K€ohler et al., 2009; Larsen et al., 2011), although some

studies have shown long-term declines (Striegl et al.,

2005). Additionally, anthropogenically disturbed sites

by drainage may affect RZ oxygenation and thus DOC

fluxes (�Astr€om et al., 2001). This can cause a decline in

the riparian carbon pools (Moore et al., 2013), which

can be revealed by isotopic measurements of carbon

age that help to identify sources and processes control-

ling DOC mobilization (Schiff et al., 1997).

This study estimates the theoretical turnover time

of DOC in 13 riparian profiles distributed over a

69 km2 boreal catchment in northern Sweden by com-

paring the size of the potential sources in relation to

the potential exports from the DSL. Therefore, the

main objective was to quantitatively evaluate the

timescale of riparian carbon pools’ potential to sustain

lateral DOC fluxes. The studied profiles cover a wide

range in wetness conditions and soil types, so we also

aimed to investigate the architecture of these RZ with

a focus on how physical variables control spatial dif-

ferences in lateral DOC fluxes and carbon pools.

Finally, measurements of DO14C in stream waters

were used to distinguish the mobilization of recently

produced carbon relative to old carbon from the ripar-

ian pools. Thus, this study evaluates the potential

from both new and old carbon sources in RZ to be

transferred as DOC into surface waters in boreal

catchments.

Materials and methods

Overview and approach

Thirteen RZ located in a boreal catchment (Fig. 1) were assessed

for theoretical turnover times of DOC using field observations

during the two hydrologically ordinary years 2008 (344 mm)

and 2009 (326 mm), that is annual run-offs were close to the

long-termmean 1981–2012 (324 mm). Theoretical turnover times

were defined and calculated as the time period over which cur-

rent annual lateral DOC export rates could theoretically be sus-

tained if all carbon in the riparian pools was eventually

available for mobilization. We assume that all carbon originates

in the RZ with a negligible contribution from the upslope area.

This approach is appropriate to test the plausibility of whether

the RZ alone can sustain DOC exports.

The riparian flow-concentration integration model (RIM)

approach (Bishop et al., 2004; Seibert et al., 2009) was used to

estimate lateral DOC fluxes. RIM can be either used as a model

at the catchment scale to explain stream chemical variability

(Winterdahl et al., 2011a,b) or, as in this study, at the soil pro-

file scale to quantify lateral fluxes from RZ to streams. This

has been shown for DOC (K€ohler et al., 2009; �Agren et al.,

2010), dissolved inorganic carbon (DIC) (€Oquist et al., 2009),

aluminium (Cory et al., 2007), nitrogen (Petrone et al., 2007),

lead (Klaminder et al., 2006), methylmercury (Bishop et al.,
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1995), and base cations (Ledesma et al., 2013). The combination

of lateral water flows and soil water chemistry in the RZ is the

basis of the method, and it is analogous to the way in which

riverine fluxes are estimated. Under the assumption that all

water passes the RZ before discharging into the stream, the

relationship between observed groundwater tables in the RZ

and specific discharge in the stream allows the calculation of a

potential lateral flow profile. Lateral flow is assumed to occur

only in saturated soil layers, that is below the groundwater

table. Chemical concentrations of solutes, measured at differ-

ent depths in the RZ, are interpolated both in space and in

time to generate time series of concentration profiles. Concen-

tration profiles are then multiplied by the potential lateral flow

profile to estimate riparian lateral fluxes. The step size for

numerical integration in space was 0.1 cm. The RIM calcula-

tions of DOC fluxes for each of the 13 riparian profiles studied

identified a ‘dominant source layer’ (DSL). The DSL was

defined as the depth range with the highest contribution per

unit depth to 90% of the mean annual DOC flux. A conceptual

diagram of the approach is shown in Fig. 2, and an overview

of all symbols and abbreviations can be found in Table S1.

Catchment characterization

The Krycklan Catchment Study (KCS, 64° 120N 19� 520E)
includes the upper 69 km2 of the Krycklan catchment

(121 km2), which is located approximately 50 km north-west

from the Swedish city of Ume�a and 60 km west from the Baltic

Sea (Fig. 1). KCS comprises 18 partially nested subcatchments

that have been intensively monitored since 2002 (Laudon

et al., 2013), including the Svartberget catchment (0.47 km2)

that has been studied for over 30 years. The area is character-

ized by a subarctic climate with a mean temperature of 1.8 °C
and averages in January and June of �9.5 °C and 11.9 °C,
respectively (1981–2012). The catchment receives a mean pre-

cipitation of 632 mm year�1 (1981–2012), half of which falls as

snow. Approximately 50% of the water input contributes to

run-off and 50% is lost by evapotranspiration. The 4- to

6-week period of spring flood (April-May) contributes

between 40% and 60% of the total annual run-off. Forests

dominate the land use (87%), with lower proportions of peat-

dominated wetlands (9%), arable lands (3%), and lakes (1%).

Tree volume is dominated by boreal stands of scots pine (Pi-

nus sylvestris, 63%), common in dry upslope podzols, and Nor-

way spruce (Picea abies, 27%), common in wetter low-lying

areas towards histosol RZ, where deciduous stands (10%) of

mainly birch (Betula spp.) are found. Sphagnum spp. mosses

and Vaccinium spp. are common in peat-dominated areas

including wetlands and RZ. A differentiation regarding soil

deposits is usually made between upper parts of the KCS

underlain by Quaternary deposits of glacial till and down-

stream parts underlain by glacio-fluvial sediments dominated

by silt deposits formed by a postglacial river delta (Fig. 1).

These two areas will be named hereafter as till and sediment.

Streams
Lakes
Peat
Till, thin soils
Silt- sandy sediments
Glacio-fluvial alluvium
Discharge sampling location
Riparian sampling locations
Stream sampling locations

(a)
(b)

(c)

Fig. 1 Location of the Krycklan catchment (64°120N 19°520E) within Sweden (a). In (b): shape of the Krycklan catchment. In (c): zoom to

the highlighted square in (b).
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Most of the headwater streams were straightened and deep-

ened, or they are a consequence of ditching occurring 50 to

150 years ago. These practices were common to improve

drainage and thereby forest productivity in large areas across

Fennoscandia.

Riparian Observatory in Krycklan (ROK)

The Riparian Observatory in Krycklan (ROK, Grabs et al.,

2012; Ledesma et al., 2013) was established in 2007 and

includes 13 instrumented riparian soil profiles, also referred

as sites hereafter (Fig. 1). Each site consists of two ceramic cup

suctions lysimeters (nominal filter pore size 1 � 0.1 lm) at

each of five equally distributed soil depths (15, 30, 45, 60, and

75 cm) and a perforated PVC tube equipped with an auto-

matic waterlogging device. Thus, soil water chemistry and

groundwater levels can be monitored. Ten of the profiles were

located in the till area of the catchment, two were in the sedi-

ment area, and one was in the transition between till and sedi-

ment areas (Fig. 1, Table 1). Ground vegetation in the sites is

dominated by Sphagnum spp. and Vaccinium spp. (Table S2)

and trees by Norway spruce. The ROK sites were classified

following Grabs et al. (2012) and Ledesma et al. (2013) accord-

ing to parent material and median groundwater table in four

classes: (i) till-dry, (ii) till-humid, (iii) till-wet, and (iv) sedi-

ment (Table 1). Note that site R11 located in the transition

between till and sediment was classified here as till-wet

because of shallow groundwater tables and relatively high

carbon content for sediment sites.

Discharge measurements

To date, there is one reliable continuous long-term discharge

measurement location within the Krycklan catchment, with

uncertainty estimated to be below 5% (Laudon et al., 2007).

Specific discharge is assumed to be the same all over the catch-

ment and therefore commonly used to calculate fluxes (�Agren

et al., 2007; Wallin et al., 2010; Ledesma et al., 2013). The dis-

charge measurement point is located at the outlet of stream

site C7 (Fig. 1) and consists of a 90° V-notch weir within a

heated hut. Established stage-discharge rating curves are used

to calculate daily discharge values from the water levels moni-

tored at the weir. The discharge time series includes the two

years of this study.

Lateral water and DOC fluxes and DSL size

Riparian soil water samples were manually collected from

suction lysimeters at the 13 ROK sites on 8 field campaigns

(June to October in 2008 and June to September in 2009) using

acid-washed Milli-Q rinsed Duran glass bottles (Grabs et al.,

2012). The samples were kept dark and cool prior to being

subsampled within 24 h and frozen for future chemical analy-

sis. Soil water organic carbon was measured as total organic

carbon (TOC) by a Shimadzu TOC-5000 using catalytic

combustion, although the water passed through the 1-lm
pore-size lysimeter when being collected. A total of 90 sam-

ples collected during the summer of 2013 from sites R2, R5,

and R10 (Fig. 1; Table 1) were analysed for both TOC and

Organic layer extent

Mineral

STREAM

Riparian Zone width

Riparian 
carbon pool

Upslope podzol/mineral soil

Dominant Source Layer (DSL):
depth range with the highest contribution per
unit depth to 90% of the mean annual DOC flux Upslope

DOC flux ≈ 0

EXPORT (rate of leaching)    VS.    POOL (potential source)

Export

Specific lateral contributing area (ac) 
RZ width 

Fig. 2 Conceptual diagram of the approach used to estimate the theoretical turnover time of dissolved organic carbon (DOC) in the

riparian profiles. Within the dominant source layer (DSL), the total mass of carbon in the riparian pool is compared with the total

export rate of DOC. The DOC input from upslope areas is assumed to be negligible.
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DOC (after 0.45 lm filtration). No statistically significant dif-

ference between pairs was observed using Wilcoxon test for

nonparametric data (Fig. S3). This suggests that TOC is effec-

tively equivalent to DOC in riparian soil water, as it was pre-

viously shown for the streams in Krycklan and other Swedish

catchments (Laudon et al., 2004; �Agren et al., 2007). Therefore,

the term DOC is used here.

The total number of samples available for this study was

725, and the total number of campaign concentrations (mean

of the lysimeter pairs) was 458, that is 88% of the total 520 pos-

sible concentrations (eight campaigns, 13 sites, five depths).

Thus, campaign concentrations are the result of averaging the

measurements of the two lysimeters at a single depth and

time. Missing values of a single lysimeter were estimated by

multiplying its replicate by the average of the ratios of both

lysimeter measures for the other campaigns. When both

lysimeter measures were missing, an average of the rest of the

campaigns was used (Grabs et al., 2012).

Campaign concentrations were linearly interpolated in time

(2008–2009) to obtain daily time series of DOC concentrations

at each depth and site. Despite relatively few sampling occa-

sions, these covered the period of the year when riparian DOC

concentrations vary, usually from lowest in spring to highest

in early autumn (Clark et al., 2005; Grabs et al., 2012). Subse-

quently, DOC concentrations were linearly interpolated in

space assuming a 1-m riparian soil depth to obtain daily con-

tinuous DOC concentration (CDOC, mg l�1) profiles for each

site. Concentrations between 15 cm and the surface were

assumed to be constant and equal to the concentration at

15 cm. Analogously, concentrations between 75 cm and

100 cm were assumed to be equal to the concentration at

75 cm.

Hourly groundwater tables (obs zGw, cm) measured at the

automatic loggers of the 13 ROK sites were fit to correspond-

ing specific discharge (q, l m�2) at C7 by linear regression with

log-transformed specific discharge. Thus, a model equation

could fit a curve for each site describing the relation between

observed groundwater levels and specific discharge [Eqn (1)]

(Grabs et al., 2012).

q ¼ eb�ððobszGw�h0ÞþaÞ ð1Þ
The equation contains an offset parameter (h0, cm), a flow

parameter (a, cm), and an exponential parameter describing the

water flux curve (b, cm�1). Eqn (1) was used to back-calculate

daily modelled groundwater tables (zGw, cm) because of gaps in

the observations, which were recorded from May 2008 to Sep-

tember 2009. Site R14 had low variation in groundwater levels,

and therefore, a mean of the observations was assumed for

every day in the two-year study period. The parameter b at site

R14 was assumed to be the same as for site R15 based on their

similar soil properties (Ledesma et al., 2013). Overland flow was

disregarded (Grabs et al., 2012; Ledesma et al., 2013), that is

zGw>0 cm was set to 0 cm, because surface run-off has been

rarely observed in the area (Bishop et al., 1995). Lateral flow pro-

files were defined by flow-weights (w, dimensionless), which

describe the incremental lateral specific groundwater discharge

rates, that is a proxy to the water flux at each integrated depth.

Flow-weights were calculated at every integrated depth using

the exponential parameter b describing the water flux curve

[Eqn (2)]. The step size for numerical integration across the soil

profile was set to Dz = 0.1 cm. Total flow-weights (W, dimen-

sionless) were defined as the integration of all flow-weights

below zGw for a specific day and site [Eqn (3)].

w ¼ eðz�bÞ ð2Þ

W ¼
Xz¼zGw

z¼�100 cm

w ð3Þ

A mass per centimetre of soil layer normalized to lateral

contributing area (fDOC, mg m�2 cm�1) for the 731-day period

2008–2009 was calculated using daily values of specific dis-

charge, DOC concentrations, and flow-weights [Eqn (4)].

fDOCðzÞ ¼
Xday¼731

day¼1

CDOC � w
W

� q ð4Þ

The total DOC flux normalized to lateral contributing area

(FDOC, mg m�2) from every riparian profile could then be

Table 1 Characteristics of the 13 riparian profiles including median modelled groundwater table (zGw) (2008–2009), mean soil

organic carbon content (SOCC), topographic wetness index (TWI), specific lateral contributing area (ac), and riparian zone width

(RZ width)

Site Parent material Class Median zGw (cm) SOCC (%) TWI ac (m) RZ width (m)

R4 Till Till-dry �59 4 4.2 8.2 3.3

R12 Till Till-dry �62 5 3.6 2.5 2.3

R1 Till Till-dry �53 17 8.0 157.2 12.0

R9 Till Till-dry �50 14 4.7 16.3 3.1

R7 Till Till-humid �48 50 6.0 27.4 38.8

R10 Till Till-humid �27 52 7.7 114.1 16.3

R6 Till Till-humid �17 38 8.3 230.6 39.0

R5 Till Till-humid �17 38 5.6 20.0 17.1

R2 Till Till-wet �13 45 11.1 1480.9 40.4

R8 Till Till-wet �8 52 8.6 181.4 90.6

R11 Till-Sediment Till-wet �6 32 9.1 127.3 17.0

R15 Sediment Sediment �58 2 4.9 5.3 10.0

R14 Sediment Sediment �2 3 9.2 53.0 2.0
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calculated with Eqn (5). The reported annual lateral DOC

fluxes in the 13 riparian profiles (hereafter termed potential or

estimated) were obtained by dividing Eqn (5) by 2 because

annual run-off in 2008 and 2009 differed only slightly (� 5%).

FDOC ¼
Xz¼0 cm

z¼�100 cm

fDOCðzÞ � Dz ð5Þ

Analogously, lateral flow (fflow, dimensionless) contributions

were determined from Eqn (6). Only soil depths below the

daily modelled groundwater table, that is z<zGw, were consid-

ered to contribute to flow when using Eqns (4) and (6). This

was based on the RIM assumption that lateral flow only

occurs in saturated soils below the groundwater table (Seibert

et al., 2009).

fflowðzÞ ¼
Xday¼731

day¼1

w ð6Þ

The mean annual mass exported from every integrated

depth per metre of stream bank (EDOC, mg m�1 cm�1 year�1)

[Eqn (7)] was calculated based on the specific lateral contrib-

uting area (ac, m
2 m�1) (Fig. 2). This area represents the com-

bined riparian and upslope areas that contribute to flow to a

specific location along the stream, and it is normalized to 1-m

stream bank (Grabs et al., 2010). The value of ac was computed

for every ROK site by applying the multiple deterministic infi-

nite-directional triangular facets flow algorithm (Seibert &

McGlynn, 2007) in combination with the Stream Index Divi-

sion Equations (SIDE) algorithm (Grabs et al., 2010) in a

hydrologically corrected, 5-m resolution Digital Elevation

Model (DEM).

EDOCðzÞ ¼ fDOCðzÞ
2

� ac ð7Þ

Riparian carbon pools and theoretical turnover times

Representative pits of the existing ROK sites were excavated

in August 2008 for soil characterization of the locations

installed the previous year. Soil samples were collected with

small spades or using peat samplers. At site R15, the soil was

collected using bulk density cylinders. Samples were stored in

plastic bags with ziplocks to hinder air intrusion. The soil

mass was measured immediately after the field day and the

samples were stored in a cooling room for later analyses. For

each site, 2–5 samples at different depths were analysed for

soil organic carbon content (SOCC, %) by combustion. Soil

organic carbon content profiles were estimated by linear inter-

polation between observations analogously to soil water DOC

concentration profiles. Bulk density (qb, g m�3) was available

from two different sets of samples collected in 2007 and 2012

distributed all over the Krycklan catchment (N = 145). These

samples were extracted at different depths from both organic

and mineral soils. A logarithmic function described the rela-

tionship between carbon content and bulk density (R2 = 0.83;

Fig. S4). This equation was used to estimate bulk density pro-

files from soil organic carbon content of the samples presented

here. Subsequently, specific carbon pools per square metre of

RZ (SCPs, g m�2) over a 1-m soil profile were calculated for

every integrated soil depth (Dz = 0.001 m) at each ROK site

using Eqn (8). SCPs representing the 13 riparian sites were

estimated with Eqn (9).

SCPðzÞ ¼ SOCC � qb � Dz ð8Þ

SCP ¼
Xz¼0 m

z¼�1 m

SCPðzÞ ð9Þ

We also estimated the total amount of RZ carbon per metre

of stream bank. This total carbon pool (TCP, g m�1) was calcu-

lated accounting for the lateral extent of the organic layer in

every integrated depth and normalized to a 1-m stream bank

[Eqns (10) and (11)].

TCPðzÞ ¼ SCPðzÞ �OLx ð10Þ

TCP ¼
Xz¼0 m

z¼�1 m

TCPðzÞ ð11Þ

Organic layer widths (OLx, m) (Fig. 2) were estimated by

interpolating and averaging organic layer depths measured in

the field at multiple distances in four transects parallel to the

local topographic slope direction as a proxy for the local water

flow direction. The transects were located 2 and 4 m upstream

and 2 and 4 m downstream of the instrumented ROK sites.

The organic layer width could be at maximum the RZ width

of that specific site. RZ widths were determined based on field

observations similar to the method by McGlynn & Seibert

(2003), using soil type changes from organic/transitional soils

to podzols as the main criterion. RZ widths in sites R14 and

R15 were determined, respectively, from the extent of continu-

ous vegetation and from change in slope because no well-

developed soils exist in the sediment area where these two

profiles are located.

Theoretical turnover times were estimated assuming that

there are no inputs of carbon to the DSL and that all DSL car-

bon is eventually soluble to DOC (Fig. 2). Theoretical turnover

times (TT, years) at every integrated depth were calculated

with Eqn (12). The reported estimates were calculated as the

mean value of all theoretical turnover times within the identi-

fied DSL in every site.

TTðzÞ ¼ TCPðzÞ
EDOCðzÞ ð12Þ

Influence of local hydromorphological conditions

We used a combination of simple and multiple linear regres-

sion and hierarchical partitioning analyses to compare the var-

iation of estimated annual DOC fluxes [Eqn (5) divided by 2]

with five independent variables: median zGw, computed val-

ues of topographic wetness index (TWI, dimensionless), SCP,

TCP and observed RZ width. R8 was excluded in the simple

linear regression analysis of the RZ width because the local

contributing area at this site includes large parts of mire.

Thereby, the RZ width at R8 is disproportionally large when

based on the criterion of changes from histosols/transitional

soils to podzols. Riparian profiles in the sediment areas R14

and R15 (Table 1, Fig. 1) were excluded in the linear regression
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analyses for median zGw and TWI because of differences in soil

properties compared to till soils. A hierarchical partitioning

analysis (Chevan & Sutherland, 1991; Mac Nally, 2002),

excluding R8, R14, and R15, was performed to separate the

total independent contribution and the joint influence of every

predictor in a multiple linear regression model where the esti-

mated DOC flux was the response variable. A randomization

test was carried out to examine which of the five variables

would be statistically significant to retain in the model.

The sensitivity of theoretical turnover times was assessed

for uncertainties in the parameters ac, zGw, and organic layer

width. We quantified the influence of ac by calculating three

values of theoretical turnover times for each ROK site using ac
from the likely ROK position (ac0) as well as ac from the closest

upstream (ac+1) and downstream grid cells (ac-1) in the DEM.

Choosing ac values from the two closest five-by-five metre grid

cells also matched the estimated accuracy of � 5 m of the site

positions (which was obtained from repeated GPS measure-

ments) and the spacing of the transects used for measuring

organic layer widths. This analysis was not performed at site

R8 because it is located at the head of a stream and only the most

likely position was used. Note that the values of ac presented

in Table 1 correspond to those at the most likely positions. The

influence of uncertainties in the modelled groundwater tables

was assessed by varying zGw � 1.96 standard errors of the

residuals of the model used to back-calculate zGw at each site.

Organic layer widths were varied according to the standard

error of the four field measurements of RZ width at each site

(supporting information).

Carbon in stream run-off: isotopic measurements

To assess the source of DOC in stream water, that is to evalu-

ate whether recently produced carbon or old carbon from the

riparian pools is predominantly mobilized to the aquatic envi-

ronment, stream water samples were analysed for DO14C.

Water samples (N = 28) were collected during two separate

years (1999 and 2007) from three streams within KCS (C2,

N = 12; C4, N = 10; and C7, N = 6; Fig. 1). Both C2 and C7

were deepened in the 1920s; thus, at these streams, older car-

bon sources could be exposed to enhanced decomposition

leading to a contribution of DOC from older carbon sources.

After collection, filtered samples were acidified to pH 4.0 and

stored in amber glass. Samples were then evaporated to dry-

ness in a freeze-drier, combusted to CO2, and purified in an

offline vacuum glass line. d13C was analysed in a split sample

by continuous flow isotope ratio mass spectrometry with a

precision of �0.3&. Purified CO2 was sent to Isotrace in 1999

and to University of California, Irvine, in 2007 for analysis of
14C by tandem accelerator mass spectrometry. Precision was

�0.9 pMC (percentage of modern carbon) in 1999 and

�0.8 pMC in 2007. All 14C values were corrected using the

measured d13C. The pMC units represent the proportion of

radiocarbon atoms present in a sample compared to that in

the year 1950 (Stuiver & Polach, 1977). Thus, a pMC larger

than 100 indicates the presence of carbon with elevated 14C

from atmospheric weapons testing and thus a significant con-

tribution of carbon younger than 49 and 57 years old for the

samples collected in 1999 and 2007, respectively. Given that

organic matter sources created in the postatmospheric weap-

ons testing interval have a range of 14C activities correspond-

ing to the changing atmospheric 14C-CO2, present-day DOC

with a pMC >100 indicates that a majority of the DOC must

have been derived from carbon fixed and released after 1950,

commonly referred as modern.

Results

Lateral water and DOC fluxes and DSL size

The DSL thickness varied from 13 to 75 cm with a mean

value of 35.9 � 17.6 (�SD) cm (Table 2). Sites with dee-

per zGw and larger variations in zGw had broader DSL

(see for example sites R7, R12, and R15 in Fig. 3) com-

pared to sites with more shallow zGw that had narrower

DSL (see for example R2, R8, and R11). This was also

revealed by the significant relationship between med-

ian zGw and DSL thickness (R2 = 0.51; Fig. S5). In gen-

eral, estimated lateral DOC fluxes (Table 2) followed

estimated lateral flow, as indicated by their relative

proportions within the riparian profile (Fig. 3), and var-

ied widely (8.7 � 6.5 g m�2 year�1). Till-wet sites had

the highest potential fluxes (15.1 � 5.3 g m�2 year�1)

followed by till-humid sites (12.1 � 5.3 g m�2 year�1).

Till-dry (3.7 � 2.4 g m�2 year�1) and sediment sites

(2.6 � 2.1 g m�2 year�1) showed lower fluxes.

Riparian carbon pools and theoretical turnover times

The mean specific carbon pool per square metre of RZ

(SCP) for the 13 ROK sites was 61.7 � 27.5 kg m�2

Table 2 For every riparian profile, thickness of the dominant

source layer (DSL), potential mean annual dissolved organic

carbon flux (2008–2009), specific carbon pool per square metre

of riparian zone (SCP), and total carbon pool in a 1-m stream

bank (TCP)

Site

DSL thickness

(cm)

DOC flux

(g m�2 year�1)

SCP

(kg m�2)

TCP

(kg m�1)

R4 28.6 2.0 34.6 93

R12 53.1 2.1 57.1 78

R1 40.9 3.4 86.6 694

R9 42.3 7.1 90.9 157

R7 56.5 15.5 48.5 1186

R10 26.2 6.6 22.9 319

R6 28.8 17.6 82.8 2743

R5 25.0 8.7 82.8 1213

R2 21.4 20.6 70.7 2718

R8 17.8 14.7 30.5 2738

R11 12.7 10.0 108.0 1836

R15 74.8 4.1 29.2 292

R14 38.0 1.2 57.1 114
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(Table 2). This is in line with literature values for peat-

land areas including wetlands and histosols (Table 3).

No differences between site classes were observed, and

the estimates were not related with the mean soil

organic carbon content or the DOC fluxes. In contrast,

the variability in total carbon pool per metre of stream

bank (TCP) was consistent with the variability observed

in the estimated DOC fluxes (R2 = 0.80; Table 2). These

current fluxes could be maintained for hundreds to a

few thousands of years according to the theoretical

turnover time estimates, although there was a large var-

iation between and within ROK sites (Table 4).

Influence of local hydromorphological conditions

Excluding sedimentary sites R14 and R15, TWI and

median zGw each individually explained about 50% of

the variation in potential DOC fluxes (Fig. S6). We

found RZ width to be a powerful predictor, explaining

about 90% of the variation in potential DOC fluxes

(Fig. 4), excluding the mire site R8 from the analysis.

The relation between potential DOC fluxes and TCP

was good (R2= 0.80), but there was no relation with

SCP. The hierarchical partitioning analysis (Table 5)

showed a high joint influence between the five explana-

tory variables in a multiple regression model that

explained 93% of the variation in the estimated DOC

fluxes. RZ width had the highest independent effect

and was the only variable statistically significant to be

retained in the model, as indicated by the randomiza-

tion test.

The considerable small-scale variation of ac derived

from the DEM impacted estimated theoretical turnover

times considerably more than uncertainties in zGw and
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organic layer widths (Table 4, Table S7). Even when

looking at single sites, computed ac values could vary

markedly within only 5 m around the location of the

site. The uncertainty in ac is related to the inaccuracy of

the measured GPS coordinates (� 5 m). Consequently,

theoretical turnover times were highly sensitive to

changes in ac (Table 4), which is directly caused by the

estimation method [see Eqns (7) and (12)]. Theoretical

turnover times were, in general, shortest at ‘hot spots’,

characterized by relatively high values of ac, and lon-

gest at ‘cold spots’, characterized by relatively low val-

ues of ac. Looking at all 37 calculated theoretical

turnover time values for the sensitivity analysis of ac,

the 10th percentile (160 years), median (618 years), and

90th percentile (7350 years) were still in the order of

hundreds to a few thousands of years. The sensitivity

Table 3 Mean soil carbon pools and standard deviations (when available) in different ecosystem types and in the riparian zones

of this study (in bold)

Type/location Pool (kg C m�2) Observations Reference

Global soil organic carbon pool 10 World’s soil carbon density Post et al. (1982)

Boreal forests 14.9 � 8.59 First 60 to 230 cm of soil profile Schlesinger (1977)

Podzols in permafrost region 24.7 � 20.2 First 100 cm of soil profile Tarnocai et al. (2009)

Till and sediment RZ 61.7 � 27.5 First 100 cm of soil profile This study

Global wetlands 63.3 � 49.9 Total carbon mass divided by total area Mitsch & Gosselink (2007)

Swamps and marshes 68.6 � 47.43 First 60 to 290 cm of soil profile Schlesinger (1977)

Histosols in permafrost region 69.6 � 56.9 First 100 cm of soil profile Tarnocai et al. (2009)

Table 4 Theoretical turnover times (TT) of dissolved organic

carbon in the riparian profiles with sensitivity analysis for

uncertainties in specific lateral contributing areas (ac)

Site TT0 (years) TT+1 (years) TT�1 (years) RSD

R4 832 615 841 17%

R12 6873 544 346 143%

R1 618 1253 38854 161%

R9 587 465 55 76%

R7 2533 1513 2188 25%

R10 215 130 199 25%

R6 313 579 187 56%

R5 2853 3697 5201 30%

R2 25 2923 9256 116%

R8 236 – – –
R11 247 1007 935 57%

R15 12264 167 463 161%

R14 1278 467 4189 99%

The subscripts 0, +1, and �1 indicate, respectively, turnover

times calculated using ac at the most likely grid cell position,

the upstream neighbouring grid cell position, and the down-

stream neighbouring grid cell position. RSD is the relative

standard deviation of TT0, TT+1, and TT�1 for each site. The

analysis was not carried out for site R8, located at the head of

a stream.
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Table 5 Hierarchical partitioning analysis and randomiza-

tion test results using median ground water table (zGw), topo-

graphic wetness index (TWI), specific carbon pool per square

metre of riparian zone (SCP), total carbon pool in a 1-m stream

bank (TCP), and riparian zone (RZ) width as explanatory vari-

ables and estimated lateral dissolved organic carbon fluxes as

response variable in a multiple linear regression model

Variable I J I (%) Z score

Median zGw 0.11 0.31 12.0 �0.04

TWI 0.12 0.33 13.0 0.22

SCP 0.02 0.02 2.1 �0.74

TCP 0.29 0.50 31.2 1.40

RZ width 0.39 0.50 41.7 2.86

I indicates the independent fraction explained by each vari-

able and J the joint effect of each variable together with the

other variables. I (%) indicates the percentage distribution of

independent effects. In bold, the significant variables

(a = 0.05) to be retained in the model.
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to uncertainties in zGw and organic layer widths (Table

S7) using relative standard deviations of the three val-

ues of theoretical turnover times for each ROK site was

on average 3% and 16%, respectively, considerably

lower than for ac (80%). Therefore, theoretical turnover

times fell within the same order of magnitude.

Carbon in stream run-off: isotopic measurements

The results from the DO14C analyses of stream water

samples are shown in Table 6. All mean values for the

three sites in both 1999 and 2007 are larger than 100

pMC, indicating that the majority of the organic carbon

found in the aquatic system was of recent origin, that is

fixed from the atmosphere after 1950.

Discussion

By applying a simple hydrological approach that com-

pares the size of the carbon pools with the rate of leach-

ing in 13 riparian soil profiles, we have shown that

there is a potential long-term transfer of DOC from bor-

eal RZ into streams.

Lateral water and DOC fluxes in relation to DSL size

Estimated DOC fluxes varied significantly between

riparian profiles, and spanned the whole range of

reported values for the streams in the Krycklan catch-

ment, from ca 2 to 10 g m�2 year�1 (�Agren et al., 2007;

K€ohler et al., 2008). The variation in our riparian esti-

mate ranged from around 2 g m�2 year�1, similar to

values given for temperate forests, to around 20 g

m�2 year�1, similar to upper-end values given for

organic matter-rich wetlands (Hope et al., 1994). This

re-emphasizes the need to account for RZ heterogeneity

with regard to DOC source areas, as previously shown

when estimating DOC fluxes during single sampling

days (Grabs et al., 2012).

We demonstrate that 90% of the potential DOC flux

could have originated from an approximately 36 cm

thick layer in the RZ soil profile, the dominant source

layer DSL. This strengthens the idea that the mobiliza-

tion of solutes to streams is limited to only a fraction of

the total near-stream soil volume (Schiff et al., 1998; Pal-

mer et al., 2001). DSL thickness was related to ground-

water tables: relatively wet RZ with shallow and

relatively stable groundwater table positions had rela-

tively shallow and narrow DSL layers (Fig. 3; Fig. S5).

The opposite was true for relatively dry RZ with deeper

and more variable groundwater tables. This is in accor-

dance with our previously suggested conceptual view

(Grabs et al., 2012), in which temporal variability of

groundwater tables is related to riparian zone wetness.

The estimated lateral DOC fluxes were strongly related

to estimated lateral water fluxes (Fig. 3), similar to what

it is usually seen in the assessment of riverine fluxes

(Hinton et al., 1997; Ledesma et al., 2012).

Riparian carbon pools and theoretical turnover times

The variation in specific carbon pools per square metre

of RZ (SCPs) had no statistical relation to variations in

zGw, site class, or soil organic carbon content. For exam-

ple, the mire site R8 had a mean soil organic carbon

content of 52% and a SCP of 31 kg m�2; whereas site

R14 had a mean soil organic carbon content of 3% and a

SCP of 57 kg m�2. This counterintuitive observation

can be explained by the inverse relationship of soil

organic carbon content and bulk density in the soil (Fig.

S4). In the given example, the mean bulk density in R8

was 0.06 g cm�3, similar to other peat areas in northern

Sweden (Waddington & Roulet, 2000), while the mean

bulk density in R14 was 1.6 g cm�3, which is similar to

forested mineral soils (Tamminen & Starr, 1994). Thus,

the large range in soil organic carbon content between

sites (2–52%) translates into a much reduced range in

SCP (23–108 kg m�2). On the contrary, marked differ-

ences between sites and site classes were observed in

the total carbon pool per metre of stream bank (TCP).

This is due to the close relation between TCP and RZ

width [Eqn (10)], which has a wide range between sites

(2–91 m).

Theoretical turnover time estimates here represent

how long it would take to empty the riparian carbon

pools of the DSL at the current constant rate of leaching

denoted by the estimated exports (Fig. 2) and should

not be perceived as a proxy for age of the organic

Table 6 Stream sampling sites data including corresponding riparian profiles draining upstream the sampling point, land cover

type proportions, and DO14C information for 1999 and 2007 (note that there were no data for C7 in 2007)

Site Name

Stream

order

Riparian

sites

Area

(km2)

Forest

(%)

Wetland

(%)

N samples

in 1999

DO14C (pMC)

in 1999

N samples

in 2007

DO14C (pMC)

in 2007

C2 V€astrab€acken 1 R5–R7 0.12 100.0 0.0 5 106.0 � 4.0 7 108.3 � 2.0

C4 Kallk€allsmyren 1 R8 0.18 55.9 44.1 3 107.6 � 2.7 7 111.6 � 1.2

C7 Kallk€allsb€acken 2 R5–R10 0.47 82.0 18.0 6 101.4 � 2.6 0 –
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carbon in the pool. The estimates for all our 13 RZ indi-

cate that there is a potential long-lasting supply of DOC

(Table 4). In other words, the current rate of DOC

export could be maintained for hundreds to a few thou-

sands of years by only mining the current riparian car-

bon pools.

Influence of local hydromorphological conditions

The total carbon pool in the RZ normalized to a 1-m

stream bank (TCP) explained 80% of the variation in

the potential DOC fluxes. This relates to several inter-

connected processes. A larger lateral extent of the car-

bon pools, and thereby a wider RZ, is an indicator of

persistent wet conditions (i.e. higher groundwater lev-

els) which usually show higher soil water DOC concen-

trations (Lyon et al., 2011) and will have increased

potential DOC fluxes. This is indicated by the correla-

tion between median zGw and estimated DOC fluxes

(Fig. S6), similar to the findings by Grabs et al. (2012).

Furthermore, it implies longer flowpaths of the water

in organic-rich layers along its way to the stream.

Potentially, this leads to a larger DOC mobilization and

flux, although longer residence times would also

increase the opportunity for mineralization (Battin

et al., 2008). We suggest a conceptual diagram showing

the interplay of these factors (Fig. 5a), which was sup-

ported by the large joint effects of the parameters used

to predict potential DOC fluxes (Table 5). RZ width

was the best predictor, explaining 90% of the variability

in all profiles if site R8 was excluded (Fig. 4). These

results suggest that potential DOC fluxes from RZ in

boreal forests could be predicted using high-resolution

soil maps that differentiate histosols/transitional soils

from podzols. DOC fluxes in boreal catchments are pri-

marily controlled by local hydromorphological charac-

teristics of RZ, as opposed to minerogenic elements

such as base cations which are controlled by landscape

element types, that is open water, peatlands, upland

forest till soils, and lowland sediments (Ledesma et al.,

2013).

Specific lateral contributing area (ac) exhibited a

strong spatial variability but matched fairly well with

locations of small springs and small concentrated near-

surface flows observed in the field. We therefore argue

that even though predicting the theoretical turnover

time for a specific point in the RZ is highly uncertain,

predicting the theoretical turnover time range for a RZ

reach is a comparatively reliable estimate of the natural

variability that one would expect at the considered

reach based on the RIM assumptions. The large vari-

ability further stresses the importance of accounting for

RZ heterogeneity when trying to scale up local findings

to the catchment scale.

Other sources of uncertainty involve the hydrological

simplifications of the RIM approach, including exclu-

sively lateral Darcian flow below the groundwater

table, horizontal water flux in the direction of the

hydraulic gradient, and all lateral flow discharges into

the stream (K€ohler et al., 2009; Seibert et al., 2009; Grabs

et al., 2012; Ledesma et al., 2013). These assumptions

imply that flows that potentially bypass the RZ (e.g.

overland flow, upward flows, upwelling of deep

groundwater into the stream bed) are disregarded. Sur-

face run-off has been rarely observed in the area

(Bishop et al., 1995), although it could be relatively

important in the surroundings of site R8 (Laudon et al.,

2007; Ledesma et al., 2013). All these flowpaths would

bypass the DSL and therefore would tend to increase

the theoretical turnover time.

Carbon in stream run-off: recent production or ancient
carbon mobilization?

Our estimates of the size of the riparian carbon pools

suggest that the DSL could maintain lateral DOC

exports for hundreds to a few thousands of years

assuming that: (i) all carbon in the pools is eventually

soluble, (ii) there are no inputs of carbon into the sys-

tem, and (iii) all decomposition in the RZ releases only

DOC to the soil water. However, it is critical to consider

that: (i) in the short-term, not all of the organic carbon

in the riparian pool is available for mobilization into

the solution, (ii) there is an annual production of new

organic carbon contributed mainly by below-ground

biomass in the RZ, together with a minor component of

upslope DOC, and (iii) not all of the carbon decomposi-

tion is released as DOC as some is released as CO2 and

methane (Moore & Dalva, 2001). In relation to (iii), we

estimated upslope sources of DIC to be 0.8 g C

m�2 year�1 within the subcatchment where our site R5

is located (data from Cory et al., 2007). €Oquist et al.

(2009) estimated the lateral DIC flux in a RZ similar to

R5 to be 3.2 g C m�2 year�1 (November 2003 to October

2004, q = 330 mm). Assuming that the difference is due

to carbon oxidation within the RZ, 2.4 g m�2 year�1 of

inorganic C would have originated here. Thus, in site

R5, the theoretical turnover time would be around 20%

lower accounting for the decomposition of carbon as

CO2, as the DOC flux was equal to 8.7 g C m�2 year�1.

Taking into account the points discussed above, we

suggest that the DOC exported to the stream is made

up by (i) a component of old carbon limited by the solu-

bility of the riparian pool and (ii) a component of recent

carbon limited by the net fixation from the atmosphere

(Fig. 5a).

The easily soluble fraction of carbon pools is larger

in organic soils relative to mineral soils because of
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stronger DOC sorption affinity to mineral phases

(McDowell & Wood, 1984; Borken et al., 2011; Huang

et al., 2013). Neff & Hooper (2002) estimated that the

size of the easily mobile fraction that could become

readily available for DOC export could be as much as

40% of the total pool in highly organic tundra soils.

Organic matter solubility is influenced by multiple fac-

tors including dissolved oxygen content, pH, metal

binding, humic charge, ionic strength, and dominant

anion present (Herbert & Bertsch, 1995; Lofts et al.,

2001; Clark et al., 2006; Kleber & Johnson, 2010). As

many of these factors are interdependent, none may

individually explain changes in DOC solution at differ-

ent sites (L€ofgren et al., 2010). Large enough and lasting

trends in the mentioned chemical driving factors are

not expected in the catchment given the nutrient-poor

acid soils, the homogeneous geology, and the compara-

bly slow and small predicted recovery from acidificat-

ion. Changes in temperature and oxygen content that in

turn are driven by soil water content might, however,

have profound consequences on DOC processing in the

RZ. The latter factors make it difficult to predict carbon

mobilization from riparian carbon pools using static

approaches, such as the one used here.
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Fig. 5 (a): Conceptual diagram of the interplay between hydromorphological factors controlling riparian lateral dissolved organic car-

bon (DOC) fluxes and how recent vs. old carbon is mobilized. Higher lateral DOC fluxes will be found in riparian zones (RZ) with more

superficial dominant source layers (DSL), which would generally imply shallower groundwater levels, longer RZ widths, and larger

riparian carbon pools that lead to longer transit distances of the water in organic-rich layers. The annual input of carbon available for

export (via the soil solution) or storage (soil accumulation) is given by the difference between the carbon fixed from the atmosphere

and the total respiration. DOC in the soil solution will be made up by a fraction of modern carbon from production (mainly from micro-

bial degradation of below-ground biomass litter) and a fraction of old carbon that is solubilized from older carbon stored in the riparian

pool. Stream DO14C measurements suggest that the input of modern carbon from primary production is quantitatively more important

than the mining of old carbon from the riparian carbon store. (b): Potential future shift of the DSL with increasing precipitation. Future

DSL position is represented within the dashed lines. In RZ with currently low groundwater tables, the DSL will be expanded activating

new carbon pools for drainage. In currently near-saturated RZ, the DSL will be reduced by concentration of flowpaths in the top soil.
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It is worth analysing whether the annual net produc-

tion of carbon sustained by microbial degradation of lit-

ter in the RZ is enough to maintain the fluxes as

predicted here. Sphagnum spp.-dominated systems,

similar to the RZ presented here, have a mean annual

gross production of about 200 g C m�2 year�1 (Granath

et al., 2014). However, the vertical losses of respired

carbon as DIC also need to be taken into account. These

can be revealed in terms of net ecosystem production

(NEP), which is the estimated carbon available for stor-

age or export given by the difference between gross pri-

mary production (GPP) and total respiration (including

both below- and above-ground respiration) (Chapin

et al., 2006). It is important to mention that old forests

such as the forest in the Krycklan catchment tend to

accumulate carbon in the biomass very slowly (Schle-

singer, 1997; Jonsson et al., 2007), so almost all NEP

would be available for soil storage or lateral transfer as

DOC or DIC. In a neighbouring spruce forest catchment

with similar characteristics to the near-stream low-lying

areas in KCS, the NEP for a 7-year period was 120 g C

m�2 year�1 (Grelle, 1997; €Oquist & Laudon, 2008).

When comparing this number with our DOC fluxes

estimates, the NEP needs to be corrected because of our

assumption of all carbon originating in the RZ with

negligible contributions from upslope areas. For this,

we used sites R4, R5, and R6, which belong to headwa-

ter catchments with low, intermediate, and high esti-

mated DOC fluxes, respectively (Table 2). Roughly,

these RZ account, respectively, for 5%, 10%, and 20% of

the total catchment area. Thus, only accounting for the

RZ, the corresponding NEP would be 6, 12, and 24 g C

m�2 y�1, respectively. This would be enough to support

the calculated DOC fluxes in the three riparian profiles

(Table 2), and potentially even the lateral DIC flux,

which also contributes to the lateral carbon losses (Leith

et al., 2014). The total DOC + DIC lateral flux at R5

(including only the DIC generated in the RZ as calcu-

lated above) would be 11.1 g C m�2 year�1, close to the

NEP estimate of 12 g C m�2 year�1.

The potential for errors from NEP estimates (Wadd-

ington & Roulet, 2000) and the site-to-site variation

(Schulze et al., 1999) imply that these figures should be

seen as rough comparisons and complementary lines of

evidence should be used too. Isotopic measurements of

carbon age can help to identify sources and processes

controlling DOC exports. Our 14C data from stream

samples indicate that DOC is predominantly modern,

that is fixed from the atmosphere after the year 1950,

suggesting that indeed recent production in the ripar-

ian system could be enough to support the lateral DOC

exports (Fig. 5a). Nevertheless, this does not imply that

old carbon is not being mobilized. Water samples

contain a mixture of carbon from different sources, and

isotopic measurements provide information of the

mean 14C activity in the mixture. Particularly, in RZ

where the DSL extends below rooting depths, it is likely

that old carbon is being exported (see for example till-

dry sites in Fig. 3). However, according to our results,

in this type of RZ, the amount of carbon exported per

unit of area is significantly lower than that from rela-

tively wetter RZ and thus contributes less to the total

DOC found in a stream water sample. Moreover, it is

unlikely that in-stream production contributes signifi-

cant amounts of modern carbon because DOC fluxes

are high and streams in the catchment are dominated

by allochthonous dissolved organic matter (Berggren

et al., 2010). Recent carbon has also been observed in

streams from similar catchments in the United King-

dom (Palmer et al., 2001; Billett et al., 2007; Rowe et al.,

2014) and Canada (Schiff et al., 1998).

Implications for ditching, future climate, and global
carbon cycle

In the larger context, carbon has been accumulated in

boreal regions after the end of the last glacial period for

about 6000 to 10000 years. These carbon pools were

exposed to more oxygen in many headwater streams in

Fennoscandia as a consequence of ditching to improve

drainage and forest productivity during the early 20th

century. DO14C data show that organic carbon is pre-

dominantly younger than the time when those activities

were carried out, even in V€astrab€acken (C2) and

Kallk€allsb€acken (C7) (Fig. 1; Table 6), both deepened

around 100 years ago. These findings for disturbed bor-

eal RZ contrast with those of disturbed tropical peat-

lands, where significant amounts of old carbon are lost

via run-off promoting the collapse of carbon storages

(Moore et al., 2013).

The climatic and hydrological conditions during the

two-year period presented here were close to the long-

term means for the area and therefore representative of

the current conditions. An increase in both temperature

and precipitation is forecasted in boreal regions (IPCC,

2007). Lateral DOC fluxes are highly sensitive to precip-

itation (€Oquist et al., 2014) and will increase together

with increasing precipitation due to the close relation-

ship with annual lateral flow fluxes (Fig. 3). The current

range in run-off data in the Krycklan catchment covers

�50% of the mean annual (1981–2012). Under wetter

conditions, predominant flowpaths might permanently

switch to upper soil layers with higher DOC concentra-

tions, potentially leading to a higher increase in DOC

fluxes relative to the increase in run-off. This would

tend to reduce the theoretical turnover times estimated

here. The extent of this reduction will depend on the

current groundwater table position because the carbon
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pool that is the effective source of the lateral DOC flux

would shift together with the DSL (Fig. 5b). In RZ with

currently low groundwater table levels, the area that is

exposed to drainage could spread, activating new

pools. In sites that are already near saturation, the DSL

could be reduced by concentration of flowpaths in the

top layer, which would reduce the effective pool and

theoretical turnover times. High frequency measure-

ments of stream and RZ soil water chemistry combined

with hydrometric measurements at fine spatial resolu-

tion are needed to make topography-based, quantita-

tive predictions on which of the two processes will

dominate in the future. This will be of interest for fur-

ther investigations under global change.

The increasing trends in DOC concentrations in bor-

eal surface waters have been related to increasing DOC

production linked to higher temperature and precipita-

tion (Christ & David, 1996; Hongve et al., 2004; Lepist€o

et al., 2008; Ledesma et al., 2012), including streams in

the Krycklan catchment (K€ohler et al., 2009; Oni et al.,

2013). Our comparison of the organic carbon supply

storage in the RZ and the potential DOC export, in

addition to the DO14C measurements, suggests that

DOC production can be enough to sustain DOC exports

in the foreseeable future and to support observed

increasing DOC trends because of climate-related

increasing productivity. Wu & Roulet (2014) suggested

that NEP will decrease in the future in peatlands due to

a relatively larger increase in total respiration with

respect to the increase in GPP from carbon fixation

(Fig. 5a). This change could shift the predominant

source of carbon in the streams from recently fixed car-

bon to old carbon in the riparian pools as NEP will be

no longer enough to support the exports. However,

Wania et al. (2009) predicted an increase in NEP in bor-

eal peatlands and permafrost regions under future cli-

mate conditions. It is therefore difficult at this stage to

infer potential future changes of the results presented

here under such uncertain forecasts.

We demonstrate the large potential of boreal RZ to

transfer DOC into inland waters from both new and

old carbon sources, which then has a major influence

on surface water quality. The most important findings

of this study can be summarized in four points. (i) A

narrow layer (36 � 18 cm) within the riparian soil pro-

file, the ‘dominant source layer’ DSL, is the source of

most of the potential terrestrial DOC flux exported to

streams. (ii) The RZ width appears to control these

DOC fluxes, which vary heterogeneously along the

stream bank. (iii) There is a potential long-lasting sup-

ply of DOC (on the order of hundreds to a few thou-

sands of years) from the riparian carbon pools in the

DSL at the current rate of leaching. (iv) Rough estimates

of NEP and isotopic measurements suggest that the

modern carbon found in stream run-off can be sup-

ported by recent primary production in the riparian

system. Thus, despite the large store of carbon in the

RZ, the dynamic allocation of new carbon from riparian

production through the DSL is what controls the output

of DOC. This is influenced by the riparian architecture

due to the interaction of flowpaths and source areas of

carbon. These findings are important for global carbon

balances given the increasing recognition of the influ-

ence of inland waters in the global carbon cycle (Tran-

vik et al., 2009; Wallin et al., 2013), and the key role of

RZ as sources of DOC into the aquatic environment.

Acknowledgements

This study is part of the Krycklan catchment study, funded by
VR, Formas (ForWater), Mistra (Future Forests), SKB, and the
Kempe Foundation. Funding for 14C analyses was provided by
the Canadian Natural Sciences and Engineering Research Coun-
cil. We especially thank those involved in field work and labora-
tory analyses as well as the Krycklan crew for their essential
contribution. We thank Martyn Futter, Hjalmar Laudon, Salar
Valinia, and Lenka Kuglerov�a for helpful discussions and Eva
Garmendia for help in illustrating the design of Fig. 5a. Finally,
we thank two anonymous referees for two excellent reviews.
Their comments and suggestions improved the quality of this
paper.

References
�Agren A, Buffam I, Jansson M, Laudon H (2007) Importance of seasonality and small

streams for the landscape regulation of dissolved organic carbon export. Journal of

Geophysical Research-Biogeosciences, 112, G03003.
�Agren A, Haei M, K€ohler SJ, Bishop K, Laudon H (2010) Regulation of stream water

dissolved organic carbon (DOC) concentrations during snowmelt; the role of dis-

charge, winter climate and memory effects. Biogeosciences, 7, 2901–2913.
�Astr€om M, Aaltonen EK, Koivusaari J (2001) Effect of ditching operations on stream-

water chemistry in a boreal forested catchment. Science of the Total Environment,

279, 117–129.

Aufdenkampe AK, Mayorga E, Raymond PA et al. (2011) Riverine coupling of bio-

geochemical cycles between land, oceans, and atmosphere. Frontiers in Ecology and

the Environment, 9, 53–60.

Battin TJ, Kaplan LA, Findlay S et al. (2008) Biophysical controls on organic carbon

fluxes in fluvial networks. Nature Geoscience, 1, 95–100.

Battin TJ, Luyssaert S, Kaplan LA, Aufdenkampe AK, Richter A, Tranvik LJ (2009)

The boundless carbon cycle. Nature Geoscience, 2, 598–600.

Berggren M, Laudon H, Haei M, Str€om L, Jansson M (2010) Efficient aquatic bacterial

metabolism of dissolved low-molecular-weight compounds from terrestrial

sources. Isme Journal, 4, 408–416.

Billett MF, Garnett MH, Harvey F (2007) UK peatland streams release old carbon

dioxide to the atmosphere and young dissolved organic carbon to rivers. Geophysi-

cal Research Letters, 34, L23401.

Bishop K (1991) Episodic increases in stream acidity, catchment flow pathways and

hydrograph separation. PhD Thesis. University of Cambridge, London, UK.

Bishop K, Lee YH, Pettersson C, Allard B (1995) Terrestrial sources of methylmercury

in surface waters: the importance of the riparian zone on the Svartberget catch-

ment. Water, Air and Soil Pollution, 80, 435–444.

Bishop K, Seibert J, K€ohler S, Laudon H (2004) Resolving the Double Paradox of rap-

idly mobilized old water with highly variable responses in runoff chemistry.

Hydrological Processes, 18, 185–189.

Bishop K, Seibert J, Nyberg L, Rodhe A (2011) Water storage in a till catchment. II:

implications of transmissivity feedback for flow paths and turnover times. Hydro-

logical Processes, 25, 3950–3959.

Borken W, Ahrens B, Schulz C, Zimmermann L (2011) Site-to-site variability and tem-

poral trends of DOC concentrations and fluxes in temperate forest soils. Global

Change Biology, 17, 2428–2443.

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., 21, 2963–2979

2976 J . L . J . LEDESMA et al.



Bormann FH, Likens GE (1967) Nutrient cycling. Science, 155, 424–429.

Chapin FS, Woodwell GM, Randerson JT et al. (2006) Reconciling carbon-cycle con-

cepts, terminology, and methods. Ecosystems, 9, 1041–1050.

Chesworth W (2008) Encyclopedia of Soil Science. Springer, Dordrecht, The Nether-

lands.

Chevan A, Sutherland M (1991) Hierarchical partitioning. American Statistician, 45,

90–96.

Christ MJ, David MB (1996) Temperature and moisture effects on the production of

dissolved organic carbon in a Spodosol. Soil Biology and Biochemistry, 28, 1191–

1199.

Clark JM, Chapman PJ, Adamson JK, Lane SN (2005) Influence of drought-induced

acidification on the mobility of dissolved organic carbon in peat soils. Global

Change Biology, 11, 791–809.

Clark JM, Chapman PJ, Heathwaite AL, Adamson JK (2006) Suppression of dissolved

organic carbon by sulfate induced acidification during simulated droughts. Envi-

ronmental Science and Technology, 40, 1776–1783.

Cole JJ, Prairie YT, Caraco NF et al. (2007) Plumbing the global carbon cycle:

integrating inland waters into the terrestrial carbon budget. Ecosystems, 10,

171–184.

Cory N, Laudon H, K€ohler S, Seibert J, Bishop K (2007) Evolution of soil solution alu-

minum during transport along a forested boreal hillslope. Journal of Geophysical

Research-Biogeosciences, 112, G03014.

Dawson JJC, Malcolm IA, Middlemas SJ, Tetzlaff D, Soulsby C (2009) Is the composi-

tion of dissolved organic carbon changing in upland acidic streams? Environmental

Science and Technology, 43, 7748–7753.

Dick JJ, Tetzlaff D, Birkel C, Soulsby C (2014) Modelling landscape controls on dis-

solved organic carbon sources and fluxes to streams. Biogeochemistry, 122, 361–374.

Dosskey MG, Bertsch PM (1994) Forest sources and pathways of organic matter trans-

port to a blackwater stream: a hydrologic approach. Biogeochemistry, 24, 1–19.

Erlandsson M, Cory N, F€olster J, K€ohler S, Laudon H, Weyhenmeyer GA, Bishop K

(2011) Increasing dissolved organic carbon redefines the extent of surface water

acidification and helps resolve a classic controversy. BioScience, 61, 614–618.

Fiebig DM, Lock MA, Neal C (1990) Soil water in the riparian zone as a source of car-

bon for a headwater stream. Journal of Hydrology, 116, 217–237.

F€olster J (2001) Significance of processes in the near-stream zone on stream water

acidity in a small acidified forested catchment. Hydrological Processes, 15, 201–217.

Fr€oberg M, Berggren D, Bergkvist B, Bryant C, Mulder J (2006) Concentration and

fluxes of dissolved organic carbon (DOC) in three Norway spruce stands along a

climatic gradient in Sweden. Biogeochemistry, 77, 1–23.

Futter MN, Forsius M, Holmberg M, Starr M (2009) A long-term simulation of

the effects of acidic deposition and climate change on surface water dissolved

organic carbon concentrations in a boreal catchment. Hydrology Research, 40,

291–305.

Gorham E (1991) Northern peatlands: role in the carbon cycle and probable responses

to climatic warming. Ecological Applications, 1, 182–195.

Grabs TJ, Jencso KG, McGlynn BL, Seibert J (2010) Calculating terrain indices along

streams: a new method for separating stream sides. Water Resources Research, 46,

W12536.

Grabs T, Bishop K, Laudon H, Lyon SW, Seibert J (2012) Riparian zone hydrology

and soil water total organic carbon (TOC): implications for spatial variability and

upscaling of lateral riparian TOC exports. Biogeosciences, 9, 3901–3916.

Granath G, Limpens J, Posch M, Mucher S, De Vries W (2014) Spatio-temporal trends

of nitrogen deposition and climate effects on Sphagnum productivity in European

peatlands. Environmental Pollution, 187, 73–80.

Grelle A (1997) Long Term Water and Carbon Dioxide Fluxes from a Boreal Forest.

PhD Thesis. Swedish University of Agricultural Sciences, Uppsala, Sweden.

Herbert BE, Bertsch PM (1995) Characterization of dissolved and colloidal organic

matter in soil solution: a review. In: Carbon Forms and Functions in Forest Soils (eds

McFee WW, Kelly JM), pp. 63–88. Soil Science Society of America, Madison, WI,

USA.

Hinton MJ, Schiff SL, English MC (1997) The significance of storms for the concentra-

tion and export of dissolved organic carbon from two Precambrian Shield catch-

ments. Biogeochemistry, 36, 67–88.

Hinton MJ, Schiff SL, English MC (1998) Sources and flowpaths of dissolved organic

carbon during storms in two forested watersheds of the Precambrian Shield. Bio-

geochemistry, 41, 175–197.

Hongve D, Riise G, Kristiansen JF (2004) Increased colour and organic acid concentra-

tions in Norwegian forest lakes and drinking water - a result of increased precipi-

tation? Aquatic Sciences, 66, 231–238.

Hope D, Billett MF, Cresser MS (1994) A review of the export of carbon in river water:

fluxes and processes. Environmental Pollution, 84, 301–324.

Huang W, McDowell WH, Zou XM, Ruan HH, Wang JS, Li LG (2013) Dissolved

organic carbon in headwater streams and riparian soil organic carbon along an

altitudinal gradient in the Wuyi Mountains, China. PLoS ONE, 8, 1–8.

IPCC (2007) Summary for policymakers. In: Climate Change 2007: Impacts, Adaptation

and Vulnerability. Contribution of Working Group II to the Fourth Assessment Report of

the Intergovernmental Panel on Climate Change (eds Parry ML, Canziani OF, Pal-

utikof JP, Van der Linden PJ, Hanson CE), pp. 81–82. Cambridge University Press,

Cambridge.

Jansson R, Laudon H, Johansson E, Augspurger C (2007) The importance of ground-

water discharge for plant species number in riparian zones. Ecology, 88, 131–139.

Jonsson A, Algesten G, Bergstr€om AK, Bishop K, Sobek S, Tranvik LJ, Jansson M

(2007) Integrating aquatic carbon fluxes in a boreal catchment carbon budget. Jour-

nal of Hydrology, 334, 141–150.

Karlsson J, Berggren M, Ask J, Bystr€om P, Jonsson A, Laudon H, Jansson M (2012)

Terrestrial organic matter support of lake food webs: evidence from lake metabo-

lism and stable hydrogen isotopes of consumers. Limnology and Oceanography, 57,

1042–1048.

Klaminder J, Bindler R, Laudon H, Bishop K, Emteryd O, Renberg I (2006) Flux rates

of atmospheric lead pollution within soils of a small catchment in northern Swe-

den and their implications for future stream water quality. Environmental Science

and Technology, 40, 4639–4645.

Kleber M, Johnson MG (2010) Advances in understanding the molecular structure of

soil organic matter: implications for interactions in the environment. In: Advances

in Agronomy, Vol 106 (ed. Sparks DL), pp. 77–142. Academic Press, San Diego, CA,

USA.

K€ohler SJ, Buffam I, Laudon H, Bishop KH (2008) Climate’s control of intra-annual

and interannual variability of total organic carbon concentration and flux in two

contrasting boreal landscape elements. Journal of Geophysical Research-Biogeoscienc-

es, 113, G03012.

K€ohler SJ, Buffam I, Seibert J, Bishop KH, Laudon H (2009) Dynamics of stream water

TOC concentrations in a boreal headwater catchment: controlling factors and

implications for climate scenarios. Journal of Hydrology, 373, 44–56.

Kuglerov�a L, Jansson R, �Agren A, Laudon H, Malm-Ren€of€alt B (2014) Groundwater

discharge creates hotspots of riparian plant species richness in a boreal forest

stream network. Ecology, 95, 715–725.

Larsen S, Andersen T, Hessen DO (2011) Climate change predicted to cause severe

increase of organic carbon in lakes. Global Change Biology, 17, 1186–1192.

Laudon H, K€ohler S, Buffam I (2004) Seasonal TOC export from seven boreal catch-

ments in northern Sweden. Aquatic Sciences, 66, 223–230.

Laudon H, Sj€oblom V, Buffam I, Seibert J, M€orth M (2007) The role of catchment scale

and landscape characteristics for runoff generation of boreal streams. Journal of

Hydrology, 344, 198–209.

Laudon H, Taberman I, �Agren A, Futter M, Ottosson-L€ofvenius M, Bishop K (2013)

The Krycklan Catchment Study-A flagship infrastructure for hydrology, biogeo-

chemistry, and climate research in the boreal landscape. Water Resources Research,

49, 7154–7158.

Lavonen EE, Gonsior M, Tranvik LJ, Schmitt-Kopplin P, K€ohler SJ (2013) Selec-

tive chlorination of natural organic matter: identification of previously

unknown disinfection byproducts. Environmental Science and Technology, 47,

2264–2271.

Ledesma JLJ, K€ohler SJ, Futter MN (2012) Long-term dynamics of dissolved organic

carbon: implications for drinking water supply. Science of the Total Environment,

432, 1–11.

Ledesma JLJ, Grabs T, Futter MN, Bishop KH, Laudon H, K€ohler SJ (2013) Riparian

zone control on base cation concentration in boreal streams. Biogeosciences, 10,

3849–3868.

Leith FI, Dinsmore KJ, Wallin MB et al. (2014) Carbon dioxide transport across the

hillslope-riparian-stream continuum in a boreal headwater catchment. Biogeo-

sciences Discuss, 11, 15585–15619.

Lepist€o A, Kortelainen P, Mattsson T (2008) Increased organic C and N leaching in a

northern boreal river basin in Finland. Global Biogeochemical Cycles, 22, GB3029.

L€ofgren S, Zetterberg T (2011) Decreased DOC concentrations in soil water in forested

areas in southern Sweden during 1987–2008. Science of the Total Environment, 409,

1916–1926.

L€ofgren S, Gustafsson JP, Bringmark L (2010) Decreasing DOC trends in soil solution

along the hillslopes at two IM sites in southern Sweden - Geochemical modeling

of organic matter solubility during acidification recovery. Science of the Total Envi-

ronment, 409, 201–210.

Lofts S, Simon BM, Tipping E, Woof C (2001) Modelling the solid-solution partition-

ing of organic matter in European forest soils. European Journal of Soil Science, 52,

215–226.

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., 21, 2963–2979

LONG-TERM DOC EXPORT IN BOREAL RIPARIAN ZONES 2977



Lyon SW, Grabs T, Laudon H, Bishop KH, Seibert J (2011) Variability of groundwater

levels and total organic carbon in the riparian zone of a boreal catchment. Journal

of Geophysical Research-Biogeosciences, 116, G01020.

Mac Nally R (2002) Multiple regression and inference in ecology and conservation

biology: further comments on identifying important predictor variables. Biodiver-

sity and Conservation, 11, 1397–1401.

Maehder S (2012) Organic carbon fluxes in a boreal catchment: spatial study of bio-

availability and importance of the riparian zone. MSc thesis. Swedish University

of Agricultural Sciences, Uppsala, Sweden.

McDonnell JJ, McGlynn BL, Kendall K, Shanley J, Kendall C (1998) The role of near-

stream riparian zones in the hydrology of steep upland catchments. In: Hydrology,

Water Resources and Ecology in Headwaters (eds Kovar K, Tappeiner U, Peters NE,

Craig RG), pp. 173–180. IAHS Press, Wallingford, UK.

McDowell WH, Wood T (1984) Podzolization: soil processes control dissolved

organic carbon concentrations in stream water. Soil Science, 137, 23–32.

McGlynn BL, McDonnell JJ (2003a) Role of discrete landscape units in controlling

catchment dissolved organic carbon dynamics. Water Resources Research, 39, 1090.

McGlynn BL, McDonnell JJ (2003b) Quantifying the relative contributions of riparian

and hillslope zones to catchment runoff. Water Resources Research, 39, 1310.

McGlynn BL, Seibert J (2003) Distributed assessment of contributing area and riparian

buffering along stream networks. Water Resources Research, 39, 1082.

Mitsch WJ, Gosselink JG (2007) Wetlands. Wiley, Hoboken, NJ, USA.

Moore TR, Dalva M (2001) Some controls on the release of dissolved organic carbon

by plant tissues and soils. Soil Science, 166, 38–47.

Moore S, Evans CD, Page SE et al. (2013) Deep instability of deforested tropical peat-

lands revealed by fluvial organic carbon fluxes. Nature, 493, 660–664.

Neff JC, Hooper DU (2002) Vegetation and climate controls on potential CO2, DOC

and DON production in northern latitude soils. Global Change Biology, 8, 872–884.

Nyberg L (1995) Water flow path interactions with soil hydraulic properties in till soil

at G�ardsj€on, Sweden. Journal of Hydrology, 170, 255–275.

Oni SK, Futter MN, Bishop K, K€ohler SJ, Ottosson-L€ofvenius M, Laudon H (2013)

Long-term patterns in dissolved organic carbon, major elements and trace metals

in boreal headwater catchments: trends, mechanisms and heterogeneity. Biogeo-

sciences, 10, 2315–2330.
€Oquist MG, Laudon H (2008) Winter soil frost conditions in boreal forests control

growing season soil CO(2) concentration and its atmospheric exchange. Global

Change Biology, 14, 2839–2847.
€Oquist MG, Wallin M, Seibert J, Bishop K, Laudon H (2009) Dissolved inorganic car-

bon export across the soil/stream interface and its fate in a boreal headwater

stream. Environmental Science and Technology, 43, 7364–7369.
€Oquist MG, Bishop K, Grelle A et al. (2014) The full carbon balance of boreal forests is

highly sensitive to precipitation. Environmental Science and Technology Letters, 1,

315–319.

Palmer SM, Hope D, Billett MF, Dawson JJC, Bryant CL (2001) Sources of organic and

inorganic carbon in a headwater stream: evidence from carbon isotope studies.

Biogeochemistry, 52, 321–338.

Peterson BJ, Wollheim WM, Mulholland PJ et al. (2001) Control of nitrogen export

from watersheds by headwater streams. Science, 292, 86–90.

Petrone K, Buffam I, Laudon H (2007) Hydrologic and biotic control of nitrogen

export during snowmelt: A combined conservative and reactive tracer approach.

Water Resources Research, 43, W06420.

Post WM, Emanuel WR, Zinke PJ, Stangenberger AG (1982) Soil carbon pools and

world life zones. Nature, 298, 156–159.

Rodhe A (1989) On the generation of stream runoff in till soils. Nordic Hydrology, 20,

1–8.

Rowe EC, Tipping E, Posch M et al. (2014) Predicting nitrogen and acidity effects on

long-term dynamics of dissolved organic matter. Environmental Pollution, 184, 271–

282.

Sanderman J, Lohse KA, Baldock JA, Amundson R (2009) Linking soils and streams:

sources and chemistry of dissolved organic matter in a small coastal watershed.

Water Resources Research, 45, W03418.

Schiff SL, Aravena R, Trumbore SE, Hinton MJ, Elgood R, Dillon PJ (1997) Export of

DOC from forested catchments on the Precambrian Shield of Central Ontario:

clues from C-13 and C-14. Biogeochemistry, 36, 43–65.

Schiff S, Aravena R, Mewhinney E, Elgood R, Warner B, Dillon P, Trumbore S (1998)

Precambrian shield wetlands: hydrologic control of the sources and export of dis-

solved organic matter. Climatic Change, 40, 167–188.

Schlesinger WH (1977) Carbon balance in terrestrial detritus. Annual Review of Ecology

and Systematics, 8, 51–81.

Schlesinger WH (1997) Biogeochemistry: An Analysis of Global Change. Academic Press, San

Diego, CA, USA.

Schulze ED, Lloyd J, Kelliher FM et al. (1999) Productivity of forests in the Eurosiberi-

an boreal region and their potential to act as a carbon sink - a synthesis. Global

Change Biology, 5, 703–722.

Seibert J, McGlynn BL (2007) A new triangular multiple flow direction algorithm for

computing upslope areas from gridded digital elevation models. Water Resources

Research, 43, W04501.

Seibert J, Bishop K, Rodhe A, McDonnell JJ (2003) Groundwater dynamics along

a hillslope: a test of the steady state hypothesis. Water Resources Research, 39,

1014.

Seibert J, Grabs T, K€ohler S, Laudon H, Winterdahl M, Bishop K (2009) Linking soil-

and stream-water chemistry based on a Riparian Flow-Concentration Integration

Model. Hydrology and Earth System Sciences, 13, 2287–2297.

Shafer MM, Overdier JT, Hurley JP, Armstrong D, Webb D (1997) The influence of

dissolved organic carbon, suspended particulates, and hydrology on the concen-

tration, partitioning and variability of trace metals in two contrasting Wisconsin

watersheds (USA). Chemical Geology, 136, 71–97.

Sierra CA, Jim�enez EM, Reu B, Pe~nuela MC, Thuille A, Quesada CA (2013) Low verti-

cal transfer rates of carbon inferred from radiocarbon analysis in an Amazon Pod-

zol. Biogeosciences, 10, 3455–3464.

Striegl RG, Aiken GR, Dornblaser MM, Raymond PA, Wickland KP (2005) A decrease

in discharge-normalized DOC export by the Yukon River during summer through

autumn. Geophysical Research Letters, 32, L21413.

Strohmeier S, Knorr KH, Reichert M, Frei S, Fleckenstein JH, Peiffer S, Matzner E (2013)

Concentrations and fluxes of dissolved organic carbon in runoff from a forested

catchment: insights from high frequency measurements. Biogeosciences, 10, 905–916.

Stuiver M, Polach HA (1977) Reporting of C-14 data – Discussion. Radiocarbon, 19,

355–363.

Tamminen P, Starr M (1994) Bulk density of forested mineral soils. Silva Fennica, 28,

53–60.

Tarnocai C, Canadell JG, Schuur EAG, Kuhry P, Mazhitova G, Zimov S (2009) Soil

organic carbon pools in the northern circumpolar permafrost region. Global Biogeo-

chemical Cycles, 23, GB2023.

Temnerud J, Bishop K (2005) Spatial variation of streamwater chemistry in two Swed-

ish boreal catchments: implications for environmental assessment. Environmental

Science and Technology, 39, 1463–1469.

Tranvik LJ, Downing JA, Cotner JB et al. (2009) Lakes and reservoirs as regulators of

carbon cycling and climate. Limnology and Oceanography, 54, 2298–2314.

Valinia S, Englund G, Moldan F, Futter MN, K€ohler SJ, Bishop K, F€olster J (2014)

Assessing anthropogenic impact on boreal lakes with historical fish species distri-

bution data and hydrogeochemical modeling. Global Change Biology, 20, 2752–2764.

Waddington JM, Roulet NT (2000) Carbon balance of a boreal patterned peatland.

Global Change Biology, 6, 87–97.

Wallin M, Buffam I, €Oquist M, Laudon H, Bishop K (2010) Temporal and spatial

variability of dissolved inorganic carbon in a boreal stream network: concen-

trations and downstream fluxes. Journal of Geophysical Research-Biogeosciences,

115, G02014.

Wallin MB, Grabs T, Buffam I, Laudon H, �Agren A, €Oquist MG, Bishop K (2013) Eva-

sion of CO2 from streams - The dominant component of the carbon export through

the aquatic conduit in a boreal landscape. Global Change Biology, 19, 785–797.

Wania R, Ross I, Prentice IC (2009) Integrating peatlands and permafrost into a

dynamic global vegetation model: 2. Evaluation and sensitivity of vegetation and

carbon cycle processes. Global Biogeochemical Cycles, 23, 15.

Williamson CE, Morris DP, Pace ML, Olson AG (1999) Dissolved organic carbon and

nutrients as regulators of lake ecosystems: resurrection of a more integrated para-

digm. Limnology and Oceanography, 44, 795–803.

Winterdahl M, Futter M, K€ohler S, Laudon H, Seibert J, Bishop K (2011a) Riparian soil

temperature modification of the relationship between flow and dissolved organic

carbon concentration in a boreal stream. Water Resources Research, 47, W08532.

Winterdahl M, Temnerud J, Futter MN, Lofgren S, Moldan F, Bishop K (2011b) Ripar-

ian zone influence on stream water dissolved organic carbon concentrations at the

Swedish integrated monitoring sites. Ambio, 40, 920–930.

Wolock DM, Fan J, Lawrence GB (1997) Effects of basin size on low-flow stream

chemistry and subsurface contact time in the Neversink River Watershed, New

York. Hydrological Processes, 11, 1273–1286.

Wu JH, Roulet NT (2014) Climate change reduces the capacity of northern peatlands

to absorb the atmospheric carbon dioxide: the different responses of bogs and fens.

Global Biogeochemical Cycles, 28, 1005–1024.

© 2015 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., 21, 2963–2979

2978 J . L . J . LEDESMA et al.



Supporting Information

Additional Supporting Information may be found in the online version of this article:

Table S1 Overview of symbols and abbreviations (in order of appearance in the text)
Table S2 Percentage of 0.5 m 9 0.5 m plots where the specified ground vegetation species were present in the riparian zone
(August 2013)
Figure S3 Wilcoxon test for differences between TOC and DOC in 90 samples collected during summer 2013 in riparian profiles R2,
R5, and R10. Prob>|Z|=0.81 indicates no significant differences between group pairs.
Figure S4 Relationship between carbon content and bulk density in soil samples collected during 2007 and 2012 within the Krycklan
catchment (N = 145).
Figure S5 Relationship between median modelled groundwater table (zGw) (as depth to groundwater table from the surface) and
dominant source layer (DSL) thickness in the 13 riparian profiles in Krycklan.
Figure S6 Simple linear regression models to predict lateral DOC fluxes in the ROK sites from (a) median modelled groundwater
tables (zGw) (as depth to groundwater table from the surface); and (b) topographic wetness indexes (TWI).
Table S7 Sensitivity of theoretical turnover times (TT) of DOC in the riparian profiles to uncertainties in groundwater tables (zGw)
and organic layer widths (OLx)
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