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Abstract

Groundwater flowing from hillslopes through ripariénear stream) soils often
undergoes chemical transformations that can sufeitsgnnfluence stream water
chemistry. We used landscape analysis to predait doganic carbon (TOC)
concentrations profiles and groundwater levels nmneakin the riparian zone (RZ) of a 67
km? catchment in Sweden. TOC exported laterally fr@miparian soil profiles was then
estimated based on the riparian flow-concentratitegration model (RIM). Much of the
observed spatial variability of riparian TOC conications in this system could be
predicted from groundwater levels and the topogapktness index (TWI). Organic
riparian peat soils in forested areas emerged @pdbis exporting large amounts of TOC.
These TOC fluxes were subject to considerable teahpariations caused by a
combination of variable flow conditions and chamggoil water TOC concentrations.
From more mineral riparian gley soils, on the othand, only small amounts with
relatively time-invariant concentrations were expdr Organic and mineral soils in RZs
constitute a heterogeneous landscape mosaic tteitfadly controls much of the spatial
variability of stream water TOC. We developed arpeital 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 Wetland, Buffeé@tream Water Quality,
Topographic Wetness Index TWI, Terrain Analysisdifogical Connectivity, Flow

Pathways, 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 disyes into the stream network or into
the hyporheic zone. Due to its location at the {aindam interface, the RZ can
hydrologically and biogeochemically ‘buffer’ latésubsurface fluxes (McGlynn and
Seibert, 2003; Jencso et al., 2009; Rodhe and $e264 1). The RZ thus controls
ecologically-significant short-term variations eirface water quality (Cirmo and
McDonnell, 1997; Hooper et al., 1998; McClain et 2003; Serrano et al., 2008;
Berggren et al., 2009) and quantity (Dunne and IBl&4870; 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 hyatpine features have normally
evolved over long periods of time ranging from sal/gears to millennia. Understanding
RZ functioning is important for understanding loiegm and short-term effects of
upslope hydrological controls (Vidon and Smith, 2D0n riparian vegetation and soils,
which in turn can chemically modulate hydrologittakes from upslope areas.

A specific example of RZ functioning was put ford@dny Bishop et al. (2004) to
explain part of the hydrological ‘paradox’ of rapitbbilization of ‘old’ water with a
variable streamflow chemistry presented by Kirch2003). In essence, old (pre-event)
water can be quickly mobilized during a hydrologieaent by rapidly rising groundwater
tables in soils with a marked decrease of condiigtivith depth. This has also been
described as a transmissivity feedback mechaniggn f@odhe, 1989; Bishop et al.,

2011). As the groundwater table rises into mordl@haiparian soil horizons, these



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

horizons become hydrologically connected to thesastr. If the soil water in the newly
connected soil horizons is chemically differentfirtower horizons, then this can result
in the substantial shifts of stream water chemisbgerved during flow episodes.

This perceptual view has been further developedlantnathematical framework
called the riparian flow-concentration integratondel (RIM) (Seibert et al., 2009). In
RIM incremental solute mass effluxes are computethbltiplying solute concentrations
with lateral groundwater flow at each layer of@arian soil profile. Total solute fluxes
are then calculated by integrating the incremesudalte mass fluxes across the soil
profile. The RIM concept has provided a physicallgusible linkage between observed
streamflow, groundwater tables and stream watesaidvater chemistry when tested
for a small catchment based on a single riparidriramsect with respect to the flux of
dissolved organic carbon (Bishop, 1991), mercuigh{8p et al., 1995), aluminum (Cory
et al., 2007), lead (Klaminder et al., 2006) andewas quantified by stable isotopes
(Laudon et al., 2004b). A limitation of the origirRIM concept, however, is the
underlying assumption of spatially homogenous cotraion-depth profiles and
groundwater table positions, since data from onky BZ location was available in these
earlier studies.

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

sampling occasions in 2008 and 2009 along withioaoatis groundwater and streamflow



102 measurements. TOC was chosen over other solutasdeseveral studies have

103 recognized the RZ as the dominant TOC source (Hiatal., 1998; Fiebig et al., 1990;
104 Bishop et al., 1990; Dosskey and Bertsch, 1994)bauduse TOC is a key controlling
105 factor for stream water quality (Hruska et al., 208hafer et al., 1997; Erlandsson et al.,
106 2008) that is sensitive to climatic change (Koleteal., 2009). Moreover, the assessment
107 of riparian TOC exports can provide much needeigms into the mechanisms that

108 control contributions of inland waters to the glbtarbon cycle (Oquist et al., 20009;

109 Battin et al., 2009; Cole et al., 2007).

110 In this study we investigated the spatiotemporakgslity of groundwater levels,
111 soil water TOC concentrations, and TOC export ratas the RZ of a boreal catchment
112 in Sweden. This also tests the suitability of apech RZ representation in catchment-
113 scale water quality models, such as the RZ reptasen in the RIM model (Seibert et
114  al., 2009). We further combined soil water TOC sugaments and hydrometric

115 observations with landscape analysis to exploredis that terrain indices can be used
116 to predict groundwater levels and soil water TO@asmtrations in riparian soils. This
117 implies that combining terrain analysis with a gt distributed RIM concept would
118 make it possible to predict the spatial variabitifyriparian TOC concentrations, lateral

119 flows and, thus, TOC exports from RZs in boreaéfded catchments.

120 2. Study design

121 2.1 Location

122 Riparian groundwater tables and soil water chegnisére monitored in the 67
123  km?® boreal Krycklan catchment, which lies within thiifeln Experimental Forests (64

124 14N, 19 46’E) about 50 km northwest of Umea, Sweden (Fidl)t The catchment is
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underlain by poorly weathered gneissic bedrock cayevith sediment deposits at lower
elevations and moraine (glacial till) depositsighkr elevations. The till deposits are
hydrologically characterized by a sharp decreadg/dfaulic conductivity with depth
(Bishop, 1991). Most streams have their headwatetee till parts of the catchment
where the combination of gentle topography andpessmeable substrate has led to the
formation of some small lakes, wetlands and hydmpma riparian peat soils. In the
sedimentary parts of the catchment, several higrdar streams become more defined in
the landscape as channels within deeply erodedeawordered by mineral riparian soils
(mostly gley). With increasing terrain slope orrg&sing distance from the stream,
hydromorphic (mineral or organic) soils give wayell-drained podzols (spodosols),

which represent the dominant soil type in Krycklan.

The transition from wet, riparian hydromorphic sd well-drained, upland
podzols farther away from streams is accompaniegelggtation changes from mosses
(Sphagnum spp.), deciduous treeBétula spp, Alnus spp.) and Norway spruceP({cea
abis) at humid locations to vaccinium shrub&¢cinium spp.) and Scots Piné’(nus

sylvestris) at drier locations.

Based on records from 1980 to 2008 the mean amnui@mperature in the
catchment is 1.7C and the mean annual precipitation is 612 mm,lo€kv
approximately half falls as snow (Laudon et al1 20 About half of the precipitation
leaves the catchment as evapotranspiration ancthiee half flows out as surface water
through the stream network (Kohler et al., 200&xltyear a large spring flood (freshet)
occurs and marks the end of the average 168 dagrsoef coverage. This spring flood is

the dominant hydrological event in the year witlalp#ow values between 8 and 12 mm



148 day" (Laudon et al., 2011). Streamflow has been mosit@ontinuously since 1980 at a
149 thin 9C¢° V-notch weir in a heated dam house located adtitiet of the 50 ha Svartberget

150 catchment (Figure 1c).

151 Over the course of millennia, considerable amoahtgganic matter were built
152 up in boreal ecosystems (particularly in areas taateby glacial till) through the

153 formation of valley bottom peat soils and wetlauisludification). More recently, i.e.,
154  over the past several hundred years (Zackrissaf¥)18uman activities began to

155 influence large parts of northern Sweden, includhmgKrycklan catchment. To favor
156 forest production under moist conditions, mostastrehannels in the region were
157 deepened and additional ditches excavated sinaenthef the 19 century or earlier

158 (Esseen et al., 1997).

159 In 1923 the Svartberget research forest was crettenlvers about 25% of the
160 Krycklan catchment. Since then, forestry has camtihto be practiced at low intensity.
161 Forests still cover most of the catchment ared(3&llowed by wetlands (8 %),

162 agricultural land (3 %) and lakes (1%). Its histand land cover hence make the

163 Krycklan area fairly representative for much of thierior of northern Sweden and
164 probably similar to other boreal ecosystems infagghby paludification and low

165 intensity forestry.

166

167 2.2 Riparian observatory in Krycklan (ROK)

168 The ROK consists of 13 soil profiles located ia tiparian zone (Figure 1) that

169 have been instrumented at five depths (15 cm, 3G8&mem, 60 cm, 75 cm). The sites
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were located based on an initial terrain analykis m resolution airborne light detection
and ranging (LIDAR) data and subsequent field sigtdistribute sites across a range of
potentially different wetness conditions. Ten sitese 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 ntgjof the sites in the till part was
motivated by a detailed riparian soil survey (Blardy 2009). Data from the survey
showed that sedimentary riparian soils were mirgsd$ with no or only very shallow
organic horizons while most till riparian soils hidwtk peat horizonsx30 cm). All sites
were installed in October 2007 and have been dperdtsince 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 um) were inserted at each of the 5 depth iatein the upslope face of the pit 30 cm
horizontally into the pit face. During back-filjof the pit, shallow groundwater wells
made from perforated PVC pipes (sealed at the im)ticere installed at the center of the
pit (Figure 2). These wells were equipped with fack® capacitance rods to record
hourly groundwater table positions. Thus, at edehis the ROK, it was possible to
monitor water table position continuously and ttr&st groundwater or soil water for
chemical analysis. Each installation was documehyedoting site characteristics
including signs of variable groundwater tables a#l as the thickness of the organic
horizon. Based on the organic horizon thicknessthls at each ROK site were further
classified as organic, mineral-organic or mineoalss Organic soils were peat (O-

horizon thicknes& 30 cm), mineral soils were gley without organictt@a(O-horizon
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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; i@0nce per month from May to
October and on three occasions (June, August goiegi@ber) in 2009. Prior to sampling,
the suction lysimeters were flushed by extractipgdau50 ml of water which were
discarded. After flushing, soil water samples wextacted during a period of 24-48
hours and collected in acid-washed and pre-evad§ptessure -1 bar) Milli-®rinsed
Duran glass bottles. The samples were kept darkcaolduntil they were sub-sampled
and frozen for later analysis. The time from sanmgptio freezing was typically less than
24 hours. Soil water TOC was measured by a Shimaid@xtr5000 using catalytic
combustion. The TOC values of the water samplasebetd from lysimeter pairs were
individually analyzed and then averaged to obtasimgle TOC concentration for each of

the 5 levels monitored at each site on every saigmccasion.

It should be noted that suction lysimeters filtat particles of diameters larger
than 1 um. It has also been shown that borealivaters usually carry negligible
amounts of particulate organic carbon (POC) makisgolved organic carbon (DOC) the
dominant fraction (~95 %) of TOC (Laudon et al.12Q) Consequently, the riparian soil
water TOC concentrations presented in this studydaectly comparable to dissolved

organic carbon (DOC) concentrations in the adjasgraims.
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3. Combined analysis of hydrometric observations and
TOC concentrations

3.1 Lateral flow profiles

Hourly groundwater levels measured at the indiidR@K sites for the period
May 2008 to September 2009 were related to theesponding values of specific
dischargeg [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 tewalte specific TOC export rates. To
construct a lateral flow profile, observed grountewvaable positionsey, [M] were first
offset by the maximum observed groundwater tab#tiom z, [m]. The offset
groundwater positions were then fit to specifictarges using an exponential function
with a flux variablek, [mm d?] and shape variable[m™] (Equation 1). These

parameters were determined by linear regressidnlag-transformed specific discharge.

0(Zgy) = ko @) (1)

The mathematical derivation of such a lateral flmafile can also be illustrated
using Darcy’s law. The derivation (Equation 2) &id 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
Seibert et al. (2009), who derived an analyticgiregsion for their suggested riparian

profile flow-concentration integration model (RIM)he specific discharge from a

1C
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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 are@. = A, /L [m] (Beven and Kirkby, 1979) and

groundwater fluxes from below 1 m depth (.=  -)@re assumed to be negligible, i.e.
A(Z< Z,) = 0.
K ah/d 5 - K Cdh/dl . .
z. )= 0| e’=») gz = [eP(Zen=2) = | [@P(Zeu2) (D
Azo) == " 0] b B, : )

Zhase

To reduce scatter in the groundwater-streamfloati@iships, hourly discharge
records were binned at 1 cm groundwater levelsvate across the total depth profile (1
m). In addition periods with surface flow (definasl periods when measured
groundwater tables were above the soil surfaceTabke 1) were removed from the time
series of groundwater levels. These periods weneved because surface flow violates
the assumption of matrix flow when fitting flow giles. Surface flow occurred

intermittently and mainly at sites adjacent to aedls.

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

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

©)

11
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As before the value of the profile bagg was set to -1 m. The linear flow profile
was manually adjusted to observed data by assunairfipw below z,,, and a specific

discharge rate of 5.8 mm*dcorresponding to the average specific dischardpégh
groundwater tables) when the groundwater tablegatds 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 specific riparian TOC 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 extpd through a ROK soil
profile normalized by laterally contributing are@@re computed using the riparian
profile flow-concentration integration modeling (R approach (Seibert et al., 2009).
For this, 117 (13 sites, 9 occasions) verticallgtoaious TOC concentration profiles
were generated by interpolating linearly betweeasueed soil water TOC
concentrations observed during a given samplinggioa at each of the 5 depth intervals
for each ROK site. To extrapolate TOC concentrat@nove the most superficial pair of
suction lysimeters (15 cm), TOC concentrations ves®imed to be the same as the
average measured at the most superficial pairsihigters. Correspondingly, to
extrapolate TOC concentrations below the lowest@asuction lysimeters (75 cm) TOC

concentrations were assumed to be the same avebtsdrthe deepest lysimeter.

In total 13% of the data were missing due to saropigamination, too little

sample volume or equipment malfunctioning. The ncostplete dataset was collected in

12



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

August 2009 (3% missing data) while most gaps aecuin May 2008 (25% missing
data). For most profiles more than 4 of 5 concéiotna were available. Profiles with
many missing values (between 2 of 5 and 5 of 5 eoinations 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 extraftted 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 aallated as the

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

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

across all 9 samplings (Equation 4). For the singlEsion 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).

o (2) = (B ) B (2) @

After establishing the continuous TOC concentraparfiles, flow-weightsa(2z),
[-] which are values proportional to the incremértdgeral specific groundwater
discharge ratedy(z)/dz, were derived for each ROK site using the exptinklateral

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

(Equation 3) was used.

dg/dz

0

w(z) = =b[e"*™ ()

13
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dg/dz
wt2)= T =y ©)
0
Flow-weighted TOC concentrationfocq(t) were subsequently computed for
each ROK site and sampling occasion by juxtapoovgweights and continuous TOC
profiles and integrating over the part of the geofhat was below the groundwater table

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

Cocq) = 6D B (202 | [l@)eiz (7)

Zhase Zpase

Finally, specific riparian TOC export ratesc [kg ha® y*'] were obtained by
multiplying the flow-weighted TOC concentrationghvspecific discharge and applying

a conversion factor to express the result in [Kg yi§ (Equation 8).

lroc (1) = A(t) Eroc , €)IBES (8)

4. Landscape and regression analysis

We performed a landscape analysis to derive ripage characteristics for each
site in the ROK based on a quaternary deposits(didp0,000, Geological Survey of
Sweden, Uppsala, Sweden) (Figure 1) and on teimdioes calculated froma 5 m
resolution digital elevation model (DEM) derivedin LIDAR data. The terrain indices
were computed using the open source software SAGA(Gonrad, 2007; Béhner et al.,
2008) and comprise specific upslope contributirepd., as a surrogate for shallow

groundwater flow accumulation), slop@f £, as a surrogate for local drainage), and the

topographic wetness index (Beven and Kirkby, 197T9YI, as a surrogate for shallow

14
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groundwater table position). Upslope contributinggawas 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, 20BGhner et al., 2008) and an
initiation threshold area of 5 ha calculated ugshggyMDoo method. To account for
artificially excavated ditches, several streamsevngat to start at the beginning of ditches
that had been identified in the field even if tloewmulated area was below the initiation

threshold area.

Side-separated lateral contributing areas to alKR{es and along the entire
stream network were quantified using the SIDE algor by Grabs et al. (2010). Lateral
contributing areas were divided by the grid-resolu(5 m) to obtain specific
contributing area valuesad). Local TWI values were calculated for the RZsboith
sides of the stream as the logarithm of specifde¢separated) contributing araa

divided by local slopganf (Equation 9).

j— aC
™ = In(tanﬂJ 9)

To evaluate correlations Spearman rank correlato@fficients s, were
computed between observed TOC concentrations andettived terrain indices (slope,
upslope contributing area and TWI). Preliminaryiesindicated that TWI and soil
depth were the major explanatory variables. Fontjiigation, three different regression

models to predict log-transformed average TOC catnagons at specified depths and

15
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landscape positions (characterized by log-transédrifiwI values) were established
using robust, multiple linear regression (Venalaleg Ripley, 2002). Robust regression
methods can be effectively applied to heteroskéxldatasets including potential outliers
and allow a considerably more robust estimatiopashmeters than standard regression
methods. The three regression models were establissing TOC values measured at
different depths and locations in the till partsted catchment. For each site and depth
the average TOC value of all 9 sampling occasicas ealculated. The tested regression

models relied on TWI and soil depth as the onlypmter 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 grouadwlevels and parent material (till or

sediment deposits). Organic soils were locatedllateposits 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 1" at organic soils, from 1 to 43 mg &t mineral-organic and from 1 to 19 myg |
at mineral soils (excluding site R11) (Table 1}Je$11 was excluded because it was
organic peat at the transition between till andreedtary deposits with TOC
concentrations (4 — 46 mg)l R11 had a lower maximum concentrations compestd
other organic (peat) soils and higher minimum cobregions compared with mineral
soils. Average concentration profiles in till salsowed generally higher TOC

concentrations at sites with more superficial wedbtes (Figure 3), as was reported by

16
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Lyon et al. (2011). For most TOC concentration gesfin till soils, TOC concentrations

also increased towards the soil surface.

RZs in the till parts were ordered with increasingdian groundwater table

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

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

headwater wetlandz = —003m) while the relatively driest riparian till site fiRwas
found on a gley-podzolZ, = -062m). Relatively low groundwater levels at the

mineral-organic RZs (such as R4) could in partyaned by low upslope
contributions of water (indicated by the low valwddateral contributing area, Table 1)
and effective drainage related to terrain slopél@a) in conjunction with stony soils or
ditching. Average TOC concentration-depth gradi¢assuming exponential decrease
with depth) in the till part of the catchment (FigB) were, with respect to different
groundwater table positions, steepest at humiditots (50% less TOC per 53 cm
increase in depth) followed by those at wet locei(b0% less TOC per 96 cm increase
in depth ). TOC concentration-depth profiles atrttireral-organic locations, on the
other hand, showed hardly any increases in sogmWEDC concentrations towards the
soil surface. Temporal variability of TOC concetittas measured in soils underlain by
till (expressed by the standard deviation) incrdasih increasing TOC concentrations
and with more superficial positions in the soilfdes (Figure 3). Site R9 deviated from
this pattern; here average TOC concentrationstyligicreased between 0.75 m to 0.45

m depth but then decreased between 0.45 m andrOdepth.
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RZs in the sedimentary parts were mineral (R14Rib%) and organic (R11) and
differed from RZs in the till parts with respectaocumulation of organic matter because
it was unrelated to groundwater table positionsTdbservation is consistent with the
results from a more detailed riparian soil surv@pnberg, 2009) indicating that RZs in
the sedimentary parts are predominantly mineral géls. In other words, paludification
of these RZs did not occur even in the presenednodst permanently saturated soils at

site R14. ¢, >-002m ). Median groundwater table positions at site$ Bid R15

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

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

For all ROK sites, except for site R14, exponelttishaped lateral flow profiles
could be fit reasonably well to the binned obseovatlata (Figure 4). This allowed
derivation of corresponding depth dependant flovigiMs (curved grey lines in Figure
3). Flow-weighted concentratiogsoc o for each site and sampling occasion (Figure 5b)
were computed consecutively from the continuous podiles and flow-weights
(Equation 5). Specific riparian TOC export ratesdgarticular day;roc, which were

calculated from specific discharge valugsnd flow-weighted concentrationsocq
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404 (Equation 6), ranged from 2 to 285 kg*ha® (per unit of laterally contributing area) and
405 varied strongly with discharge conditions (Figubesand 5d). It should be noted that the
406 specific riparian export rates were calculated daity basis but that their unit was

407 expressed as flux per year to facilitate comparigitin other values published in

408 scientific literature (where fluxes are often cédt¢ed on a yearly basis).

409 The shapes of the distributions of average soiew&OC concentrations (Figure
410 5a) varied because of changing soil water TOC aunagons at the 9 sampling

411 occasions. Variations of calculated flow-weightedd concentrations (Figure 5b) and
412  specific riparian TOC export rates (Figure 5c)tlom other hand, reflected the combined
413 effect of temporally variable TOC concentrationd &ariable specific discharge and
414 groundwater conditions (Figure 5d). In both 2008 2609 average values of TOC

415 concentrationsroc across each profile were slightly higher in Augusti September

416 compared to values in June (Figure 5a). A sliginid of average TOC concentrations
417 increasing from spring to fall was visible in 200®ere were only three sampling

418 occasions in 2009 which were too few to detecttesryd.

419 It is noteworthy that changes mainly occurred gaaic soils whereas mineral
420 and mineral-organic soils exhibited only small temgb variations of TOC in absolute
421 terms. This was also confirmed when comparing nredraundwater tables to (1) flow-
422  weighted TOC ¢roc ¢ Values obtained by combining average TOC conceoitrarofiles
423 with median groundwater tables) and (2) potentlations of flow-weighted TOC
424  concentrations (minimum and maximucfoc q When combining all observed TOC
425 concentration profiles with f0percentile and 90percentile groundwater positions)

426 (Figure 6a). Potential variations of flow-weightE@C concentrations at each site
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increased with increasingly organic soils and iashegly shallow median groundwater

positions.

5.3 Landscape and regression analysis

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

overestimated for this mineral RZ.

Regression models to predict average TOC concemisadt the various depths
were developed for the ROK sites in the till paftshe catchment. ROK sites in the
sedimentary part were not included because (1)pwigent field surveys had shown that
most RZs in the sedimentary part were mineral g{Bysmberg, 2009) and (2) because
there were only three ROK sites in the sedimerpary. Regression fits for TOC
concentrations in the till part were visually eatkd by plotting predicted against
observed average TOC concentrations (Figure 7)siRgplicity, only TWI was selected
for regression modeling since it correlated mordwbserved average TOC
concentrationsr{ = 0.67) than slope and laterally contributingaafe= -0.65 andrs =
0.58 respectively). Since linear robust regressiodels were fit on logarithmically
transformed variables, plots were generated fow#inables at the logarithmic scale
(Figures 7a, c, e) and at the original scale (Fgutb, d, f). Robust regression with depth
as the only predictor (mean absolute error of 12" MEOC) variable failed to capture the

variability of the average TOC concentrations (Fggu7a, b). When using only TWI as
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predictor variable the spectrum of average TOC epntrations was mostly covered
(mean absolute error of 9 Mg TOC). Observed average TOC concentrations, however
scattered considerably when compared to relatiesor high predicted average TOC
concentrations (Figures 7c, d), which is a sigheteroskedasticity. Observed average
TOC concentrations were best predicted by a muakiar regression model based on
depth and TWI as predictors (mean absolute err8rrof I' TOC) (Figures 7e, f).
Although the visual comparison of predicted agaiisterved average TOC
concentrations still revealed a lot of scatternpoivere distributed more randomly
around the 1:1 line with fewer apparent clusteastim 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 I* to 97 mg 1,
Table 1) measured in this study was almost twiceids as the range of stream TOC
concentrations at Krycklan (Buffam et al., 2007¢l ather boreal Swedish catchments
(Laudon et al., 2004a; Temnerud and Bishop, 20083.dominant sources of stream
TOC in Krycklan are organic riparian soils, togeth&h headwater wetlands and not the
TOC mobilized from podsols at hillslopes drainingpithe RZ (Bishop et al., 1990;
Laudon et al., 2011). This corresponds to findimgsther catchments with high TOC
levels (> 10 mg?) (Hinton et al., 1998; Fiebig et al., 1990; Bisteial., 2004; Dosskey
and Bertsch, 1994). Differential mixing of ripariaail waters from different soll
horizons as conceptualized in the RIM (Seibert.e809) model is a mechanism that

could explain some of the temporal variabilitystieam TOC concentrations observed in
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473 this and similar catchments as presented by otitoes (Kohler et al., 2009; Bishop et
474  al., 2004) . For this simple model to be scalablerttire stream networks, much the
475 considerable spatial variability in stream TOC vebnéed to derive from variability in
476 lateral exports from different types of RZs andlamds along the stream network.. And,
477 indeed, there seemed to be sufficient spatial tranan RZ types to explain some of the
478 spatial variation in stream TOC concentrations cKlan. While the existence of

479 different RZ types does not prove the RIM concips, a necessary prerequisite for
480 upscaling RIM from single hillslopes or small headers to a spatially distributed

481 representation of riparian TOC exports at the catatit scale. By the same token, the
482 range of soil water TOC concentrations as welhasvariety of concentration profile
483 shapes and water table positions observed at thed®€s (Figure 3) indicate that a
484  single representative lumped conceptualizatiorhehastry or flow pathways in the RZ
485 (e.g. Seibert et al., 2009; Bishop et al., 2004 eBeet al., 1996; Kohler et al., 2009) can
486 be inappropriate for predicting the spatio-tempweealability of stream TOC

487 concentrationsThis appears to be true even when consideringtbelyRZs in the till part
488 of the Krycklan catchment (Figure 3), which oneestitise might easily and mistakenly
489 think of as being rather homogenous when one doelave the type of spatial detail in

490 TOC concentration measurements that could be amtaiith the ROK.

491 All ROK sites except sites R9 and R15 exhibitetead of increasing soil water
492 TOC concentrations with more superficial soil horig. As site R9 is located on stony till
493 next to a ditched stream, its soil profile mightédeen subjected to disturbances despite
494 now being located in a RZ. It is also possible gradtidification was less pronounced at

495 this site. At site R15, which lies in the sedimpatt of Krycklan, neither the mineral

22



496 riparian gley soils nor the adjacent hillside pddzeem to be likely sources of the
497 observed TOC enriched soil water (up to 19 thgtl60 cm depth) in the lower parts of
498 the profile. TOC enriched water might have howewdginated (1) from locally buried
499 organic matter in this actively scoured and aggradiood plain, (2) in the drainage
500 water from a small agriculture field located 50 pslope or, (3) in hyporheic fluxes
501 between the stream and the RZ. Carbon dating tgeésimight help to further

502 investigate this question.

503 Despite the overall variability of observed concatn-depth profiles, some

504 common patterns emerged, especially for siteséalcat the till parts of the catchment
505 where the ROK instrumentation was concentratede Herying soil wetness conditions
506 appeared to influence the total amount of soil watC as well as the shape of the TOC
507 concentration profiles. Organic matter has notthwglin drier, more organic-poor

508 (mineral) till soils to the same degree as on nimid (organic-rich) till soils, giving

509 lower levels of TOC and less pronounced verticatiggnts in TOC (Figure 3).

510 The lack of a common discernable TOC concentradigpth profile at the

511 sedimentary sites could be attributed to the smatiber of sites as well as to an unclear
512 relation between substrate and soil organic matteumulation. An extrapolation from
513 three sites to the entire RZ in the sedimentaryzaeould obviously be uncertain

514 especially as two of these were selected as integesxtremes rather than typical

515 sedimentary riparian sites. Observations from dependent riparian soil inventory at
516 Krycklan (Blomberg, 2009) however indicate that trggarian soils in the sedimentary

517 parts of the catchment were mineral gley soilseBam these observations we would

23



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

expect TOC concentrations in water outflows fromisentary RZs to be around 6 mg |

! (average of all TOC concentrations measured es 8§14 and R15).

Although we found organic soils mostly in RZs urder by till whereas
sedimentary substrate seemingly implied minerds sthie apparent link between parent
substrate (till or sedimentary material), soil anigamatter (in this case mostly peat) and
soil water TOC has yet to be explained. Soil meesis often not a limiting factor for
peat formation in the sedimentary parts as groutetwavels are similarly close to the
ground surface as for till sites, which suggesas #arying hydraulic properties of the
substrate are probably not a sufficient explanatizther potential factors that might
substantially influence riparian peat formation asubsequently, riparian soil water TOC
concentrations include differing substrate erodipdr ionic composition of soil- or
groundwater (Almendinger and Leete, 1998; Nilsstoal.¢ 1991, Giesler et al., 1998)
One additional ROK site (R13, not shown on map3 destroyed after being buried
under sediments from a fourth order stream dunimong flood 2008.This event
highlights fluvial processes as an additional fatihat might hinder the accumulation of
organic matter in sedimentary RZs close to higleostreams. At the 67 Krsatchment
scale, the presence of mineral riparian soils énlover part of that catchment is another
potential explanation for the observed downstreaorehses 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 concentratiane 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.,
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2010), atmospheric deposition (Monteith et al., D08 atmospheric C{concentrations
(Freeman et al., 2004), runoff rates and combinataf these factors (Erlandsson et al.,
2008). The time period of data monitored in thiglgtwas too short to disentangle the
long and short term interactions of controllingtéas. The temporal variability of soil
water TOC concentration observed in this studyi¢agtd 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#ineral and mineral-organic RZs at
dry till or sedimentary locations appeared lessesptble to change over short periods
than organic RZs at humid or wet till locationsg(iiie 5). At wet RZs, temporal changes
in soil water chemistry were directly transferredstirface water systems because all soil
horizons (in particular organic-rich surficial howns) were saturated most of the time
(i.e., hydrologically connected). At humid RZanigoral changes in soil water chemistry
in the transiently saturated part of the profilelif@ited by grey, dotted horizontal lines,
Figure 3) were only propagated to surface wateesnwthese horizons had become
saturated (i.e., hydrologically connected). It tAppeared (when neglecting potential
effects of laterally expanding or shrinking disafeareas) that (1) very wet or
permanently saturated RZs influenced surface vadtemistry more through
biogeochemical variations in the soil water wh2¢ lfjumid or transiently saturated RZs
influenced surface water chemistry more as a resutiterplay between biogeochemical

and hydrological variations.
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6.2 Flow-weighted TOC concentrations and specific riparian TOC
export rates

The RIM concept (Winterdahl et al., 2011b; Seile¢rl., 2009) was used to
calculate riparian TOC export rates. RIM only agasuor riparian TOC exported by
lateral subsurface flows through a single, chentiossail profile. Consequently, other
potential flow pathways (such as groundwater regghéo the streambed or overland
flow) and biogeochemical processes during tranghoough the RZ were not taken into
account. The effect of alternative flow pathwayschitould partially bypass the RZ was
not assessed in detail, though other studies havfimed the strong relationship
between stream flow and riparian groundwater le(@#sbert et al., 2002). However,
periods of potential overland flow as indicatedgogundwater levels above surface were
relatively limited at most ROK sites (Table 1). Shilso agrees with the transmissivity
feedback mechanism (Bishop, 1991; Bishop et al. 120vhich implies that even during
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 calecluhat on two till hillslopes in the
vicinity of the ROK, upwelling groundwater is nothajor 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 al999Rodhe, 1989) the two additional
assumptions (constant hydraulic gradients and hemeaus specific discharge) that
underlie the derivation of lateral flow profilesvgabeen less intensively studied in the

past. Heterogeneous land cover and topographingtance, might influence the timing,
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magnitude and direction of hydraulic gradientshe RZ (Bishop, 1994; Vidon and
Smith, 2007; Rodhe and Seibert, 2011) as welhasspatial variability of specific

discharge rates (Temnerud et al., 2007; Lyon eirgpress).

Horizontally changing riparian hydraulic gradieatéect calculations in this
study to a lesser degree because (1) the magrufugearian hydraulic gradients and
their possible variation are usually small compacethe associated relative changes of
flow (Bishop, 1991) and because (2) slight charajdow directions in the direct
vicinity of streams have little effect on TOC contrations as long as the flow is not
reversed. The possibility of a reversal of flow, streams recharging water into the RZ,
has not been further investigated but can be cereidas rather unlikely for the sites in

this study.

The use of homogeneous specific discharge ratradd at a single gaging
station could introduce a considerable amount cetminty in the estimates of lateral
flow profiles and riparian TOC exports. The strelmwfand groundwater table data were
binned to reduce scatter, resulting in scattersphoth little amounts of apparent noise
(Figure 4). Still, it can be expected that the utaety of lateral flow profiles increases
with increasing specific discharge. Potential i@lions for flow-weighted TOC
concentrations and specific riparian export ragggetd 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 bacail for sites with strongly curved

concentration depth profiles (such as site R7).
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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 Hayr™) observed in other cold temperate or boreal regiorhe
world (Temnerud et al., 2007; Dawson et al., 20@dpe et al., 1994), which highlights
the considerable spatial variability of RZs witlairsingle catchment. Organic soils at
humid or wet riparian till locations clearly emedgas hot spots with a considerable
potential to control spatial and temporal variagiaf riparian TOC exports to streams
(Figure 5 and Figure 6a). Variations of TOC expfndsn wet RZs were largely related to
changes in soil water TOC concentrations whileatamns in TOC exports from humid
RZs were related to changing groundwater tablesctwivere correlated to streamflow
conditions as illustrated by figures 4 and 5) aag/mg soil water TOC concentrations.
TOC exports from humid RZs were thus controllegpbycesses in the transiently
saturated part of the soil column (Figure 3) ago#uthors have previously explained for
a single site within this study area (Seibert et26109; Winterdahl et al., 2011a; Bishop
et al., 1990). In this study, vertical changes GfCTconcentrations 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 cninept
Conversely, mineral-organic soils at dry till RZsneineral 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 procesedbe hyporheic zone. Although we

hypothesize that much of the estimated lateraliapal OC exports reaches the stream, a
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part of it might be metabolized in either the hypac zone or within the stream itself and
transformed to dissolved inorganic carbon (DIC)e Téw rates of TOC breakdown
relative to the short time that water spends indhgely shaded stream channel of the
Krycklan streams (Wallin et al., 2010) and measuagels of TOC mineralization (Kéhler
et al., 2002) indicate, however, that only a fewcpat of the TOC will be mineralized in
the stream. The rate of hyporheic processing of M@€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 grousiigwtables in RZs located
in both till and sedimentary parts of the catchn{€rgure 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 moiiahlarthan in the sedimentary parts
(Figure 7). In the till areas combining TWI and ttepllowed prediction of the spatial
variability of average TOC concentrations bothiffecent riparian landscape positions
and at different depths (Figure 7e and FigureT#)s is an important step forward
compared to previous studies relying on a singlarran soil profile to represent the
entire RZ in a catchment (Seibert et al., 2009;I&6at al., 2009). This opens up
possibilities for representing the spatial varigpibf stream TOC using the RIM
approach. The poor fit when using a regression irnmmked 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
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soil carbon storages based on the TWI is a progispproach that is sufficiently general

to be transferred to other catchments in cold dlisa

In addition to spatially variable TOC concentrai@nd groundwater tables,
however, the temporal variability in both laterdalis and TOC profiles must be
explicitly accounted for to fully simulate dynamiparian carbon exports. Since
groundwater tables (Figure 6b) and flow pathwayslmarelated to topography (Grabs et
al., 2009; Grabs et al., 2010; Lyon et al., 201dppgraphic 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
(Kohler et al., 2009; Winterdahl et al., 2011a)regasures of biological activity. The
effect of temporal variations of TOC concentrationsflow weighted TOC
concentrations and specific riparian TOC expogsas strongest in organic RZs (Figures
5b, 5¢, 6a and 6c), which are also the dominantceswof stream water TOC in
Krycklan. Here, the assumption of time-invarianti@ge TOC concentration depth
profiles (assuming average TOC concentration deifiles) would result in
substantially underestimated ranges of flow-weidit®C concentrations (solid error
bars in Figures 6a and 6¢) compared to the potgnivede ranges assuming temporally

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

The combined influence of spatial and temporalroggneities of groundwater

table positions and TOC concentration depths mefibr different RZs could be

3C



673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

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 onlylaimid or wet organic RZs. This was
because the variability of soil water TOC-concetidres was low in mineral and mineral-
organic soils, which meant that flow-weighted corica&tions 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 distribonsmf lateral flow and TOC
concentrations at the landscape scale and theibioech role in regulating lateral riparian
TOC exports to streams. The marked heterogenetitpafian zones also indicated that
lumped representations of riparian zones at thehoatnt scale can be overly simplistic
and highlights the need both for more distribut@dr&resentations and more studies of
variability in the riparian zone of other landscapé@/e further showed that topographic
landscape analysis can provide the necessarytoagiscale riparian zone processes
(e.g., vertical profiles of TOC and lateral flowdin the plot to the catchment scale,
which is a prerequisite for distributed RZ repreéagans. The usefulness of topographic
indices seemed to be consistent with the ideadlpatgraphy has influenced water flows
and soil moisture over millennia and thereby atsbdevelopment and paludification.
The interplay of varying lateral flow pathways dreterogeneity of riparian zones can be
expected to be similarly crucial for transport @eses involving other key parameters of
water quality such as nitrate or heavy metals. @laileral subsurface flow is the major

transport pathway through the riparian zones otKlign, alternative pathways such as
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overland flow or groundwater recharge to streanmsbeamore important in other
catchments. Based on our analysis of hydromette alad TOC measurements, riparian
zones along the stream network contribute difféyentthe observed variability of
stream water TOC. In particular, we found that argaiparian zones with peat soils and
shallow groundwater tables fluctuating within thgpar 40-50 cm of the soil column
were hotspots that controlled most of the tempeaabbility of riparian TOC exports to
streams. The spatial variability of riparian-dedvEOC in streams, on the other hand,
appeared to be influenced by an upstream mosaigraral, mineral-organic and organic

riparian zones along the stream network.
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947 Tablel: Site characteristics (minimum and maximum in eaalamn are shown as bold numbers).

948
Groundwater table position (cm) Toc c(onr:;:el_rll)tranon Substrate Topography
th th . Lateral
Site P 10 . Median 90 . Abovea) Avg Min Max Pare_nt materdl)al, Slope contributing TWI
ercentile 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 % 125 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 57% 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

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

b)

c)
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949 Figure texts

950
951

952  Figurel: Locations of the (numbered) riparian monitoringsi(empty white circles) in the Krycklan
953  catchment (outlined by thin black lines in inseibyl the gauging station (black triangle) at thibedof
954  Svartberget (outlined by thin black lines in insgtStreams and lakes are represented by black aneh
955  thin black lines. Parts of the catchment undettsirill are shown as white areas and others uniteinia
956 alluvial sediment deposits are marked by the chadshed areas respectively while wetlands are

957  highlighted as grey shaded patches. Wetlands &ed kre highlighted as grey patches. Only site musnb
958 are shown and “R” prefixes used in the text (prampthe site digits) were omitted for better redtityb

959

960 Figure2: lllustration of an instrumented riparian monitaisite. Pairs of suction lysimeters are installed a
961 15, 30, 45, 60 and 75 centimeters below the sdiase at a distance of about 2 m from the stream. A
962 perforated PVC tube equipped with an automatic matging device is located at mid-distance between
963 the stream and the suction lysimeter nest. Thensatie coordinate system on the right side of tgark.

964 illustrates the orientation and datum of the z éotépth, groundwater table) in relation to the isgbateral
965 flow, solute concentration).

966

967  Figure3: Average TOC concentratioisec (circles) from 9 sampling occasions (2008-200%kripolated
968 TOC profiles (black lines), median groundwater fiosi(solid, grey horizontal line) arttie

969 (dimensionless) weighting functiodsobtained from lateral flow profiles (light-greymmes) for all 13
970 sites. The range of temporal variability of TOC centrations at different depths is represented by
971 horizontal black lines (average concentration tahdard deviation) and the range of temporal véityab
972  of groundwater positions is indicated by dottedydrerizontal lines (18 and 98" percentile of

973  groundwater positions). Each subplot containsealaliel located in the lower right corner. The suipss
974  next to each site number in the labels indicateenain(m), mineral-organic (mo) and organic (o) soil
975  profiles. Rows 1 to 3 represent soil plots undartay till deposits and sorted according to increglsi
976  shallow average groundwater positions (dry, humid wet locations in the®1. 2" and 3 row

977  respectively). The lower"#row contains sites underlain by sediment deposits.

978

979  Figure4: Binned measurements of groundwater level plottmdrst specific discharge (circles). Fitted,
980 site-specific lateral flow profiles and their respree 95% confidence intervals are shown as thaail
981 lines and (thin) grey shaded areas. Each subpiiaits a site label located in the lower right esriThe
982  subscripts next to each site number in the labelieate mineral (m), mineral-organic (mo) and oig#a)
983  soil profiles. Rows 1 to 3 represent soil plots entain by till deposits and sorted according taéasingly
984  shallow average groundwater positions (dry, humid &et locations in the®1. 2" and 3 row

985  respectively). The lower"#row contains sites underlain by glaciofluvial sednt deposits.

986

987  Figure5: Ranges of average TOC profile concentratiogs (a), flow-weighted profile concentrations
988  crocq (b) and specific TOC export ratesc () and the specific discharge q (d) at the toh@

989 individual sampling occasions (6 in 2008 and 3002). For each campaign the ranges of TOC-related
990 variables (left y-axis) are illustrated by box sl¢tontoured by light-shaded lines) and site-speeilues
991 (short, dark-shaded horizontal lines). Site spedifilues from organic till sites are additionallgiighted
992 by asterisks and dots respectively at both endiseoforresponding horizontal lines.
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Figure6: Links between median groundwater positiagg, median flow-weighted TOC profile
concentrationscfocq) and the topographic wetness index (TWI). In gfeplot (a) median flow-weighted
Crocq values (from 9 sampling occasions in 2008-2008)pdwtted against mediag, values. The middle
plot (b) compares mediam,, values against the TWI whereas the right plot(jpares mediatioc q
values against the TWI. Vertical error bars show18" and 98" percentile groundwater positions (b)
respectively the potential range of flow-weightedd concentrations (a and c) assuming average @rofil
concentrations (solid lines) or changing profimcentrations (dotted lines) . Circles represdptsi
located in the till parts and triangles represéptsdocated in the sedimentary part of the catetime
Organic sites are colored black, mineral sitesndrige and mineral-organic sites are grey. Site nensibre
plotted next to the circles and triangles. Onlg sitmbers are shown and “R” prefixes used in thie te
(preceding the site digits) were omitted for beteadability.

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

Figure8: Temporal variability as function of riparian zonetwess for different quantities (schematic
figure).
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