10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30

Riparian zone preecesses-hydrology and soil water total organic
and

upscaling and-of lateral riparian earboen-expoerts TOC exports

carbon (TOC): Implications for spatial variability;

Thomas Grabls, Kevin H. Bishop?, Hjalmar Laudofy Steve W. Lyofi®, Jan Seibett®

!Department of Earth Sciences, Uppsala Universippdala, Sweden

’Department of Physical Geography and Quaternaryld@gp Stockholm University,
Stockholm, Sweden

®Department of Aquatic Sciences and Assessment, Bbpsala, Sweden

“Department of Forest Ecology and Management, Slided] Sweden

®Bert Bolin Centre for Climate Research, Stockholnivdrsity, Stockholm, Sweden

®Department of Geography, University of Zurich, Ztri Switzerland

Correspondence to:

Thomas Grabdlifomas.grabs@geo.uu)se
Earth Sciences

Uppsala University

Villavagen 16

752 36 Uppsala, SWEDEN

Phone: +46 (0)18 471 25 21




31
32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Abstract

Groundwater flowing from hillslopes through ripariénear stream) soils often
undergoes chemical transformations that can suteitgiinfluence stream water
chemistry. We used landscape analysis to predit eoganic carbon (TOC)
concentrations profiles and groundwater levels mneasin the riparian zone (RZ) of a 67
km? catchment in Sweden. TOC exportetkrallyfrom 13 riparian soil profiles was then
estimated based on the riparian flow-concentratitegration model (RIM). Much of the
observed spatial variability of riparian TOC conirations in this system could be
predicted from groundwater levels and the topogapltness index (TWI). Organic
riparian peat soils in forested areas emerged @pbis exporting large amounts of TOC.

ExpertsThese TOC fluxewere subject to considerable temporal variationsed by a

combination of variable flow conditions and champgwoil water TOC concentrations.
From more mineral riparian gley soils, on the ottend, only small amounts with
relatively time-invariant concentrations were expdr Organic and mineral soils in RZs
constitute a heterogeneous landscape mosaipdiattiallycontrols much of the spatial
variability of stream water TOC. We developed ampgital regression-model based on
the TWI to move beyond the plot scale to prediettisfly variable riparian TOC

concentration profiles for RZs underlain by gladitl

Keywords: Krycklan, Valley Bottom Wetlan#iearstreanBuffer-Zene Stream
Water Quality, Topographic Wetness Index TWI, Tervanalysis, Hydrological

Connectivity, Flow Pathway®Riparian, Near-stream
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1. Introduction

Being located directly adjacent to streams, tharigm zone (RZ) is the last strip
of land in contact with groundwater before it daes into the stream netwarkinto

the hyporheic zoneéDue to its location at the land-stream interfabe,RZ can

hydrologically and biogeochemically ‘buffer’ latésabsurface fluxes (McGlynn and
Seibert, 2003; Jencso et al., 2009; Rodhe and $e#d 1). The RZ thus controls
ecologically-significant short-term variations afrtace water quality (Cirmo and
McDonnell, 1997; Hooper et al., 1998; McClain et 2003; Serrano et al., 2008;
Berggren et al., 2009) and quantity (Dunne andIBl&670; Ocampo et al., 2006;
McGlynn and McDonnell, 2003). The RZ often distirghes itself from the surrounding
landscape by characteristic hydromorphic featurelsiding different soils (Hill, 1990)
and vegetation (Jansson et al., 2007). These hyatpdnic features have normally
evolved over long periods of time ranging from savgears to millennia. Understanding
RZ functioning is important for understanding loegm and short-term effects of
upslope hydrological controls (Vidon and Smith, 2P6n riparian vegetation and soils,
which in turn can chemically modulate hydrologiftakes from upslope areas.

A specific example of RZ functioning was put forddry Bishop et al. (2004) to
explain part of the hydrological ‘paradox’ of rapibbilization of ‘old’ water with a
variable streamflow chemistry presented by Kirchi2803). In essence, old (pre-event)
water can be quickly mobilized during a hydrologjie@ent by rapidly rising groundwater
tables in soils with a marked decrease of conditigtivith depth. This has also been
described as a transmissivity feedback mechanigm @odhe, 1989; Bishop et al.,

2011). As the groundwater table rises into mordl@haiparian soil horizons, these
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horizons become hydrologically connected to theastr. If the soil water in the newly
connected soil horizons is chemically differennfriower horizons, then this can result
in the substantial shifts of stream water chemisbrgerved during flow episodes.

This perceptual view has been further develdpaala mathematical framework
called the riparian flow-concentration integratimodel (RIM) (Seibert et al., 2009). In
RIM incremental solute mass effluxes are computethbltiplying solute concentrations
with lateral groundwater flow at each layer ofarian soil profile. Total solutexpert
fluxesrates-are then calculated by integrating the incremesahite mass fluxes across
the soil profile. The RIM concept has provided ggbally plausible linkage between
observed streamflow, groundwater tables and streat®r and soil water chemistry
when tested for a small catchment based on a giipglean soil transect with respect to
the flux of dissolved organic carbon (Bishop, 19%dgrcury (Bishop et al., 1995),
aluminum (Cory et al., 2007), lead (Klaminder ef 2006) and water as quantified by
stable isotopes (Laudon et al., 2004b). A limitatdf the original RIM concept,
however, is the underlying assumption of spatiatiijnogenousencentration
concentratiordepth profiles and groundwater table positiong;esigata from only one
RZ location was available in these earlier studies.

To asses the hydrological and chemical variabdftthe riparian zone across a
landscape, we recently established a Riparian @atey in Krycklan (ROK). The ROK
is a unique study design for monitoring the intéoacbetween soil and stream water
chemistry based on 13 riparian plots located ir6th&nt Krycklan catchment. We
analyzed hydrometric and total organic carbon (T@&)centrations observed during 9

sampling occasions in 2008 and 2009 along withinoatis groundwater and streamflow
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measurements. TOC was chosen over other solutasdeseveral studies have
recognized the RZ as the dominant TOC source (Hiatal., 1998; Fiebig et al., 1990;
Bishop et al., 1990; Dosskey and Bertsch, 1994)muduse TOC is a key controlling
factor for stream water quality (HruSka et al., 208hafer et al., 1997; Erlandsson et al.,
2008) that is sensitive to climatic change (Kdleeal., 2009). Moreover, the assessment
of riparian TOC exports can provide much needels into the mechanisms that
control contributions of inland waters to the glotarbon cycle (Oquist et al., 2009;
Battin et al., 2009; Cole et al., 2007).

In this study we investigated the spatiotemporaktdity of groundwater levels,
soil water TOC concentrations, and TOC export regéom the RZ of a boreal
catchment in Sweden. This also tests the suitalofie lumped RZ representation in
catchment-scale water quality models, such as theeRresentation in the RIM model
(Seibert et al., 2009). We further combined s@ter TOC measurements and
hydrometric observations with landscape analysexgdore the idea that terrain indices
can be used to predict groundwater levels andasdér TOC concentrations in riparian
soils. This implies that combining terrain anadysith a spatially distributed RIM
concept would make it possible to predict the spaariability of riparian TOC
concentrationgateral flons andthus TOC exports from RZs in boreal forested

catchments.

2. Study design

2.1 Location

Riparian groundwater tables and soil water chegnisare monitored in the 67

km? boreal Krycklan catchment, which lies within thiatfeln Experimental Forests (64
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14'N, 19 46'E) about 50 km northwest of Umed, Sweden (Eidur The catchment is
underlain by poorly weathered gneissic bedrock maith sediment deposits at lower
elevations and moraine (glacial till) depositsighkr elevations. The till deposits are
hydrologically characterized by a sharp decreasg/dfaulic conductivity with depth
(Bishop, 1991). Most streams have their headwatete till parts of the catchment
where the combination of gentle topography andpessmeable substrate has led to the
formation of some small lakes, wetlands aathdifiedhydromorphicaiparian
hydromerphiepeatsoils. In the sedimentary parts of the catchmeaveal higher order
streams become more defined in the landscape asalsanithin deeply eroded ravines
bordered by mineral riparian soils (mostly gley)ittincreasing terrain slope or
increasing distance from the stream, hydromorphiaéral or organic) soils give way to

well-drained podzols (spodosols), which repredeatdtominant soil type in Krycklan.

The transition from wet, riparian hydromorphic sdid well-drained, upland
podzols farther away from streams is accompaniedelggtation changes from mosses
(Sphagnum spp.), deciduous treegétula spp, Alnus spp.) and Norway spruce’{cea
abis) at humid locations to vaccinium shrub&écinium spp.) and Scots PinéP{nus

sylvestris) at drier locations.

Based on records from 1980 to 2008 the mean ammu@mperature in the
catchment is 1.7C and the mean annual precipitation is 612 mm, otk
approximately half falls as snow (Laudon et al1P20 About half of the precipitation
leaves the catchment as evapotranspiration anathiee half flows out as surface water

through the stream network (Kdhler et al., 200&lEyear a large spring flood (freshet)
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occurs and marks the end of the average 168 dagrsoef coverage. This spring flood is
the dominant hydrological event in the year witalpélow values between 8 and 12 mm
day* (Laudon et al., 2011). Streamflow has been moait@ontinuously since 1980 at a
thin 9C° V-notch weir in a heated dam house located abthiet of the 50 ha Svartberget

catchment (Figure 1c).

Over the course of millennigaludification-in-bereal-ecosystempparticularin
areas-underlain-by-glaciak-titpnsiderable amounts of organic matter were bpiinu

boreal ecosystems (particularly in areas undebdwiglacial til) hasledto-thehrough the

formation of valley bottom peat soifs\d wetlands (paludificationMore recently, i.e.,

over the past several hundred years (Zackrissaf¥)1uman activities began to
influence large parts of northern Sweden, includimgKrycklan catchment. To favor
forest production under moist-paludifiedconditions, most stream channels in the
region were deepened and additional ditches exed\since the end of the18entury

or earlier (Esseen et al., 1997).

In 1923 the Svartberget research forest was cretitealvers about 25% of the
Krycklan catchment. Since then, forestry has caortihto be practiced at low intensity.
Forests still cover most of the catchment are243&llowed by wetlands (8 %),
agricultural land (3 %) and lakes (1%). Its histand land cover hence make the
Krycklan area fairly representative for much of thierior of northern Sweden and
probably similar to other boreal ecosystems infagehby paludification and low

intensity forestry.
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2.2  Riparian observatory in Krycklan (ROK)

The ROK consists of 13 soil profiles located ia tiparian zone (Figure 1) that
have been instrumented at five depths (15 cm, 3316nem, 60 cm, 75 cm). The sites
were located based on an initial terrain analybis m resolution airborne light detection
and ranging (LIDAR) data and subsequent field sisitdistribute sites across a range of

potentially different wetness conditiorigen sites were placed in the till part, two in the

sedimentary part and one site was placed at thsiti@n between the till and the

sedimentary part of the catchment. Placing the ritgjof the sites in the till part was

motivated by a detailed riparian soil sur(®omberg, 2009)Data from the survey

showed that sedimentary riparian soils were mirssé$ with no or only very shallow

organic horizons while most till riparian soils hiitk peat horizonsx(30 cm).All sites

were installed in October 2007 and have been dpesdtsince then. Each site was
constructed by excavating an approximately 1 m deepl m wide pit 1-2 m from the
stream. Pairs of ceramic cup suction lysimeter)(Kduction cups, UMS pore size 1+
0.1 pm) were inserted at each of the 5 depth iaterin the upslope face of the pit 30 cm
horizontally into the pit face. During back-filrof the pit, shallow groundwater wells
made from perforated PVC pipes (sealed at the im)tteere installed at the center of the
pit (Figure 2). These wells were equipped with Tack® capacitance rods to record
hourly groundwater table positions. Thus, at edtehils the ROK, it was possible to
monitor water table position continuously and ttra&st groundwater or soil water for
chemical analysis. Each installation was documebyeadbting site characteristics

including signs of variable groundwater tables afl as the thickness of the organic
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horizon. Based on the organic horizon thicknesstiks at each ROK site were further
classified as organic, mineral-organic or minedadlss Organic soils were peat (O-
horizon thicknesg 30 cm), mineral soils were gley without organicttea(O-horizon
thickness< 0.5 cm) while all other soils were classified agamic-mineral (gley with

shallow O-horizons).

2.3 Soil water TOC measurements

Soil water samples were extracted manually fronsadtion lysimeters at the 13
ROK sites at 9 individual sampling occasions; i02@nce per month from May to
October and on three occasions (June, August aptei@ber) in 2009. Prior to sampling,
the suction lysimeters were flushed by extractingai50 ml of water which were
discarded. After flushing, soil water samples wexeacted during a period of 24-48
hours and collected in acid-washed and pre-evadi{ptessure -1 bar) Milli-®rinsed
Duran glass bottles. The samples were kept darlcaolduntil they were sub-sampled
and frozen for later analysis. The time from sangptio freezing was typically less than
24 hours. Soil water TOC was measured by a Shima@xt+5000 using catalytic
combustion. The TOC values of the water samplesebetd from lysimeter pairs were
individually analyzed and then averaged to obtasingle TOC concentration for each of

the 5 levels monitored at each site on every sangpulccasion.

It should be noted that suction lysimeters filtat particles of diameters larger
than 1 um. It has also been shown that borealcifaters usually carry negligible
amounts of particulate organic carbon (POC) makisgolved organic carbon (DOC) the

dominant fraction (~95 %) of TOC (Laudon et al.12 Consequently, the riparian soil
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water TOC concentrations presented in this studydaectly comparable to dissolved

organic carbon (DOC) concentrations in the adjastreams.

3. Combined analysis of hydrometric observations and
TOC concentrations

3.1 Lateral flow profiles

Hourly groundwater levels measured at the individR@K sites for the period
May 2008 to September 2009 were related to theespanding values of specific
dischargey [mm day'] measured at the outlet of the Svartberget catoh(&® ha). In
this study, lateral flow profiles represent theat@pecific groundwater discharge passing
laterally through a soil profile expressed as afiom of groundwater table position.
Lateral flow profiles were subsequently used tewaalte specific TOC export rates. To
construct a lateral flow profile, observed grounthwaable positionse,, [m] were first
offset by the maximum observed groundwater tabgtiom zo [m]. The offset
groundwater positions were then fit to specifictiErges using an exponential function
with a flux variablek, [mm d*] and shape variable[m™] (Equation 1). These

parameters were determined by linear regressidnlagf-transformed specific discharge.
0(Zaw) = ko (77 @

The mathematical derivation of such a lateral flmwfile can also be illustrated
using Darcy’s law. The derivation (Equation 2) @digt under the assumptions that (1) the
transmissivity feedback concept (Bishop et al.,130&oupled with Darcian flow is
applicable, (2) hydraulic gradienth/dl [-] are time-invariant and (3) specific discharge

rates are spatially homogenous. These assumptierssnailar to those adopted by

10



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

Seibert et al. (2009), who derived an analyticpiregsion for their suggested riparian
profile flow-concentration integration model (RIM)he specific discharge from a

hillslope with an area, [m?] flowing into the stream along a stream segment of
lengthL [m] can be estimated based on Darcy’s l@#yand L can be combined into
specific lateral contributing arem, = A, /L [m] (Beven and Kirkby, 1979) and

groundwater fluxes from below 1 m depth (.= -1m) are assumed to be negligible, i.e.

A(Z< Zoee) =0.

[BP(Zen=2) = ko [&P(Zen=2) (2)

K oh/d K Cdh/dl
a(z,,) = <A - Ko

Dj ePz%)dz
bla,

¢ Zhase

To reduce scatter in the groundwater-streamfloatieiships, hourly discharge
records were binned at 1 cm groundwater levelsvats across the total depth profile (1
m). In addition periods with surface flow (definasl periods when measured
groundwater tables were above the soil surfacefske2Table ) were removed from
the time series of groundwater levels. These peneete removed because surface flow
violates the assumption of matrix flow when fittifigw profiles. Surface flow occurred

intermittently and mainly at sites adjacent to waetls.

Suitable exponentially shaped lateral flow profileere established for all ROK
sites except for site R14. At this site the grouathwtable varied little with streamflow
and remained within 5 cm below the soil surfacerdumost of the period of
observation. Consequently an exponential curve gEgui 1) could not be fit to the

observed data and a linear flow profile was chasstead (Equation 3).

11
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a(2) =k, #Jz;ﬁ @3)

As before the value of the profile bagg was set to -1 m. The linear flow profile
was manually adjusted to observed data by assunairilpw below z, and a specific

discharge rate of 5.8 mm*dcorresponding to the average specific dischardégh
groundwater tables) when the groundwater tabledatgs the soil surface. While the
adjusted lateral flow profile at site R14 could betexperimentally confirmed, this
choice had only a negligible effect on the caldatabf specificriparianTOC export

rates due to the nearly constant TOC concentratiofile (see following sections).

3.2 Flow-weighted TOC concentrations and specific riparian TOC
export rates

Specific TOC export rates (i.e. the flux of TOC ertpd through a ROK soil
profile normalized by laterally contributing aree@re computed using the riparian
profile flow-concentration integration modeling (Rl approach (Seibert et al., 2009).
For this, 117 (13 sites, 9 occasions) verticallgtomous TOC concentration profiles
were generated by interpolating linearly betweeasneed soil water TOC
concentrations observed during a given samplingsioa at each of the 5 depth intervals
for each ROK site. To extrapolate TOC concentratiamove the most superficial pair of
suction lysimeters (15 cm), TOC concentrations veegimed to be the same as the
average measured at the most superficial pairsiriigters. Correspondingly, to
extrapolate TOC concentrations below the lowestgiaguction lysimeters (75 cm) TOC

concentrations were assumed to be the same avebsdrthe deepest lysimeter.

12



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

In total 13% of the data were missing due to saropfegamination, too little
sample volume or equipment malfunctioning. The ncostplete dataset was collected in
August 2009 (3% missing data) while most gaps aecun May 2008 (25% missing
data). For most profiles more than 4 of 5 concéioina were available. Profiles with
many missing values (between 2 of 5 and 5 of 5 eatnations measured per campaign)
were located at relatively dry sites R1, R4 and &% single occasion (site R4 in

September 2008) no water at all could be extraitted the profile. A missing value was

estimated by the average TOC concentratign(z') of all measurements at the

corresponding deptl’ [m] multiplied by a scaling factor, which was aalited as the

average of tha ratios of observed TOC concentratiang. (z,t) available at the time t of

sampling to the TOC concentratiors.. (z) at the corresponding depths averaged

across all 9 samplings (Equation 4). For the singlzasion at site R4 in September 2008
when all concentration data were missing an avecageentration profile was assumed

(i.e., the scaling factor was set to 1).

Cioo (2 )—Dz°m°((z ;’ Groo (2) 4

After establishing the continuous TOC concentrafioofiles, flow-weightsa(z),
[-] which are values proportional to the increméitdgeral specific groundwater
discharge ratedn(z)/dz, were derived for each ROK site using the expoaétlzteral

flow profile (Equation 1) except site R14 for whittte linear lateral flow profile

(Equation 3) was used.

13
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a)(z) - T =pEPEFO (5)
w2 = 8% = ©

Flow-weighted TOC concentrationsocq(t) were subsequently computed for
each ROK site and sampling occasion by juxtapofivg-weights and continuous TOC
profiles and integrating over the part of the deofhat was below the groundwater table

(z<zsy) at the time of sampling (Equation 7).

Coca)= [0lD) B (22| [wl@)iz (7)

Zhase Zhase

Finally, specificriparianTOC export ratebroc [kg ha® y!] were obtained by
multiplying the flow-weighted TOC concentrationghvspecific discharge and applying

a conversion factor to express the result in [Kg 1§ (Equation 8).
lroc (1) = q(t) E:Toc,q t )(B65 (8)

4. Landscape and regression analysis

We performed a landscape analysis to derive riparae characteristics for each
site in the ROK based on a quaternary deposits(t1dp0,000, Geological Survey of
Sweden, Uppsala, Sweden) (Figure 1) and on teimdioes calculated froma 5 m
resolution digital elevation model (DEM) derivedrn LIDAR data. The terrain indices
were computed using the open source software SAGA(Gonrad, 2007; Bohner et al.,

2008) and comprise specific upslope contributiread., as a surrogate for shallow

14
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335

groundwater flow accumulation), slopgf 3, as a surrogate for local drainage), and the
topographic wetness index (Beven and Kirkby, 19T®k, as a surrogate for shallow
groundwater table position). Upslope contributingeawas calculated using a multiple
direction flow accumulation method (MB) (Seibert and McGlynn, 2007). Slope was
computed based on the derivate of a polynomiabserthat was locally fitted to the

DEM (Zevenbergen and Thorne, 1987). The streamar&twas derived using the
“Channel Network” module in SAGA GIS (Conrad, 208B&hner et al., 2008) and an
initiation threshold area of 5 ha calculated ugshmggMDoo method. To account for
artificially excavated ditches, several streamsengat to start at the beginning of ditches
that had been identified in the field even if teewmulated area was below the initiation

threshold area.

Side-separated lateral contributing areas to all B@#&s and along the entire
stream network were quantified using the SIDE atgor by Grabs et al. (2010). Lateral
contributing areas were divided by the grid-redolu(5 m) to obtain specific
contributing area valuesd). Local TWI values were calculated for the RZsboth
sides of the stream as the logarithm of specifae¢separated) contributing araa

divided by local slopgan (Equation 9).

— aC
™ _|n(tanﬁ] )

To evaluate correlatiorspearmarSpearmamank correlation coefficientss,
were computed between observed TOC concentratiahtharderived terrain indices

(slope, upslope contributing area and TWI). Pralany results indicated that TWI and

15
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soil depth were the major explanatory variables.dqt@ntification, three different
regression models to predict log-transformed awefd@C concentrations at specified
depths and landscape positions (characterizedgstrdmsformed TWI values) were
established using robust, multiple linear regraséitenables and Ripley, 2002). Robust
regression methods can be effectively applied terbekedastic datasets including
potential outliers and allow a considerably morteust estimation of parameters than
standard regression methods. The three regressidalswere established using TOC
values measured at different depths and locatiotisei till parts of the catchment. For
each site and depth the average TOC value ofsah®ling occasions was calculated.

The tested regression models relied on TWI anddggith as the only predictor variables.

5. Results

5.1 Hydrometric observations and soil water TOC concentrations
Soil water TOC concentrations as well as soil @dagsrganic, mineral-organic

and mineral soils) were related to riparian grouaidwlevels and parent material (till or

sediment deposits). Organic soils were locatedllaheiposits at relatively humid or wet

positions (- 045< z,,) in the RZ whereas mineral-organic soils were tedan till
deposits at relatively dry positiong ( < -045) in the RZ. RZs on sediment deposits

were mineral with exception of site R11. Soil wal€¥C concentrations varied from 3 to
97 mg I* at organic soils, from 1 to 43 m§ &t mineral-organic and from 1 to 19 mg |
at mineral soils (excluding site R1T)able-ZT able ). Site R11 was excluded because it
was organic peat at the transition between till segdimentary deposits with TOC
concentrations (4 — 46 mg)l R11 had a lower maximum concentrations compestd

other organic (peat) soils and higher minimum catregions compared with mineral

16
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soils. Average concentration profiles in till saélsowed generally higher TOC
concentrations at sites with more superficial wédbtes (Figure 3), as was reported by
Lyon et al. (2011). For most TOC concentration fesfin till soils, TOC concentrations

also increased towards the soil surface.

RZs in the till parts were ordered with increasingdian groundwater table

positions (z,,) and further grouped into relatively dry mineraganic (z,, < -045m),

humid organic ¢ 045< z,, < —015m) and wet organic%_, >-0.15m) soils (Figure 3).
The wettest riparian till site (R8) was situatedmihe outlet of the Kallkallsmyren

headwater Wetlandz(3W = —003m) while the relatively driest riparian till site iRwas
found on a gley-podzolz,, = -062m). Relatively low groundwater levels at the

mineral-organic RZs (such as R4) could in party@aened by low upslope
contributions of water (indicated by the low valwédateral contributing are&able
2Table 9 and effective drainage related to terrain slapeb{e-ZTable ) in conjunction
with stony soils or ditching. Average TOC concetitna-depth gradients (assuming
exponential decrease with depth) in the till pdthe catchment (Figure 3) were, with
respect to different groundwater table positioteegest at humid locations (50% less
TOC per 53 cm increase in depth) followed by thatseret locations (50% less TOC per
96 cm increase in depth ). TOC concentration-dppafiles at the mineral-organic
locations, on the other hand, showed hardly anseases in soil water TOC
concentrations towards the soil surface. Tempaghbility of TOC concentrations
measured in soils underlain by till (expressedheystandard deviation) increased with

increasing TOC concentrations and with more sugiaffpositions in the soil profiles
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(Figure 3). Site R9 deviated from this patternegh@verage TOC concentrations slightly
increased between 0.75 m to 0.45 m depth but teeredsed between 0.45 m and 0.15 m

depth.

RZs in the sedimentary parts were mineral (R14Rb6) and organic (R11) and
differed from RZs in the till parts with respectaocumulation of organic matter because

it was unrelated to groundwater table positibinis observation is consistent with the

results from a more detailed riparian soil sur@pmberg, 2009) indicating that RZs in

the sedimentary parts are predominantly mineral siéls.In other words, paludification

of these RZs did not occur even in the presenednabst permanently saturated soils at

site R14. (zGW >-002m ). Median groundwater table positions at sitet Rid R15

were -0.03 m and-0.51 m respectively. Mineral RZd telatively low TOC
concentrations and no characteristic shape togheal profile of TOC whereas the
organic RZ exhibited a similar TOC concentratiopitiegradient as seen in organic RZs
in the till parts. TOC concentration depth gradsevdried from positive (site R15) to
negative (site R11) and to almost zero (Site RIdnporal variability of TOC
concentrations at the mineral RZs in the sedimgmarts was low and comparable to the
variability in mineral-organic till soils (Figure).3

5.2 Flow-weighted TOC concentrations and specifiespecific
riparian TOC export rates

For all ROK sites, except for site R14, exponehtishaped lateral flow profiles
could be fit reasonably well to the binned obseovatlata (Figure 4). This allowed
derivation of corresponding depth dependant flovighs (curved grey lines in Figure

3). Flow-weighted concentrationsoc o for each site and sampling occasion (Figure 5b)
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404 were computed consecutively from the continuous pagiiles and flow-weights

405 ‘ (Equation 5). SpecifidparianTOC export rates for a particular d&ysc, which were

406 calculated from specific discharge valupand flow-weighted concentrationgoc q

407 (Equation 6), ranged from 2 to 285 kg'ha® (per unit of laterally contributing area) and
408 varied strongly with discharge conditions (Figubesand 5d). It should be noted that the
409 | specificriparianexport rates were calculated on a daily basishatttheir unit was

410 expressed as flux per year to facilitate companisibn other values published in

411 scientific literature (where fluxes are often cédted on a yearly basis).

412 The shapes of the distributions of average soiewd©OC concentrations (Figure
413 5a) varied because of changing soil water TOC aunatons at the 9 sampling

414 occasions. Variations of calculated flow-weighted( concentrations (Figure 5b) and
415 | specificriparianTOC export rates (Figure 5c¢), on the other harftgged the combined
416 effect of temporally variable TOC concentrationsd aariable specific discharge and
417 groundwater conditions (Figure 5d). In both 2008 2609 average values of TOC
418 concentrationsroc across each profile were slightly higher in Augasti September
419 compared to values in June (Figure 5a). A slightd of average TOC concentrations
420 increasing from spring to fall was visible in 200®ere were only three sampling

421 occasions in 2009 which were too few to detectteanyd.

422 It is noteworthy that changes mainly occurred gaaic soils whereas mineral
423 and mineral-organic soils exhibited only small temgb variations of TOC in absolute
424  terms. This was also confirmed when comparing nrediaundwater tables to (1) flow-
425 weighted TOC ¢roc ¢ values obtained by combining average TOC concémtrarofiles

426  with median groundwater tables) and (2) potentiaiations of flow-weighted TOC
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427 concentrations (minimum and maximueioc  When combining all observed TOC
428 concentration profiles with fopercentile and $bpercentile groundwater positions)
429 (Figure 6a). Potential variations of flow-weightB@C concentrations at each site
430 increased with increasingly organic soils and iasiiegly shallow median groundwater

431 positions.

432 5.3 Landscape and regression analysis

433 Median groundwater table positions correlated &TtkVI (Figure 6b) at all ROK
434  sites, and the corresponding median flow-weight&€Ttoncentrations of all ROK
435 except site R14 sites correlated to the TWI andiamegroundwater table positions
436 (Figure 6a, c). While the shallow median groundwégble position at R14 coincided
437  with the highest TWI value, flow-weighted TOC contrations were largely

438 overestimated for this mineral RZ.

439 Regression models to predict average TOC concenmtsaat the various depths
440 were developed for the ROK sites in the till parftshe catchment. ROK sites in the

441 sedimentary part were not included because (1)pia@ent field surveys had shown that
442 most RZs in the sedimentary part were mineral g{Bysmberg, 2009) and (2) because
443 there were only three ROK sites in the sedimentary. Regression fits for TOC

444  concentrations in the till part were visually e\atkd by plotting predicted against

445 | observed average TOC concentrations (Figur®@ly-For simplicity, onlyTWI was

446 selected for regression modeling since it correlatere with observed average TOC
447 concentrationsr{ = 0.67) than slope and laterally contributingaafe= -0.65 andrs =
448 0.58 respectively). Since linear robust regressiodels were fit on logarithmically

449 transformed variables, plots were generated fovénmbles at the logarithmic scale
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(Figures 7a, c, e) and at the original scale (Egutb, d, f). Robust regression with depth
as the only predictor (mean absolute error of 12" MBOC) variable failed to capture the
variability of the average TOC concentrations (Fé&gu7a, b). When using only TWI as
predictor variable the spectrum of average TOC entrations was mostly covered
(mean absolute error of 9 My TOC). Observed average TOC concentrations, however
scattered considerably when compared to relatieslyor high predicted average TOC
concentrations (Figures 7c¢, d), which is a sighateroskedasticity. Observed average
TOC concentrations were best predicted by a minkialr regression model based on
depth and TWI as predictors (mean absolute err8rrofy I' TOC) (Figures 7e, f).
Although the visual comparison of predicted agaitsterved average TOC
concentrations still revealed a lot of scatpmints were distributed more randomly
around the 1:1 line with fewer apparent clusteamtim the regression models based on

single predictor variables.

6. Discussion
6.1 Hydrometric observations and soil water TOC concentrations

The range of riparian soil water TOC concentratigrem 1 mg 1 to 97 mg T,
Fable-Zable ) measured in this study was almost twice as widin@ range of stream
TOC concentrations at Krycklan (Buffam et al., 2p@rd other boreal Swedish
catchments (Laudon et al., 2004a; Temnerud andBjs2005). The dominant sources of
streamTOC in Krycklan are organic riparian soils, togethdth headwater wetlands and
not the TOC mobilized from podsols at hillslopeaiding into the RZ (Bishop et al.,
1990; Laudon et al., 2011). This corresponds tdifigs in other catchments with high

TOC levels (> 10 mg¥) (Hinton et al., 1998; Fiebig et al., 1990; Bisteifal., 2004;
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Dosskey and Bertsch, 1994)ifferential mixing of riparian soil waters fromftérent

soil horizons as conceptualized in the RIM (Seibtdl., 2009) model is a mechanism

that could explaitMuch-of some ofthe ebservedemporal variability of stream TOC

concentrationgbserved in this and similar catchments as preddamt other authors

(Kohler et al., 2009; Bishop et al., 200@emnerud-etal2007;Buffam-et-al2083h

conceptualized-in-the-RIM-medekor this simple model to be scalable to entireastr

networks,muchthe considerable spatial variability in streB@®@STOC would need to

derive fromvariability in-lateral exports frondifferent types of RZs and wetlands along

the stream network

the-streamAnd, indeedthere seemed to be sufficient spatial variatioRZntypes to

explain some of the spatial variation in stream T€d@centrations at Krycklan. While

the existence of different RZ types does not ptbeeRIM concept, it is a necessary

prerequisite for upscaling RIM from single hillskspor small headwaters to a spatially

distributed representation of riparian TOC expattthe catchment scalee range-ofseoil

token,the range of soil water TOC concentrations as agthe variety of concentration

profile shapes and water table positions obsertgieaROK sites (Figure 3) indicate that

a single representative lumped conceptualizatioshemistry or flow pathways in the RZ
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(e.g. Seibert et al., 2009; Bishop et al., 2004eBeet al., 1996; Kohler et al., 200&n

be inappropriate for predicting the spatio-tempwealability of stream TOC

concentrationsl his appears to be true even when consideringtbelRZs in the till part

of the Krycklan catchment (Figure 3), which onegawttise might easily and mistakenly

think of as being rather homogenous when one doElsave the type of spatial detail in

TOC concentration measurements that could be agaiith the ROKthereseemed-to

All ROK sites except sites R9 and R15 exhibitecead of increasing soil water

TOC concentrations with more superficial soil horig. As site R9 is located on stony till
next to a ditched stream, its soil profile mightédeen subjected to disturbances despite
now being located in a RZ. It is also possible galtdification was less pronounced at
this site. At site R15, which lies in the sedimpatt of Krycklan, neither the mineral
riparian gley soils nor the adjacent hillside pddzaeem to be likely sources of the
observed TOC enriched soil water (up to 19 thgtl60 cm depth) in the lower parts of
the profile. TOC enriched water might have howenrgginated (1)x-from locally buried
organic mattete-in this actively scoured and aggrading flood plaif,ifi2he drainage
water from a small agriculture field located 50 pslope or, (3) in hyporheic fluxes
between the stream and the RZ. Carbon dating tgehgsimight help to further

investigate this question.

Despite the overall variability of observed concetibn-depth profiles, some

common patterns emerged, especially for siteséaciamt the till parts of the catchment
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where the ROK instrumentation was concentralttete, varying soil wetness conditions

appeared teentrotinfluencethe total amount of soil water TOC as well as thape of
the TOC concentration profiles. Organic matter matsbuilt up in drier, more organic-
poor (mineral) till soils to the same degree asnone humid (organic-rich) till soils,

giving lower levels of TOC and less pronouncedigatigradients in TOC (Figure 3).

The lack of a common discernable TOC concentradigih profile at the
sedimentary sites could be attributed to the smattber of sites as well as to an unclear
relation between substrate and soil organic matteamulation. An extrapolation from
three sites to the entire RZ in the sedimentargzeould obviously be uncertain

especially as two of these were selected as irtilegesxtremes rather than typical

sedimentary riparian site®bservations from an independent riparian segitory at
Krycklan (Blomberg, 2009) however indicate that tmiizarian soils in the sedimentary
parts of the catchment were mineral gley soils eBam these observations we would
expect TOC concentrations in water outflows fromisentary RZs to be around 6 mg |

! (average of all TOC concentrations measured es &4 and R15).

Although we found organic soils mostly in RZs urdir by till whereas
sedimentary substrate seemingly implied minerds stsie apparent link between parent
substrate (till or sedimentary material), soil ariganatter (in this case mostly peat) and
soil water TOC has yet to be explained. Soil moésis often not a limiting factor for
peat formation in the sedimentary parts as grouteiwavels are similarly close to the
ground surface as for till sites, which suggesas #arying hydraulic properties of the
substrate are probably not a sufficient explanat@ther potential factors that might

substantially influence riparian peat formation aswubsequently, riparian soil water TOC
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concentrations include differing substrate erodipbdr ionic composition of soil- or
groundwater (Almendinger and Leete, 1998; Nilsstosl.e1991; Giesler et al., 1998)

One additional ROK site (R13, not shown on mapg destroyed after being buried

under sediments from a fourth order stream dunming flood 2008.This event

highlights fluvial processes as an additional fatttat might hinder the accumulation of
organic matter in sedimentary RZs close to higreostreams. At thé7 knf catchment 1
scale, the presence of mineral riparian soils énlthver part othethatcatchment is

another potential explanation for the observed dikgam decreases in stream TOC

concentrations in Krycklan (Agren et al., 2007)ttthaes not rely directly on the spatial

distribution of wetlands.

Temporal variations of soil water TOC concentragiane potentially influenced
by a multitude of interacting factors (Kalbitz &t 2000) including soil temperature
(Freeman et al., 2001), antecedent wetness (Kéhkdr, 2009), soil frost (Haei et al.,
2010), atmospheric deposition (Monteith et al., 0fr atmospheric COconcentrations

(Freeman et al., 2004unoff rates and combinations of these factorka(isson et al.,

2008) The time period of data monitored in this studyswoo short to disentangle the
long and short term interactions of controllingtéas. The temporal variability of soil
water TOC concentration observed in this studyi¢ated by black horizontal lines,
Figure 3), however, can be interpreted as a meaduhe sensitivity of the soil solution
response to a change of one or more external fad#tineral and mineral-organic RZs at
dry till or sedimentary locations appeared lesg@apisble to change over short periods
than organic RZs at humid or wet till locationsgiiie 5). At wet RZs, temporal changes

in soil water chemistry were directly transferredstirface water systems because all soil
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horizons (in particular organic-rich surficial hmoihs) were saturated most of the time
(i.e., hydrologically connected). At humid RZsngoral changes in soil water chemistry
in the transiently saturated part of the profilelifwited by grey, dotted horizontal lines,
Figure 3) were only propagated to surface watewsnvthese horizons had become
saturated (i.e., hydrologically connected). It tappeared (when neglecting potential
effects of laterally expanding or shrinking disdeareas) that (1) very wet or
permanently saturated RZs influenced surface vedtemistry more through
biogeochemical variations in the soil water whit¢ jumid or transiently saturated RZs
influenced surface water chemistry more as a resutiterplay between biogeochemical

and hydrological variations.

6.2 Flow-weighted TOC concentrations and specific riparian TOC
export rates

The RIM concep{Winterdahl et al., 2011b; Seibert et al., 20085 used to

calculate riparian TOC export rates. RIM only agusuor riparian TOC exported by

lateral subsurface flows through a single, chenticssail profile. Consequently, other

potential flow pathways (such as groundwater regdéo the streambed or overland

flow) and biogeochemical processes during trangboough the RZ were not taken into

account. The effect of alternative flow pathwayschittould partially bypass the RZ was

not assessed in detail, though other studies lavigmed the strong relationship

between stream flow and riparian groundwater le(@ésbert et al., 2002). However,

periods of potential overland flow as indicatedgogundwater levels above surface were

relatively limited at most ROK sites (Table 1). $hilso agrees with the transmissivity

feedback mechanis(Bishop, 1991; Bishop et al., 2011)hich implies that even during
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relatively high discharge conditions most runofickes the stream as shallow subsurface

flow rather than as overland flow. That 1991 stathp examined lateral versus vertical

hydraulic gradients during stream events and caoleclihat on two till hillslopes in the

vicinity of the ROK, upwelling groundwater is notrajor factor as lateral subsurface

flow is the dominant flow component.

In contrast to the transmissivity feedback mechar(Bishop, 1991; Laudon et
al., 2004b; Nyberg et al., 2001; Kendall et al99:9Rodhe, 1989) the twather
additionalassumptions (constant hydraulic gradients and hemeayus specific
discharge) that underlie the derivation of latéial profiles have been less intensively
studied in the past. Heterogeneous land cover@muaftaphy, for instance, might
influence the timing, magnitude and direction ofifaulic gradients in the RZ (Bishop,
1994; Vidon and Smith, 2007; Rodhe and Seibert12@% well as the spatial variability

of specific discharge rates (Temnerud et al., 209@n et al., in press).

ChangingHorizontally changingiparian hydraulic gradients effect calculations

in this study to a lesser degree because (1) tlymitnae of riparian hydraulic gradients
and their possible variation are usually small caref to the associated relative changes

of flow (Bishop, 1991) and because (2) slight clesngf flow directions in the direct

605 ‘ vicinity te-of streams have little effect on TOC concentration®iag as the flow is not

606

607

608

reversed. The possibility of a reversal of flow, streams recharging water into the RZ,
has not been further investigated but can be cereiidas rather unlikely for the sites in

this study.
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The use of homogeneous specific discharge rateedd at a single gaging
station could introduce a considerable amount o&tmainty in the estimates of lateral
flow profiles andriparianTOC exports. The streamflow and groundwater tabta dere
binned to reduce scatter, resulting in scattersplath little amounts of apparent noise
(Figure 4). still, it can be expected that the utaipty of lateral flow profiles increases
with increasing specific discharge. Potential irmgtions for flow-weighted TOC
concentrations and specifiparianexport rates depend on the TOC concentration-depth
profiles. For relatively constant profiles (suchséie R14) the exact shape of the flow
profile is of minor importance whereas it can heacal for sites with strongly curved

concentration depth profiles (such as site R7).

Overall, TOC exports from different riparian soibfiles in this study (2 — 285 kg
ha yr?), even if only sustained for a day, covered thir@nange of annual stream TOC
exports (3 — 250 kg Fayr®) observed in other cold temperate or boreal regjinrthe
world (Temnerud et al., 2007; Dawson et al., 208dpe et al., 1994), which highlights
the considerable spatial variability of RZs withirsingle catchment. Organic soils at
humid or wet riparian till locations clearly emedgas hot spots with a considerable
potential tocontroleaspatial and temporal variationsrgfarianTOC exports to streams
(Figure 5 and Figure 6a). Variations of TOC expndsn wet RZs were largely related to
changes in soil water TOC concentrations whileatanms in TOC exports from humid

RZs were related to changing groundwater taplésch were correlated to streamflow

conditions as illustrated by figures 4 andai varying soil water TOC concentrations.

TOC exports from humid RZs were thus controllecpbycesses in the transiently

saturated part of the soil column (Figurea3)other authors have previously explained for
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a single site within this study aré@eibert et al., 2009; Winterdahl et al., 2011a&hBp

et al., 1990). In this study, vertical changes ©iCTconcentrations with depth in the
transiently saturated zone of these humid RZs dapproximately between -1.3 and
+2.5 mgTOCT cm* (determined from measurements at 15 and 30 cnindept
Conversely, mineral-organic soils at dry till RZsnoineral soils at RZs underlain by
sediments exhibited only relatively little changesoil water TOC related attributes

(Figure 3).

It is noteworthy that TOC exported from the RZ, amgarticular its labile

fraction, might be subject to additional procesadle hyporheic zone. Although we

hypothesize that much of the estimated lateratigpal OC exports reaches the stream, a

part of it might be metabolized in either the hypoc zone or within the stream itself and

transformed to dissolved inorganic carbon (DIC)e Tdw rates of TOC breakdown

relative to the short time that water spends indngely shaded stream channel of the

Krycklan streamgWallin et al., 2010and measured rates of TOC mineralization (Kohler

et al., 2002) indicate, however, that only a fewcpat of the TOC will be mineralized in

the stream. The rate of hyporheic processing of Ti@€not, to our knowledge, been

quantified in Fennoscandiatreams, or been suggested to be a major factor in

downstream patterns of TOC (Temnerud et al., 2007).

6.3 Landscape and regression analysis

The TWI appeared appropriate for predicting grousigwtables in RZs located
in both till and sedimentary parts of the catchm&ure 6). On the other hand, the TWI
was found suitable for predicting TOC-related Rilatites only in the till parts of the

catchment, where TOC was also considerably moiiahiarthan in the sedimentary parts
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(Figure 7). In the till areas combining TWI and ttepllowed prediction of the spatial
variability of average TOC concentrations bothifedent riparian landscape positions
and at different depths (Figure 7e and FigureT#f)s is an important step forward
compared to previous studies relying on a singlarian soil profile to represent the
entire RZ in a catchment (Seibert et al., 2009;|&66t al., 2009). This opens up
possibilities for representing the spatial varigpibf stream TOC using the RIM
approach. The poor fit when using a regression inmaed on depth as single predictor
variable further underlined the need to accounttierRZ heterogeneity in the landscape.
Upscaling carbon-related attributes of the RZ sagkoil water TOC concentrations or
soil carbon storages based on the TWI is a prog&pproach that is sufficiently general

to be transferred to other catchments in cold dima

In addition to spatially variable TOC concentrai@nd groundwater tables,
however, the temporal variability in both latedalis and TOC profiles must be
explicitly accounted for to fully simulate dynamiparian carbon exports. Since
groundwater tables (Figure 6b) and flow pathwaysloarelated to topography (Grabs et
al., 2009; Grabs et al., 2010; Lyon et al., 201dpopgraphic landscape analysis is an
approach for upscaling hillslope scale hydrologigaderstanding to the landscape scale.
Temporal variations of concentration depth profile®wvever, also need to be addressed.
We have made a start, but in contrast to wateefiugoil solution chemistry may depend
on other factors than just the water balance, fsotler refinement could be to
incorporate additional information including antéeat conditions, varying temperature
(Kéhler et al., 2009; Winterdahl et al., 2011a)ymrasures of biological activity. The

effect of temporal variations of TOC concentrationsflow weighted TOC
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concentrations and specifiparianTOC export rates is strongest in organic RZs (Fgur
5b, 5¢, 6a and 6c¢), which are also the dominantteswof stream water TOC in
Krycklan. Here, the assumption of time-invarianei@ge TOC concentration depth
profiles (assuming average TOC concentration depifiles) would result in
substantially underestimated ranges of flow-weid®C concentrations (solid error
bars in Figures 6a and 6¢) compared to the potnivade ranges assuming temporally

varying flow-weighted TOC concentrations (dottetbebars in Figures 6a and 6c).

The combined influence of spatial and temporalrogieneities of groundwater
table positions and TOC concentration depths @efibr different RZs could be
summarized schematically (Figure 8). Groundwateletawere most variable in
relatively dry RZs. However, the variability of gnadwater tables implied a high
variability in flow-weighted concentrations onlytaimid or wet organic RZs. This was
because the variability of soil water TOC-conceiires was low in mineral and mineral-
organic soils, which meant that flow-weighted canications did not vary much

regardless of the groundwater table variations.

7. Conclusions

In this study we documented the importance of acting for heterogeneity of
riparian zones with respect to vertical distribot@f lateral flow and TOC
concentrations at the landscape scale and theiioeah role in regulatin¢ateral riparian

TOC exports to stream$his The marked heterogeneity of riparian zoaks® indicated

that lumped representations of riparian zameprebablyinadeguatat the catchment

scalecan be overly simplistiand highlights the nedabthfor more distributed RZ
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representationand more studies of variability in the ripariamemf other landscapes

We further showed that topographic landscape aisatgs provide the necessary basis to
upscale riparian zone processes (e.g., verticilggsof TOC and lateral flow) from the
plot to the catchment scale, which is a prerequisit distributed RZ representations. The
usefulness of topographic indices seemed to bastenswith the idea that topography
has influenced water flows and soil moisture oviélenmia and thereby also soll
development and paludification. The interplay orfyitag lateralflow pathways and
heterogeneity of riparian zones can be expectbee gimilarly crucial for transport
processes involving other key parameters of watality such as nitrate or heavy metals.

While lateral subsurface flow is the major trangpathway through the riparian zones of

Krycklan, alternative pathways such as overland fi@ groundwater recharge to streams

can be more important in other catchmeB&sed on our analysis of hydrometric data

and TOC measurements, riparian zones along thenstnetwork contribute differently to
the observed variability of stream water TOC. Intipalar, we found that organic
riparian zones with peat soils and shallow grouridwtables fluctuating within the upper
40-50 cm of the soil column were hotspots that rdletd most of the temporal

variability of riparianTOC exports to streams. The spatial variabilityipérian-derived
TOC expertsin streams, on the other hand, appeared to beemfked bytheanupstream
mosaic of mineral, mineral-organic and organicnigrazones alongfthe stream

network.
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961 Tables




962 Table1: Site characteristics (minimum and maximum in ezalimn are shown as bold numbers).

963
Groundwater table position (cm) Toc c(onzlg?_rll)tratlon Substrate Topography
th th . Lateral
Site 10 . Median 90 . Abovea) Avg Min Max Pare.nt materdl)al, Slope contributing TWI
Percentile Percentile  surface Soil group area (mz)
R4 -66 -62 -52 0 % 4 1 7 Till, Mineral-Organic | 12.9 % 40.9 4.2
R12 -72 -60 -47 0% 6 3 32 Till, Mineral-Organic 6.8 % 12.5 3.6
R1 -58 -54 -42 0% 10 3 25 Till, Mineral-Organic 8.8% 12.5 3.3
R9 -56 -47 -37 0% 18 3 43 Till, Mineral-Organic 14.0 % 103.3 5
R7 -35 -28 -23 0% 36 12 97 Till, Organic 6.4 % 229.4 6.6
R10 -31 -24 -20 0% 16 3 52 Till, Organic 4.3 % 944.7 8.4
R6 -23 -19 -5 4.5 % 38 7 88 Till, Organic 5.7 % 1153.4 8.3
R5 -19 -15 -10 <0.1% 19 6 44 Till, Organic 7.4 % 100 5.6
R2" -15 -8 -5 1.8% 35 10 76 | Till, Organic 0.6 % 62.1 7.7
Rg" -9 -3 3 27.8 % 30 11 53 | Till, Organic 3.3% 907.4 8.6
R15 -61 -51 -43 0% 9 3 19 Sediment, Mineral 4.7 % 20.8 4.5
R11" -8 -3 0 9.0 % 12 4 46 | Sediment, Organic 1.4% 545.6 8.9
R14 " -5 -2 1 15.5 % 3 1 7 Sediment, Mineral 1.2% 725.5 9.4
Notes

a)

b)

Percentage of time (relative to the total record length) with groundwater tables positioned above the soil surface.

Adjacent to a wetland.

Soil profile with both spodic (podzol) characteristics in the upper and gley characteristics in the lower part of the profile.

d) Soil groups: Mineral = gley soil with O-horizon < 5 cm, Mineral-Organic = gley soil with O-horizon =5 cm and < 30 cm, Organic =
peat with O-horizon = 30 cm

c)
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Figure texts

Figure 1: Locations of the (humbered) riparian monitoringsi(empty white circles) in the Krycklan
catchment (outlined by thin black lines in inseeby the gauging station (black triangle) at thiéeeb of
Svartberget (outlined by thin black lines in insgtStreams and lakes are represented by black anea
thin black lines. Parts of the catchment undettginill are shown as white areas and others unithelola
alluvial sediment deposits are marked by the chagshed areas respectively while wetlands are
highlighted as grey shaded patches. Wetlands &ed kre highlighted as grey patches. Only site reusnb
are shown and “R” prefixes used in the text (prewpthe site digits) were omitted for better reatitgh

Figure 2: lllustration of an instrumented riparian monitaisite. Pairs of suction lysimeters are installied a
15, 30, 45, 60 and 75 centimeters below the sdisa at a distance of about 2 m from the stream. A
perforated PVC tube equipped with an automatic mlagging device is located at mid-distance between
the stream and the suction lysimeter nest. Thensatie coordinate system on the right side of tgark.
illustrates the orientation and datum of the z gdepth, groundwater table) in relation to the isgbateral
flow, solute concentration).

Figure 3: Average TOC concentrationsgoc (circles) from 9 sampling occasions (2008-200%grpolated
TOC profiles (black lines), median groundwater fiosi(solid, grey horizontal line) arttie
(dimensionless) weighting functiodsobtained from lateral flow profiles (light-greyrwes) for all 13
sites. The range of temporal variability of TOC centrations at different depths is represented by
horizontal black lines (average concentration tahdard deviation) and the range of temporal véitgb
of groundwater positions is indicated by dottedydrerizontal lines (10 and 9" percentile of
groundwater positions). Each subpltontains a site label located in the lower righiheo. The
subscripts next to each site number in the lalbelieate mineral (m), mineral-organic (mo) and oig#a)
soil profiles. Rows 1 to 3 represent soil plots entain by till deposits and sorted according ta@asingly
shallow average groundwater positions (dry, humidi&et locations in the®1 2" and &' row
respectively). The lower™row contains sites underlain by sediment deposits.

Figure 4: Binned measurements of groundwater level plotgadrst specific discharge (circles). Fitted,
site-specific lateral flow profiles and their respee 95% confidence intervals are shown as thackl
lines and (thin) grey shaded areas. Each subpitaits a site label located in the lower right @oriThe
subscripts next to each site number in the lalbelsate mineral (m), mineral-organic (mo) and oig&a)
soil profiles. Rows 1 to 3 represent soil plots entain by till deposits and sorted according ta@asingly
shallow average groundwater positions (dry, humidi et locations in the. 2" and &' row
respectively). The lowerrow contains sites underlain by glaciofluvial sednt deposits.

Figure5: Ranges of average TOC profile concentratiqgs (a), flow-weighted profile concentrations
Crocq (D) and specific TOC export rategc (c) and the specific discharge g (d) at the whe
individual sampling occasions (6 in 2008 &n8lin 2009). For each campaign the ranges of TOCeglat
variables (left y-axis) are illustrated by box gl¢tontoured by light-shaded lines) and site-specilues
(short, dark-shaded horizontal lines). Site spesifilues from organic till sites are additionalighlighted
by asterisks and dots respectively at both endseo€orresponding horizontal lines.
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Figure6: Links between median groundwater positiagg median flow-weighted TOC profile
concentrationscfoc q) and the topographic wetness index (TWI). Indpeerleft plot (a) median flow-
weightedcroc 4 values (from 9 sampling occasions in 2008-2008)pdotted against mediaa, values.
The middle plot{b) compares mediamsy values against the TWI whereas ieerright plot (c) compares
mediancroc, 4 Values against the TWI. Vertical error bars shbw1d" and 98" percentile groundwater
positions (b) respectively the potential rangel@fifweighted TOC concentrations (a and ¢) assuming
average profile concentrations (solid lines) aaraying profile concentrations (dotted lines) . @sc
represent sites located in the till parts and giies represent sites located in the sedimentatyopéne
catchment. Organic sites are colored black, mirgtes are white and mineral-organic sites are.dég
numbers are plotted next to the circles and triesigDnly site numbers are shown and “R” prefixesius
the text (preceding the site digits) were omittedifetter readability.

Figure7: Modeled versus predicted average TOC concentrafemgpty circles) for 10 riparian monitoring
sites and 5 different depths (15, 30, 45, 60 andni®elow the surface) in the till part of the ¢mtent. In
the upper row log-transformed TOC concentratioesstilown. Three regression models for TOC were
tested using depth (first column), TWI (middle aoh) as well as using both depth and TWI as predicto
(right column).

Figure 8: Temporal variability as function of riparian zonetwess for different quantities (schematic
figure).
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