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Abstract. Riparian zones (RZ) are a major factor control- 1 Introduction

ling water chemistry in forest streams. Base cations’ (BC)

concentrations, fluxes, and cycling in the RZ merit attention

because a changing climate and increased forest harvesting€ riparian zone (RZ) is located immediately adjacent to
could have negative consequences, including re-acidificatiorStreams and comprises the last soil environment through
for boreal surface waters. We present a two-year study ovhich soil water flows before becoming surface water. The
BC and silica (Si) flow-weighted concentrations from 13 RZ RZ is important for habitat function (Gundersen et al., 2010)
and 14 streams in different landscape elements of a bore&S Well as in controlling water quality (Cirmo and McDon-
catchment in northern Sweden. The spatial variation in BCnell, 1997; Luke et al., 2007; Vidon et al., 2010). In for-
and Si dynamics in both RZ and streams was explaine®st catchments, saturated discharge areas in RZ till soils
by differences in landscape element type, with highest confontribute more effectively to stream runoff peaks than the
centrations in silty sediments and lowest concentrations irconsiderably larger upslope areas (Dunne and Black, 1970;
peat-dominated wetland areas. Temporal stability in BC andRodhe, 1989; McGlynn and McDonnell, 2003). The RZ also
Si concentrations in riparian soil water, remarkably stableinfluences stream organic carbon dynamics much more than
Mg/Ca ratios, and homogeneous mineralogy suggest tha#pland soils (Dosskey and Bertsch, 1994&f#er et al., 2009)
patterns found in the RZ are a result of a distinct mineralog-and provide§ important ecosystem services in acid-sensitive
ical upslope signal in groundwater. Stream water Mg/Ca ra-neadwatersAgren and lofgren, 2012). It can act as a buffer
tios indicate that the signal is subsequently maintained in the@f acidity (Lofgren et al., 2011), or sink for inorganic nitro-
streams. Flow-weighted concentrations of Ca, Mg, and Nagen (Folster, 2000; Petrone et al., 2007; Futter et al., 2010)
in headwater streams were represented by the correspon&nd retain organic pollutants (Bergknut et al., 2011) or metals
ing concentrations in the RZ, which were estimated usingSUCh as aluminium (Pellerin et al., 2002; Ross et al., 2008).
the Riparian Flow-Concentration Integration Model (RIM) Base cations (BC) are transported from upslope soils through
approach. Stream and RZ flow-weighted concentrations dif RZ to streams, although their concentrations, fluxes, and cy-
fered for K and Si, suggesting a stronger biogeochemical incling in the transition terrestrial-aquatic compartment have
fluence on these elements, including K recirculation by veg-not been extensively examined (McLaughlin, 2009).

etation and retention of Si within the RZ. Potential increases BC include calcium (Ca), magnesium (Mg), potassium
in groundwater levels linked to forest harvesting or change<K), and sodium (Na), all of which except Na are essential
in precipitation regimes would tend to reduce BC concen-Plant nutrients. They help to maintain soil fertility and play

trations from RZ to streams, potentially leading to episodic@n important role in the acidification status of soils and sur-
acidification. face waters. Mineral weathering is the ultimate BC source,

but atmospheric deposition can be important in some regions.
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Plant uptake and litter fall recirculates BC. The exchange-ous flow record to estimate fluxes. While RIM integrates over
able BC pool associated with soil organic matter and claydepth, riverine flux estimation integrates over time.
minerals creates an important mechanism of interchange be- Here we present a two-year study of flow-weighted con-
tween soil particles and the solution affecting BC biogeo- centrations of BC and Si from RZ and streams in a boreal
chemical cycles. Several studies have predicted declines itandscape in northern Sweden. This is the first application of
soil BC pools caused by more intensive biomass removal asRIM to study BC dynamics in forest soils and streams. The
sociated with more intensive forest harvesting (Olsson et al.studied systems range from first-order headwater streams in
1993; Akselsson et al., 2007; Klaminder et al., 2011b). Thetill soils to catchments of third and fourth order streams un-
demand for forest biomass has increased in recent years iderlain by silty sediments. The main objective of the study
many countries due to changes in energy policy to substitutevas to better understand relationships between BC and Si
fossil fuels by renewable sources and might have negativén RZ soils and adjacent surface waters. Specific objectives
consequences on forest productivity and surface water qualere to: (1) identify temporal and spatial trends in BC con-
ity (Laudon et al., 2011b; Wall, 2012). BC losses are alsocentrations in RZ draining different landscape element types,
connected to climatic variability (McLaughlin, 2009). These (2) identify spatial differences in BC flow-weighted concen-
factors may cause serious problems in Scandinavian foregtations from streams dominated by different landscape ele-
till soils where BC-enriched waters contribute relatively lit- ment types, (3) investigate whether RZ element concentra-
tle to total BC fluxes into the streams because their locatiortions represent flow-weighted concentrations in headwater
in the lower part of the soil profile is often associated with streams, and (4) test the sensitivity of riparian flow-weighted
low hydraulic conductivity (Nyberg, 1995). The behaviour of concentrations to changes in groundwater levels as potential
Silica (Si) in boreal forest soils and streams is similar to thateffects of forest management and climate change.
of BC (Oni et al., 2013). However, unlike BC, Si in boreal
forest soils and streams is derived almost exclusively from
mineral weathering.

In poreal fore_s_t pll soils, strong increases in saturated hy—2_ 1 Catchment characterization
draulic conductivities towards the soil surface can cause dra-

matic increases in the lateral flow movement to the streamrp o study was conducted in the 68%rhoreal Krycklan

as precipitation or snowmelt events cause the groundwatef,ichment (Fig. 1). The catchment has been intensively

table to rise and soil water to enter the stream via highly conyqnitored for multidisciplinary research projects within the

ductive superficial soil layers in the RZ. This phenomenon iSKryckIan Catchment Study (KCS) since 2002, but also in-
know.n as the ‘transmissivity feedback mechf';ml'sm" (Rodhe,q)ydes the Svartberget catchment where monitoring began
1989; Bishop, 1991; McDonnell et al., 1998; Bishop et al., j3 1981, Krycklan is located approximately 50 km north-
2011). The transmissivity feedback mechanism results in g ast from the city of Uma and 60 km west from the Baltic

large mobilization to the stream of “old” or “pre-event” wa- Sea with the outlet located at 62 N 19°52 E. Elevation
ter during rainfall or snowmelt events (Laudon et al., 2004).ranges from 126 to 372m a.m.s.l. resulting in a gentle to-

The integration of lateral flows and RZ solute concentrationspogr(,iphy within the catchment. Annual mean daily temper-
to predict in-stream solute concentrations is the basis of the; e is 1.8C and annual mean precipitation is 640 mm
Riparian Flow-Concentration Integration Model (RIM, Seib- (1981-2010) with an average temperature in January and
ert et al., 2009). RIM can be applied in principle to any soil, j,ne of—9.5°C and 11.9C, respectively. Approximately
sediment or weathered parent material including forest till, ¢ of the precipitation falls as snow. The duration of snow
soils. The approach was first conceptualized by Bishop et er is on average 168 days per year (commonly from the
al. (2004) and has since been used to quantify fluxes of orgy of October until the beginning of May) (Laudon et al.,
ganic carbon (Khler et al., 2009Agren et al._, 2010;_Win- 2011a). Average runoff is 321 mmyk (1981-2009), which
terdahl et al., 2011a, b; Grabs et al., 2012), inorganic carboReg,ts in an average evapotranspiration of 319 mm per year.

(Oquist etal., 2009), nitrogen (Petrone etal., 2007), and leaq 44 cover types are dominated by forest (87 %), with lower
(Klaminder et al., 2006). RIM takes point measurements Ofproportions of peat-dominated wetlands (9 %), lakes (1 %),

chemical concentration at a series of depths and then pet3,q arable land in the lower lying parts of the catchment

forms_ an interpolatiqn to provide a c_ontinuous est_imate of(3 %). The catchment, and the boreal region as a whole, can
chemical concentration at all depths in the RZ. This chem-,¢ ¢qnceptualized as a series of different landscape element
ical concentration profile is then multiplied by an est|matedtypes (Oni etal., 2013). In the Krycklan region, relevant land-

lateral discharge profile to derive volume weighted CONCeN-geane elements include open water, bedrock, upland forest

tration or flux estimates for an entire RZ profile. Conceptu- soils, upland peat, and lowland sediments which are pri-

ally, RIM is very similar to the process of estimating riverine iy forest-covered but also support the small amount of
fluxes in which point measurements of chemical concentra 4ple |and found in the Fennoscandic boreal.

tion are interpolated through time to provide a continuous
chemical time series which is then multiplied by a continu-

Study area
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a

§
,'_ Krycklan

Fig. 1. Location of the Krycklan catchment within Swede).(In (b): shape of the Krycklan catchment with streams (black lines), lakes
(black areas), peat (grey areas), till, thin soils and bedrock (white areas), silt-sandy sediments and gravel (dotted areas), glacio-fluvial alluvium
(cross-hatched areas), stream site locations (white circles), and riparian site locations (black cirdes)otm( to the highlighted square

in (b) with the rest of the stream site locations and the rest of the riparian site locations.

Although Krycklan has remained rather pristine, hu- in the region is 255-260 m (Buffam et al., 2008), which re-
man activities have influenced the catchment similarly tosults in 44 % of the catchment lying above this Ie\iég(en
other forests in the region. Many headwater streams iret al., 2007). The bedrock in the upper part of the catchment
Northern Sweden were straightened and deepened to ims overlain by Quaternary deposits of glacial till, consist-
prove drainage and forest productivity during the early 20thing mainly of unsorted sediments of sand and silt varying in
century (Dahlsidm, 2005). Both \strakicken (C2) and thickness up to tens of meters. Below the highest postglacial
Kallkallskacken (C7) (Fig. 1c) were deepened in the 1920s.coastline, glacio-fluvial sediments are more commonly found
The impact of forest management in the area is low. Thewith a large proportion of silt deposits formed by a post-
catchment has never been clear-cut but some of the largaglacial river delta (Fig. 1b). The sediment deposits form a
trees were removed in the early 1920s (Cory et al., 2007)thick layer through which the larger traversing streams have
When the area became a research forest in 1923, lowdeeply incised channels, forming ravines and bluffs of up to
intensity forestry continued to be practiced. Currently, less30 m height. Throughout the catchment and especially in the
than 1 % of the total area is harvested per year with no manupper parts, well-developed iron podzols are common in up-
agement at all in the 25% of the catchment occupying theslope areas and organic-rich soils are common in the RZ.
central part.

Scots pine Rinus sylvestrismakes up 63 % of the tree 2.2 Monitored streams and Riparian Observatory in
volume and dominates in dry upslope areas. Norway spruce Krycklan (ROK)

(Picea abiey makes up 27 % and is more common in wet

low-lying areas, whereas deciduous forests stands, main)KCS comprises 15 partially nested subcatchments (Fig. 1,
birch (Betula spp), contribute 10 % of the total tree volume Table 1). Stream water chemistry is monitored at the out-
and are mainly located in the RZ. Acidic peat-dominatedlets of the 15 subcatchments with a frequency that varies
wetlands (i.e. mires or bogs) are characterize®plagnum  from monthly during low winter flow to 2 days-weekly dur-
Spp.mosses. ing spring flood. A network of lysimeter arrays (hereafter re-

The gneissic bedrock consists of Svecofennian rocks witHerred to as Riparian Observatory in Krycklan; ROK) was es-
93 % metasediments and metagraywacke, 4% acid and irfablished in 2007 to obtain a better understanding of the RZ
termediate metavolcanic rocks, and 3% basic metavolcanithfluence on stream water. Thirteen instrumented sites were
rocks @gren et al., 2007). The highest postglacial coastlinedistributed in RZ across the catchment (Fig. 1). Locations

were selected to cover a representative range of landscape

www.biogeosciences.net/10/3849/2013/ Biogeosciences, 10, 3B68-2013
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element types. Wetness conditions and soil types were identi- 25 60
fied by terrain analysis of 1 m-resolution airborne light detec- 20 4

tion and ranging (LIDAR) in conjunction with detailed field L 50
reconnaissance (Grabs et al. 2012). Ten of the instrumented 15 1

sites were located in till soils, two in the sediment part of the _ 10 - —
catchment and one in the transition between sediment and £ 5 | [ 40 E
till (Fig. 1). RZ in the till soils were further classified into g e
wet, humid, and dry sites. Most of the riparian sampling sites § © 7 - 30 %
located in till soils and the transition site had a thick peat & -5 3
layer (> 30cm), whereas the sites located in the sediment cEa-lo | - 20°g
area had very shallow organic horizons over mineral soils. ¥ a
The lysimeter array at each site consists of a pair of ceramic -15 1 L 10
cup suctions lysimeters (pore sizetD.1 um) at 5 different -20 -

soil depths including O-layers (15¢cm, 30cm, 45cm, 60cm, ¢ 0

and 75 cm) and a perforated PVC tube equipped with an au-
tomatic water level logging device. The arrays are about 2m 18

from the corresponding stream. More information about the 16 4
ROK sites may be found in Grabs et al. (2012). Both the ’;
stream and RZ sample collection locations will be referred J 14
to as sites hereafter. g 12
glo 1
3 Methodology % 8 -
3.1 General overview T 61
£ 4 -
This study was based on both soil water chemistry from §
the 13 ROK RZ sites and water chemistry from 14 moni- 2 "
tored streams in Krycklan (note that stream C8 was not in- 0 ] . . .

cluded as sampling has been terminated) during 2008 and Jan-08  Jun-08 Dec-08 Jun-09 Dec-09

2009 (Fig. 1). First, spatial and temporal variations in BC _ _ L

and Si concentrations were investigated separately for ripart'9- 2- Daily temperature and precipitation measured at the Kryck-
ian and stream sites (Sects. 4.1 and 4.2). The Mg/Ca ratio i an catchment (above) and areal-specific discharge measured at site
o . A e g 7 (below) during 2008 and 2009.

riparian soil water samples was related to the mineralogy o

the ROK sites and compared to Mg/Ca ratios in stream wa-

ter samples (Sect. 4.3). Finally, flow-weighted concentrationsstream sites (Fig. 1) during 2008 and 2009 as part of the
in riparian and stream sites were estimated and comparisor}.%gmar KCS monitoring program. Acid-washed high-density
made across headwater subcatchments (Sect. 4.4). polyethylene bottles (250 mL) were used for sample collec-

Annual BC and Si flow-weighted concentrations were jon, RZ and stream samples were kept dark and cool prior
based on samples collected during 2008-2009. Mean tempefy peing sub-sampled within 24 hours and frozen for future

ature was 2.9C in 2008 and 2.1C in 2009, slightly higher  chemical analysis. Individual BC concentrations (Ca, Mg,
than the long-term mean 17€. Water balances were simi- K and Na) and Si were measured using inductively coupled
lar in both years (Fig. 2) and close to the Iong.—term mean. INtomic emission spectroscopy (ICP-AES).

2008 the spring-flood runoff was larger than in 2009. How- 3 august 2008, soil pits representative of the existing

ever, larger summer-autumn runoff events in 2009 resulted iRk sites were excavated for characterizing mineralogy
similar annual runoff (Fig. 2). of the different landscape element types. X-ray diffraction
(PANalytical X'Pert Pro PW3050/60) and Fourier Transfor-

mation infrared spectroscopy (FTIR, Perkin EImer spectrum
100) were used for mineralogical identification and quantifi-

3.2 Summary of the sampling procedure

Soil water samples were manually collected from suction™"" i X S
lysimeters at the 13 ROK sites on 8 occasions in summefation following the procedure described in Niedermayr et
and autumn of 2008 and 2009 using acid-washed Milli-Q- al. (2013).

rinsed Duran glass bottles (Grabs et al., 2012). Specific dis-

charge and weather conditions during and 10 days prior to

the 8 sampling campaigns were recorded (Table 2). In to-

tal, 52 water samples were collected from each of the 14

Biogeosciences, 10, 3843868 2013 www.biogeosciences.net/10/3849/2013/
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Table 1. Stream subcatchment characteristics including stream sampling site designations (column 1), corresponding RZ sampling sites
(column 4), and land cover type proportions (columns 6 to 9, the sum of which adds up to 100 %). For the PLS analysis, land cover was
divided up in the landscape element types shown in columns 9 to 17 (the sum of which also adds up to 100 %) that include open water,
bedrock, peat and Quaternary deposits.

Site  Name Stream Riparian Area Forest Wetland Arable Lake Bedrock Peat Till Silt Sand Alluvial Gravel Thin soils
order  sites (ki) (%) (%) (%) (%) (%) %) (%) (%) (%) (%) (%) (%)
Cl  Risliacken 2 R12 0.48 98 2 0 0 0 0 921 0 0 0 0 7.9
C2  Vastralacken 1 R5, 6,7 0.12 100 0 0 0 0 0 842 0 0 0 0 15.7
C3 Lillmyrbacken 1 0.04 59.1 40.4 0.4 0 0 53.2 432 0 3.7 0 0 0
C4  Kallkallsmyren 1 R8 0.18 55.9 44.1 0 0 0 51.1 22 0 0 0 0 27
C5  Stortarnen Outlet 1 0.65 54 39.6 0 6.4 0 478 404 O 0 0 0 55
C6 Stortarnkacken 1 R4 1.10 71.4 24.8 0 3.8 25 28.7 53.7 0 0 0 0 11.3
C7  Kallkallsbacken 2 R9, 10 0.47 82 18 0 0 0 194 652 0 0 0 0 15.4
C8 Fulkacken 2 R1, 2 2.30 88.1 11.9 0 0 1.7 17 62.8 0 0 0 0 18.6
C9  Nyangeshcken 3 2.88 84.4 14.1 0 15 1.7 152 69.1 4.1 0 0 1.6 6.8
C10 Stormyrkcken 2 R11 3.36 73.9 26.1 0 0 0 28.8 599 0 0.5 0 0 10.8
C12 Nymyrkicken 3 5.44 82.6 17.4 0 0 0 19.2 66.6 1.5 4.3 0 0 8.4
C13 Langtiacken 3 R15 7.00 88.2 10.3 0.8 0.7 1.3 11.8 609 159 0 0 0.7 8.9
C14 Ahedtiacken 3 R14 1410  90.2 54 3.7 0.7 1.6 6.6 449 347 0 34 0 8.1
c15 Ovre Krycklan 4 20.13 81.6 14.5 15 2.4 0.7 145 648 138 0 7.6 0 8.1
C16 Krycklan 4 68.91 87.3 8.7 3.1 0.9 1.2 9.4 508 266 03 3.3 0.1 7.4

Table 2. Sampling campaign dates for collection of lysimeter soil water from the riparian sites including discharge and weather conditions.

Campaign Date of Specific 10-day Average Average 10-day Precipitation 10-day
sampling discharge antecedent temperature antecedent antecedent
discharge temperature precipitation
(mmday ) (mm) ¢C) 0 (mm) (mm)
0802 22 Jun 2008 0.34 7.4 13 11 2.6 14
0803 27-28 Jul 2008 0.43 14 16 15 0.0 68
0804 25-26 Aug 2008 1.2 17 11 12 4.7 27
0805 23-24 Sep 2008 0.31 3.7 9.7 55 0.0 1.0
0806 23 Oct 2008 15 12 -04 2.6 0.2 30
0901 7 Jun 2009 0.30 7.3 4.7 10 0.9 9.0
0902 2 Aug 2009 1.2 43 16 15 1.3 82
0903 20 Sep 2009 0.27 5.5 9.2 9 0.0 3.7
3.3 Discharge measurements 3.4 Calculation of flow-weighted concentrations

Discharge was continuously measured at site C7 (Fig. 1c) o
using a 90 V-notch weir located in a heated hut. Estab- 3.4.1 Riparian zones
lished stage-discharge rating curves were used to calculate

daily flow values from water levels monitored at the weir. . . .
S ) - Inorder to calculate BC and Si flow-weighted concentrations
Uncertainties in flows were estimated to be below 5% at th|sin the ROK sites we adapted the assumptions and routines
site (Laudon et al., 2007). We assumed that the areal-specific P P

discharge was the same all over the catchmégten ot presented in Grabs et al. (2012), which used RIM (Bishop et

al. (2007) estimated two uncertainties from this assumption:al" 2004)' Figure 3 shows a conceptual representation of the
: . .calculations.
(1) £12 % due to differences in subcatchment evapotranspi- . . .
A campaign concentration value for each element, site,

ration and (2 Y12 % due to differences in flow regime (max- . :
. . . e and depth was estimated by averaging the measurements
imum in spring flood). Specific discharge has been used tc%rom the two lysimeters. The potential number of samples

e oo o s 1040 (6 campgns, 13 Ses S cpts, 2 ysimetrs),
ple B ” ’ " ’ i.e. 520 campaign concentrations, but not all samples were

al., 2010). It should be noted that because of the assumption__ . : : .

e available due to e.g., failure of some lysimeters or too little

of homogeneous specific discharge, actual fluxes would be . .

) : . water collected from relatively dry soil layers. The total num-
proportional to the flow-weighted concentrations calculated

here and hence the relative differences between sites would.- of samples available was 702. Missing values for lysime-
be equal ers when a single replicate was available were estimated us-

ing a scaling factor as described by Grabs et al. (2012). That

www.biogeosciences.net/10/3849/2013/ Biogeosciences, 10, 3B68-2013
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gave a total of 448 campaign concentration values, i.e. 86 %£q. (5). Overall flow-weighted concentrations in the period

of the total 520 possible concentrations. 2008-2009 were then calculated as the mean value of annual
The loggers placed at the 13 ROK sites measured hourlflow-weighted average concentrations.

groundwater levels from May 2008 to September 2009. For o

each site, binned observed groundwater tabi%,(mm) Zew

were fit.to areal-specific discharge measured at site@7 ( Daily Cpow = / w (z) - Cavgdz 3

mm) using an offset parametéry( mm) (Grabs et al., 2012).

Thus, for each site it was possible to fit a curve described by

Eq. (1), where: (mm) is a flow parameter admm~1) is an

exponential parameter describing the water flux curve (Grabs &

et al., 2012). This method was ba_sed on t_he_ as_sumptiorﬁ)a”y W= w(z)dz @)

that groundwater and runoff dynamics are similar in near-

stream areas, as has been shown in glacial till soils (Rodhe,

1987; Bishop, 1991; Moldan and Wright, 1998; Seibert et al.,

2003). It was not possible to fit a curve for site R14 due to 31 December

the low variation o225, Instead, for site R14 the parameter . JZ Daily Ctiow

b was assumed to be the same as for site R15 based on thedhnual Cow—y, = anary

similar soil properties.

0= eb-((z%?:—ho)—}-a) ) 1 January

—1000mm

—1000mm

®)

31 December

Daily w

Continuous solute concentration profiles for each eIemenE3 42 Streams

and site were estimated by linear interpolation between aver-"

age values of the 8 campaigns (or the number of campaigngnnyal chemical loads were calculated by linear interpola-
available) at each depth. Values were estimated for a 1 Msjons hetween observed concentrations to complete daily se-
deep profile, starting from soil surfage= 0mmand at1mm  yiag and then summing daily products of concentrations and
intervals. The concentration between 15 cm and the top of thg| o5 (Ledesma et al., 2012). Flow-weighted concentrations
profile was assumed to be constant and equal to the averaggare obtained by dividing the annual load by the annual to-
campaign concentration at 15 cm. Concentrations betweegy yolume of water discharged and expressed in myL
75cm and 1 m were assumed to be equal to the average came the result only depended on the concentration and the rel-
paign concentration at 75 cm. Flow-weights, dimension-  44ive differences in daily flow. The observed discharge at site
less) describe the mc_remental lateral discharge _at each site7 \was used as the best estimate of discharge for all stream
(Grabs et al., 2012), i.e., a proxy for the hydraulic conduc-gjies. Flows for each stream were estimated by multiplying
tivity of each soil layer. Flow-weights were calculated ev- yhe areal-specific discharge from C7 by the catchment area
erymm using Eq. (2), where(mm) is the depth in the pro- - qrained by the stream. Overall flow-weighted concentrations
file andb is the exponential parameter used to describe theqr 20082009 were then calculated as the mean value for the
variation of flow with depth in Eq. (1). two years.

w= g(z'b) (2)

A daily flow-concentration, Cfiow, mgL™1) for each ele-

ment and site was then calculated by integrating the prodGiven the temporal stability in BC and Si concentrations in
uct of flow-weights and average soil water concentrationsthe ROK sites (detailed results are presented below), average
(Cavg, mgL™?) over the saturated part of the soil profile, campaign concentration profiles were used to calculate an-
i.e. the conductive layers below the groundwater level (Eq. 3nual flow-weighted average concentrations. Flow-weighted
Fig. 3). Modelled groundwater tablesfC% (Fig. 4) were  concentrations were also calculated using minimum and
back-calculated with Eq. (1) using daily measurements ofmaximum campaign concentration profiles. The three con-
flow and used to calculate daijow because of gaps in the  centration profiles (average, maximum, and minimum) were
record ofz2S. For site R14z19¢ was assumed to be con- used in two different scenarios:

stant and equal to the mean of the observed values. The upper (SU1): to estimate the potential magnitude of variations of
boundary when calculatingl%? was set to 0mm and thus ~ flow-weighted concentrations for each element and ROK site
zg‘\?vd higher than 0 mm were assumed to be 0 mm (Fig. 4),based on{1o%.

i.e. overland flow was discarded in accordance with Grabs (SU2): to assess the sensitivity of BC flow-weighted con-
et al. (2012). Annual flow-weighted average concentrationscentrations to uncertainties in groundwater table levels by al-
(Ciow—w,» Mg L~1) were subsequently calculated by divid- lowing zg;;d to vary betweent1.96 standard deviations of
ing the annual sum of daily flow-concentrations by the an-the modelled estimates with respect to the observations at
nual sum of daily flow-weights (Eqg. 4, Fig. 3) as described in each site.

3.5 Sensitivity and uncertainty analyses

Biogeosciences, 10, 3843868 2013 www.biogeosciences.net/10/3849/2013/
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Concentration Table 3.Relative contribution (%) of riparian site class, depth in the
profile, and sampling campaign to the total variation in BC and Si
campaign concentrations in the ROK sites.

mod

A

Element Siteclass Depth Campaign Site
+ Residual

Ca 43.9 1.2 0.5 54.5
Mg 42.5 1.0 0.4 56.1
K 49.1 2.0 1.0 47.9
Na 38.6 1.9 1.0 58.5
Si 20.2 4.4 0.5 75.0

Depth

. ascribed to each component was equal to the sum of squares
X - Dally Cf/ow for that component divided by the total sum of squares from
the ANOVA.

A partial least squares (PLS) analysis (Chin et al., 2003)
was performed to explore catchment geologic controls on
BC dynamics. BC and Si flow-weighted concentrations from
the stream sites were set as response variables and land-
scape element-type proportions, including open water, peat,
bedrock, and Quaternary deposits in the corresponding sub-
catchments were set as predictors. (Table 1). In a PLS model
R?Y indicates how much variation in the response variables
is explained by the predictorg)? indicates how well the
model predicts Q2 > 0.5 are considered good models), and
Variable Important for the Projection (VIP) indicates the rela-
tive importance of the predictors (VHP 1 indicate important
variables) (Eriksson et al., 1999).

Flow weight (=lateral discharge)

Depth

Fig. 3. Schematic representation of how the RIM approach was ap-
plied to calculate annual flow-weighted concentratiofigofy—,,)
from riparian soil profiles. The product of concentrations and flow-
weights is integrated below the modelled groundwater td@@‘b

in a daily basis to obtain daily flow-concentratior;,,). Daily
flow-weights () are obtained by integrating flow-weights below . o
(22299 in a daily basis. Annualfow-—,, is the result of dividing the ~ 4-1.1  Spatial variation
summation of dailyCyow by the summation of dailw over a year.

4 Results

4.1 Riparian BC concentration profiles

Accounting for all riparian sites and depths, means of cam-

paign concentrations showed that Ca was the dominant
3.6 Statistical analyses BC in the soil solution (4.6 3.1 mgL™1) (£SD), followed

by Na (2.2:0.8mgL1), Mg (1.3+1.0mgL™1) and K
Riparian sites were classified according to landscape elemer0.9+ 0.8 mg L1) (Figs. 5 and 6). Si had the highest concen-
type following Grabs et al. (2012). First the sites were clas-trations of all of the elements analysed (82.9mg L™1).
sified according to the underlying parent material (glacial till  The partition of variance (Table 3) revealed that site class,
or glacio-fluvial sediments dominated by silt). The sites lo- and hence landscape element type, was the factor explaining
cated on till were further classified according to their me- most of variability in BC and Si campaign concentrations.
dian zg\‘,’vd (dry, humid, and wet). This will be referred to Sites R11 and R14 were hotspots with average Ca concen-
as site class in the following. Spatial and temporal trends intrations of 11.8-1.7mgL™! (14.2+1.7mgL-1 at 30cm)
BC and Si concentrations were investigated following the ap-and 7.8 0.9 mg L1, respectively (Fig. 5). The Ca concen-
proach presented by Futter et al. (2011) to partition variationtrations in these two silty-sediment sites were notably higher
between different sources. A series of analyses of variancéhan in the till sites (Fig. 5). Site R15, also belonging to the
(ANOVAS) were performed so as to estimate the relative con-sediment class, presented a vertical profile with intermediate
tribution of riparian site class, riparian site, depth in the pro- concentrations (2.2 0.4 mg L~1). Wet ill sites had spatially
file, and sampling campaign to the total variation in BC and stable concentrations, although the absolute mean values dif-
Si campaign concentrations. The fraction of total variationfered from 0.8:0.2mgL ™! in R8 to 4.0+0.5mgL™! in
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Fig. 4. Comparison of observed and modelled groundwater tables for the period with overlapping data (May 2008 to September 2009) at

some selected riparian sites including RJL R5 ®), R7 ), and R8 ).

R2 (Fig. 5). Both of these sites have soils where deep peafor the other elements in all sites, exceptin R11 and R14, and
development is favoured by wet conditions, but R2 is lo- the mean relative standard deviation for all depths and sites
cated in a forest catchment (C8) and R8 in a mire wetlandwas 33 %. The partition of variance (Table 3) showed a negli-
(C4) (Fig. 1c). The depth of sampling had little influence on gible influence £ 1.0 %) of the time when the samples were
the variability in BC and Si campaign concentrations taking collected in the variation of BC and Si campaign concentra-
into account all the riparian sites (Table 3), but it was ob-tions.

served that dry and humid till classes had higher concentra-

tions deeper in the profile (Fig. 5). Combined Ca concen-4.2 Stream BC concentrations

trations for all sites belonging to these two classes varied ] . . ]
from1.9+0.7mgLtat15cmdepthto 3.2 1.1mgL-tat  Except for K, BC and Si concentrations in the stream sites

75cm depth. tended to dilute at higher flows (Fig. 8a, b, and c; Sup-
This general picture presented for Ca was observed foPlement). In general, this pattern was stronger for Na and
the other elements, which was indicated by high correlations>i than for Mg and Ca. The Krycklan outlet had strong
with Ca: Na ®2 = 0.73), K (R2 = 0.72), Si (R? = 0.67),and  concentration-discharge relationships for all elements in-
especially Mg R2 = 0.96; Fig. 7). However, near-surface cluding K (Fig. 8d). The dilution of element concentra-
(15cm depth) K concentrations were relatively high at sev-tions with increasing flow (indicated by the steepness of the
eral sites (R6, R7, R10 and R12 in Fig. 6). Campaign concens!opes in the Fig. 8 plots) was small in forest subcatchments

trations for all elements and sites can be found in the Supple(Fig- 82), whereas a stronger dilution effect was noted in
ment. wetland-dominated sites (Fig. 8b).

. 4.3 The Mg/Ca ratio in relation to mineralogy
4.1.2 Temporal variation

The Mg/Ca ratios for all samples from the RZ soil solu-
The temporal variations in Ca and K concentrations are reption were close to Mg/Ca ratios from the stream water sam-
resented as the difference between minimum and maximunples, all of which were remarkably stable (Fig. 7). However,
campaign concentrations at each depth (Figs. 5 and 6). Innominal differences were detected between the Mg/Ca ratio
cluding all depths and sites, the mean of the relative stanin the RZ and the ratio in the streams (Table 4). Riparian
dard deviations for Ca (11 %), Mg (8 %), Na (8 %), and Si site R9 deviated strongly from the general relationship. The
(7 %) were within or close to the analytical measurement er-overall mean Mg/Ca ratio for all riparian soil water samples
ror (SLU, 2012). The temporal variation of K was higher than was 0.35+-0.10, whereas the Mg/Ca ratio for site R9 was
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Fig. 5. Interpolated average campaign concentration profiles of Ca for the 13 riparian sites in Krycklan (vertical black lines). Concentrations
measured at 8 occasions during 2008 and 2009. Plots also include minimum and maximum campaign concentrations (black circles), mediar
modelled groundwater tables (horizontal black lines), 10th and 90th percentiles of groundwater table positions (horizontal dotted lines), and
water flux curves (light grey lines).

Table 4. Parameter estimates from the differences between the MgTable 5. Mineralogical content in riparian soil samples excluding
Ca relationship in the riparian soil water samples and the Mg-Casite R9 (Vv = 17) and in site R9X = 3).
relationship in the stream water samples.

Mineral type  Content (%) Contentin R9 (%)

Term Estimate Std error ¢t Ratio Prob> | 7 |

Quartz 31-43 9-15
Intercept 0.02 <0.01 2.50 0.013 Plagioclase 20-25 14-16
Ca 0.32 <0.01 94.9 <0.0001 K-Feldspar 16-33 14-43
Stream or Amphibolites 7-21 0-32
Riparian 0.02 <001 458 <0.0001 Muscovite 2-16 3-10
Interaction  0.01 <0.01 1.99 0.047 Chlorite 1-4 5-21

significantly higher (Mg/Ca=0.63+ 0.34). The mineralogy 4.4 Riparian and stream BC flow-weighted

was rather homogeneous among sites with the exception of  concentrations

site R9 (Table 5, Supplement). Six groups of minerals were

identified in all sites analysed and site R9 showed different4.4.1 Riparian flow-weighted concentrations and
ranges in the content of three of those groups in comparison sensitivity/uncertainty analyses

to the other sites (Table 5). _ _ _ .
The estimated BC and Si flow-weighted concentrations for

both riparian and stream sites including flow-weighted min-
imum and maximum concentrations in the riparian sites and
sensitivity analyses (SU1 and SU2) are presented in the Sup-
plement. Not surprisingly, sites R11 and R14 had the highest
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Fig. 6. Interpolated average campaign concentration profiles of K for the 13 riparian sites in Krycklan (vertical black lines). Concentrations
measured at 8 occasions during 2008 and 2009. Plots also include minimum and maximum campaign concentrations (black circles), mediar
modelled groundwater tables (horizontal black lines), 10th and 90th percentiles of groundwater table positions (horizontal dotted lines), and
water flux curves (light grey lines).

flow-weighted average concentrations in all cases as a corin general, BC concentrations were higher deeper in the RZ
sequence of the high concentrations in these sites. An exceoil profile. Thus, lower groundwater levels would result in
tion to this was the high Na and Si flow-weighted concen-a lower volume of water per concentration unit, i.e. higher
trations observed at some forest sites (see for example sitdbow-weighted concentrations (and vice versa). The opposite
R7 and R12). The lowest flow-weighted concentrations wereoccurred for the sites with higher concentrations of K in the
estimated from site R8, located in the vicinity of a mire wet- upper horizon. Therefore, the sensitivity is site-specific and
land. dependent on the shape of the concentration profile where
In scenario SU1 we compared the potential range of flow—zg\?vd varies. For example, site R9, the most sensitive, had no-
weighted concentrations for the different elements by usingtably lower concentrations of all the elements at 30 cm depth
minimum and maximum campaign concentrations at eactthan at 45cm depth, amg‘,’vd varied in this area of the pro-
depth and site. Accounting for all riparian sites, Ca andfile (Figs. 5 and 6). In contrast, site R11, which had varia-
Mg varied similarly between-18 % to+19 % of the flow-  tion within concentration profiles, showed very low sensitiv-
weighted average and Na and Si betweéh% and+11 % ity to variation in groundwater levels. This is explained by the
of the flow-weighted average. In contrast, the range of Kfact thatz?g\‘,’vd here varied on the top layer of the soil (above
flow-weighted concentrations was higher, betweeBll %  15cm), where concentrations were assumed to be constant.
and+53 % of the flow-weighted average (Supplement). Site R15, with the most dynam't(g‘\‘,’vd and the largest un-
Scenario SU2 was performed to estimate how sensitivecertainty, had low sensitivity (below 10 % variation in flow-
the flow-weighted concentrations were to uncertainties inweighted concentrations) as a result of the practically verti-
groundwater levels (Fig. 9; Supplement). In general, risingcal concentration profiles. The differences between elements
groundwater tables would decrease flow-weighted BC confollowed the same principle. Site R6 was sensitive for K but
centrations, whereas falling groundwater levels would im-not for Ca due to the different shape in concentration profiles
ply higher concentrations. This is related to the fact that,between K and Ca (Figs. 5 and 6). For most of the cases, the
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7 predictors (VIP> 1) were in decreasing order: percentage of
peat, percentage of silt, and percentage of till.

® Riparian sites

4.4.3 Linking riparian and stream flow-weighted
concentrations

O Stream sites . . S .
Flow-weighted concentrations from riparian and stream sites

can be compared in headwaters to test whether net fluxes are
maintained and to gain insights into RZ behaviour. In our
case, that is C4 and R8; C2 and R5, R6, and R7; and C6
and R4 (Fig. 10). By definition, headwater streams receive
no water from other upstream catchments and their chemistry
should be represented by their RZ. In general, flow-weighted
concentrations in headwater streams were within or slightly
below the range of flow-weighted concentration estimates in
Mg = 0.327Ca + 0.026 the corresponding RZ (Fig. 10). Ca, Mg and Na matched
R?=0.96 well; however, some discrepancies were observed for K. For
example, concentrations of K were higher in site R5 com-
pared to site C2 and lower in site R8 compared to site C4
(Fig. 10b). For Si, flow-weighted concentrations were notice-
ably lower in the streams (Fig. 10c). Site R7 showed higher
: : : : flow-weighted concentrations for all elements than the cor-
0 3 6 9 12 15 18 21 responding stream C2 and the other riparian sites in the sub-
Ca(mglL?) catc.hment. _ . _
Higher flow-weighted concentrations throughout the sedi-
Fig. 7. Relationship between Mg and Ca in all riparian soil water mentary area towards the outlet corresponded with higher RZ
samples § = 702) and all stream water sample§ £ 722) and  flow-weighted concentrations downstream in the catchment
equations describing them (above equation: riparian samples; beloWSupplement). Sites R11 and R14 in the sedimentary land-
equation: stream samples). scape element type had notably higher flow-weighted con-
centrations than those observed in other landscape element
types. Moreover, the highest Na and Si flow-weighted con-
variation in z&‘@d did not change the flow-weighted concen- centrations found in C1 and C2 were in agreement with high
trations more than 15 % (Fig. 9). flow-weighted concentrations estimated in corresponding ri-
parian sites for these elements (sites R7 and R12).

IS
1

Mg (mg L?)
w

Mg = 0.314Ca + 0.016
R?=0.95

4.4.2 Stream flow-weighted concentrations and PLS
analysis 5 Discussion

AII BC flow-weighted cor_lcent_rations _increased d(_anstrearT_]5_1 Spatial and temporal variation in the ROK BC

in the catchment, especially in the sites located in the sedi- concentrations

mentary landscape element and at the catchment outlet where

the highest BC concentrations were observed (Supplementl. 1.1  Spatial variation

As an exception to this, the highest flow-weighted concentra-

tions for Na and Si were estimated for the two most forest-The shape of the concentration profiles was similar between

dominated sites C1 and C2 (Table 1). Low BC flow-weighted RZ sites, especially those belonging to the same site class

concentrations were generally associated with sites charadFigs. 5 and 6). Dry and humid till sites had, in general,

terized by a high proportion of wetlands (C3, C4, and C5). higher concentrations deeper in the profile, probably repre-
BC and Si flow-weighted concentrations in all stream sitessenting water with longer soil/mineral contact timefgren

were used as response variables and landscape element tygeal., 2010). This is in agreement with other studies in Swe-

proportions in the corresponding subcatchments (Table 1) aden (Vestin et al., 2006, 2008).

predictors in a PLS analysis. Landscape element type pre- The variability in absolute concentrations between sites

dicted most of the variation in flow-weighted concentrationswas large. Site R8, which receives water from a contigu-

(R?Y = 0.88) with a high prediction ability@? = 0.75). In-  ous mire wetland showed the lowest BC and Si concentra-

dividually, Si and Na were predicted betteR4Y = 0.93; tions. This suggests a source limitation, i.e. lower mineral

02 =0.82) than K R?Y =0.79; 0?>=0.63), and Ca and content at this site. Higher concentrations of K, Na, and Si

Mg were in the range of the overall model. The important were observed in a forest RZ compared with a wetland RZ

www.biogeosciences.net/10/3849/2013/ Biogeosciences, 10, 3B68-2013
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Fig. 8. Measured concentration and specific discharge relationships for Ca, K, and Si at some selected stream sites during 2008 and 2009, in
cluding C2 (typical forest catchmeng)( C4 (typical peat-dominated wetland catchmeh}) C13 (outlet of the upper part of the catchment)
(c), and C16 (outlet of the catchment))( Mg resembled Ca and Na resembled Si.

by McLaughlin (2009), although there Ca and Mg were sim-temporal variation than the other elements, mostly related to
ilar between the two landscape element types. a peak in concentrations in the end of August 2008, espe-
Site R11 and site R14, located in the sedimentary land<ially at 15 and 30 cm depth (data not explicitly shown). This
scape element type, showed the highest concentrations of B€ould have been caused by the release of K from decaying
and Si. The differences in the Quaternary deposits betweeplant matter at the end of the growing season (Tukey, 1970).
sites in the upper unsorted till soils and the sites downstreantn contrast to the results presented here, Vestin et al. (2008)
underlain by sorted fine sediments may explain this and supfound temporal trends for Ca, K, and Si in a forest catchment
port the hypothesis that the higher specific surface area of then Sweden. However, they used more superficial soil water
silt enhances weathering reactions by allowing more effecimeasurements than those presented here. Our results are in
tive mineral contact (Warfvinge and Sverdrup, 19§Qren agreement with those presented by Burns et al. (1998), who
et al., 2007). The PLS analysis confirmed the importance ofound little temporal variation in BC concentrations in sub-
landscape element type as controls of BC and Si. In contrassurface flow from upslope sites in a forest catchment in North
site R15, also located in the sediment area of the catchmenfAimerica. Therefore, the temporal stability in the BC and Si
had concentrations which were similar to those found in theconcentrations in the ROK could be indicating a strong and
till sites. The lower part of the profile in site R15 is influenced stable upslope influence in the riparian chemistry.
by soil water enriched in organic carbon which could origi-
nate from buried organic matter, drainage water from an ad5.2 The role of mineralogy
jacent agricultural land or hyporheic fluxes from the stream
(Grabs et al., 2012), all of which would tend to dilute BC Si was found in the soil solution in relatively high con-

concentrations. centrations, suggesting the presence of weathering products
in RZ soil water. This is further demonstrated by the high
5.1.2 Temporal variation correlation between all elements studied here. We used the

Mg/Ca ratio to investigate homogeneity within the catch-
The general temporal stability of BC and Si concentrationsment. Changes in Mg/Ca ratio could potentially indicate ion-
at each depth and site is worth commenting on. We found axchange reactions but our results showed temporally and
negligible influence of time of sampling on variation in BC spatially stable ratios in all riparian sites and depths (Fig. 7),
and Si campaign concentrations (Table 3). K presented moreiith the exception of site R9. The fact that this site also had
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Fig. 9. Scenario SU2. Mean variation in maximum, average and minimum flow-weighted concentration for Ca, K, and Si for each riparian
site after varying modelled groundwater table$.96 standard deviations of the modelled estimates with respect to the observations at each
site (above) and-1.96 standard deviations (below). Error bars represent standard deviations. Mg resembled Ca and Na resembled Si. The
sites are sorted from those located in small headwaters to those located in larger subcatchments downstream.

a different mineralogy indicates that the riparian soil solution between the slopes is lower than the analytical error and the
is strongly imprinted by a mineralogical signal. Specifically, true statistical significance is almost certainly less due to lack
the higher content of Mg-rich chlorite can explain the higher of independence of measurements.

Mg concentration at site R9 (Table 5). Water of mineral soil

origin supports the transmissivity feedback concept (Rodhe5-3  Uncertainties in the riparian flow-weighted

1989; McDonnell et al., 1998; Laudon et al., 2004; Bishop concentration estimations

et al., 2011) in which upslope “old” or “pre-event” water . . o
(i.e. groundwater) is the main source of RZ water and refutes>CUrces of uncertainty in catchment studies include mea-

other suggested sources such as water infiltrated from seef&rément errors, representation of processes, and simplifica-
(Vidon and Smith, 2007) or precipitation inputs. The near- tions. The uncertainties in flow measurements and the use of

constant Mg/Ca ratio and stability in the stream sites indi-SPECific discharges in the Krycklan catchment have been re-

cate that the mineralogical signal is subsequently maintaine@Orted in _previous studie#\gren et al:, 2007; Laudor_m etal.,
in the surface waters of the catchment during all flow condi-2007)- With no better estimates available, we consider mea-

tions (Fig. 7). We interpret these stable patterns as a result ofuréd flows from the C7 site to be the best available data to

distinct mineralogical upslope signals integrating the chem-€stimate areal-specific discharge and calculate flow-weighted

ical signals of biological and chemical weathering that areconcentrations in our study. This approach has been used pre-
not changed through the RZ by ion-exchange reactions. Th¥iously atthe KCSAgren etal., 2007; Byrkvald et al., 2008;
nominally significant difference that was detected betweerf<Ohler etal., 2008; Wallin et al., 2010) and elsewhere (Bay-
the RZ and stream Mg/Ca ratios (Table 4) can be attributed®Y et al-, 1992; Landre et al., 2009). A number of assump-
to the high statistical powen (= 1424) but we suggest that 10ns made in this study are worth commenting on:

there is no environmental significance because the difference

www.biogeosciences.net/10/3849/2013/ Biogeosciences, 10, 33682013
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Fig. 10. Comparison of RIM estimated flow-weighted concentra-
tions from riparian sites and corresponding first-order streams and
from all riparian sites as average (R-All) and the outlet of the Kryck-
lan catchment (C16) including Ca)( K (b), and Si €). R5, R6, and

R7 should be compared with C2; R8 with C4; R4 with C6; and R-
All with C16. Error bars indicate potential maximum and minimum
flow-weighted concentrations in riparian zones using maximum and
minimum campaign concentrations. Mg and Na resembled Ca.

Biogeosciences, 10, 3843868 2013

1. Use of average campaign concentrations. The tempo-

ral stability influenced the decision to calculate flow-
weighted concentrations using average campaign con-
centrations and maximum and minimum as upper
and lower potential limits. Scenario SU1 showed that
the potential range in flow-weighted concentrations is
element-dependent but generally low (Supplement). It
should be noted that SU1 presents an extreme scenario
and that the real uncertainty is probably lower.

. Use ofzg\‘,’vd. Accurate data on groundwater spatiotem-

poral dynamics are essential to accurately estimate the
transport of solutes from RZ to streams (Lyon et al.,
2011). As there were gaps in the available RZ ground-
water level measurements, we used modelled values to
estimate riparian flow-weighted concentrations. Binned
z%bvj‘ corresponded well with binned specific discharge
(Grabs et al., 2012). We thus believe that the model re-
sults are a good representation of groundwater levels.
Further comparisons of observed and modelled values
showed that modelled values generally under-estimated
observed groundwater levels, especially in the winter
(Fig. 4). However, the sensitivity analysis SU2 revealed
little influence of uncertainty i1 on overall flow-
weighted concentrations. It should be noted that dif-
ferent relationships between runoff and groundwater
levels from periods with and without soil frost have
been reported at another riparian site in the same study
area (Laudon et al., 2004). Nevertheless, in some cases,
under-estimation of winter groundwater levels could
have led to erroneous estimates. For example, site R7
had unusually high flow-weighted concentrations com-
pared to the corresponding stream and the other two
nearby riparian sites (Fig. 10). This can be attributed
to zg;;d varying in lower parts of the profile where con-
centrations were higher. Site R7 was one of the most
sensitive to changes %9 (Fig. 9) and thereby ground-
water model under-estimations could have caused over-
estimations in flow-weighted concentrations. Moreover,
the model fit in this site was worse than in other sites
(Fig. 4c).

. Assumption of no overland flow. Overland flow was not

considered because it violates the assumption of ma-
trix flow when fitting lateral flow profiles (Grabs et al.,
2012) and because surface runoff has been rarely ob-
served in the area (Bishop et al., 1995). However, the
model equation that fittedgs’vd and specific discharge
predicted overland flow in some sites at times of high
discharge such as spring flood (Supplement). The pro-
portion of the total lateral flow of those sites as over-
land flow was estimated from modelled values by as-
suming constant velocity over the ground equal to the
velocity atz = 0mm (Supplement). The proportion is
close to 20% for the wettest sites R2, R8 and R11.
These results could be an artefact of the fitting curve,
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but assuming that surface runoff might have indeed oc-charge at the same time in the streams are small. Concen-
curred and that the chemistry of this water would be tration profiles only vary slightly in RZ and the slope of the
different, i.e. “event water” with lower BC concentra- concentration-discharge relationship in the streams indicates
tions, the flow-weighted concentrations for those sitesnear-chemostatic behaviour (Godsey et al., 2009) (Fig. 8;
could have been over-estimated. This could be impor-Supplement). Vestin et al. (2008) highlighted how stream
tant when overland flow is “return flow”, but especially chemistry (Ca and Si but not K) mirrored upper riparian soil
when overland flow is generated over frozen soil, as hasvater chemistry during high flow and deeper riparian hori-
been suggested for the area surrounding site R8 (Laudomons during baseflow in their catchment in central Sweden.
et al., 2007). This hypothesis is also consistent with theOur results are also in agreement with McLaughlin (2009)
stronger dilution effect seen at site C4 (Fig. 8b). who found similar concentrations of Ca and Mg and lower

) ) concentrations of K, Na and Si between a stream and two

4. Assumption  of  constant concentration  from o sites in a boreal catchment in Canada.

z=-150mm to z=0mm. Upper layers in the " gqimates of Ca, Mg, and Na flow-weighted concentra-
soil profile are believed to be more hydrologically yjons \vere similar between riparian sites and correspond-
conductive and qqantltatlvely more important  for ing headwater streams, even in the mire wetland site C4
lateral flow gengratlon. Although we presented Ola’[""(Fig. 10a). This supports RIM conceptual model in which
from some relatively dry sites, RZ usually are Wet |5i0.0 R7 fluxes are the sources of water that control stream
areas close to saturation. Here we assumed a constagh o istry on an annual timescale in catchments where matrix
concentration in the shallowest part of the soil profile q,,; nredominates (Seibert et al., 2009). This further demon-
equal to the concentration at= —150mm. HOWeVer, gy ate5 the small direct influence of deposition, i.e. precipi-
the shape of the pr'oflle concentrgtlons In some SiteS4inn water, in the catchment and the larger importance of
suggests a decreasing concentration from 15cm depthyye; geeper soil water. Strong influence of biogeochemi-
to the surface. For example, site R11 showed a strong.,; oy cling could explain why stream and RZ flow-weighted
decline in concentrations from 30cm depth to 15¢m o antrations differed for K and Si. It has been shown that a
depth (Figs. 5 and 6) and this decline may continue 0y, 401 K temporal variation could be linked to temporal veg-
occur from 15cm dgpth to the t°pj Our assqmptlon_ of etation recirculation. Riparian wetlands are potential sinks
constant concentrations co_uld partially explain the high amorphous Si (Struyf and Conley, 2009) and retention of
estimates at that or other sites. amorphous Si has been shown to control the exports of dis-

The assumptions that we have discussed highlight potenS©/ved Si from the RZ to the stream (Struyf et al., 2009) in
tial sources of uncertainty in our calculations. As the netaccordance with our findings at the wetland site R8.

fluxes comparisons demonstrate a general over-estimation of Piréct comparisons between higher order stream and RZ

RZ flow-weighted concentrations (Fig. 10), we conclude thatSites should be made with caution because of the mixture of

all above assumptions might have contributed to the overallVaters from different subcatchments. Downstream increases
uncertainty. Fluxes from riparian sites to the streams would" BC concentrations in the Krycklan catchment have been
be proportional to the flow-weighted concentrations calcu-"€POrted by others (Buffam et al., 2008; Klaminder et al.,
lated here because of the assumption of specific discharg@011@). This is in agreement with the higher flow-weighted

Therefore, discussions regarding flow-weighted COI,lcemr‘,jlponcentrations in the downstream sites presented here and
tions can be related to fluxes. further supported by higher flow-weighted concentrations es-

timated for riparian sites located in sedimentary areas. RZ
5.4 Linking riparian and stream chemistry in those areas contribute more BC, but the signal of these

soils is attenuated by higher order streams that contain water
The near-constant Mg/Ca relationship (Fig. 7) clearly from the upper parts of the catchment. Longer water resi-
demonstrates the connection between RZ and stream walence time, i.e. a larger proportion of deep groundwater, is
ter chemistry. Also, the observed BC and Si dilution in the another mechanism that would allow greater mineral contact
streams during high discharge conditions (Fig. 8) is con-and thus higher BC concentrations (Warfvinge and Sverdrup,
sistent with the general shape of the concentration profiled992; Walker et al., 2003).
(Fig. 5) and the sensitivity analysis of SU2 (Fig. 9): ground- Si and Na flow-weighted concentrations were both high
water levels rose during these events and entered the uppér the forest streams and the corresponding RZ, notwith-
layers of RZ soil profiles, which usually have lower element standing the over-estimation in Si flow-weighted concentra-
concentrations (Fig. 5). Thus, the flow-weighted concentra-tions. These higher Na and Si flow-weighted concentrations
tions in water leaving the RZ decreased, reducing the conmay reflect higher biological weathering in the fully forest-
centrations in the stream. SU2 (Fig. 9) indicated that mostdominated sites. Flow-weighted concentrations of BC and Si
of the RZ sites would contribute runoff with lower BC con- are low in streams draining subcatchments with a higher pro-
centrations if water levels were higher. Both the dilution portion of wetlands and in the riparian site with more wetland
from higher RZ groundwater tables and from increasing dis-influence (R8).
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5.5 Representativeness of riparian zones in BC tion profiles (Fig. 8b) and RZ that display large concentration
flow-weighted concentrations changes across the median groundwater level (type site R9in
Figs. 5 and 6) would be more vulnerable.
Grabs et al. (2012) and Lyon et al. (2011) discussed how
distributed representations of RZ are needed in catchment-
landscape scale studies to accurately reproduce surface wg- Concluding remarks and further investigations
ter chemistry, and especially organic carbon, because of the
heterogeneity in concentration profiles and groundwater taRZ located in soils underlain by sorted fine sediments domi-
ble positions. This differs from previous lumped conceptu- nated by silt had higher BC and Si concentrations than RZ lo-
alizations which were based on a single RZ as representecated in areas dominated by unsorted till. This difference ex-
tive of an entire catchment (Bishop et al., 2004; Vestin etplained most of the variation in concentrations between RZ.
al., 2008; Seibert et al., 2009). Single transects have beeA clear increase in concentrations down the soil profile in
described as non-fully representative for other compoundsnost of the riparian sites located in till areas, probably repre-
such as aluminium (Cory et al., 2007)fgren et al. (2011) senting water with longer soil/mineral contact time, was ob-
also pointed out the simplicity of lumped representations.served. Spatial variation in BC and Si flow-weighted concen-
They attributed this to uncertainties in water flowpaths andtrations in the streams was explained by differences in land-
the problem of linking stream water that represents the in-scape element type, with the largest contribution from lower
tegration of multiple terrestrial sources to one or few soil lying silty sediments and the lowest contribution from peat
water sampling points. All those circumstances are also relareas higher up in the catchment. The combined results from
evant for BC and Si. However, here we have shown how anboth RZ and streams indicate that soils dominated by sorted
nual flow-weighted concentrations in headwater RZ repre=silt are hotspots for BC and Si, whereas wetland areas are
sent annual flow-weighted concentrations in correspondindimited sources. Landscape element type is a useful predictor
streams and how the flow-weighted concentrations in bothof RZ chemistry. This finding supports a conceptual model
large-order streams and corresponding riparian sites follow af the boreal landscape as a mosaic of distinct landscape el-
similar pattern. The observed mismatches at some sites coulements with biogeochemically distinct signatures contribut-
be explained by the aforementioned uncertainties in calculaing to surface water chemistry {Kler et al., 2008; Oni et al.,
tions. On the other hand, compounds like organic carbon ar013).
affected to a larger extent than BC by heterogeneous factors We conclude that a characteristic but comparable constant
such as temperature, water content or topograplihlgt et  upslope signal that integrates deposition, plant uptake, and
al., 2008; Winterdahl et al., 2011a; Grabs et al., 2012) andveathering is maintained through all RZ and subsequently
might show more variation within RZ. Some other processesmported to the stream waters. This is supported by: (1) the
such as vegetation recirculation (K) and retention within thetemporal stability in the concentrations of BC and Si, (2) the
RZ (Si) need also to be taken into account. Regarding thisremarkably stable Mg/Ca ratio in riparian soil and stream wa-
von Schiller et al. (2011) argue that net fluxes comparisongers, and (3) the homogeneous mineralogy in the catchment.
based on a single RZ are problematic for nutrients such aguture work should investigate upslope conditions to confirm
nitrogen because of the potentially large spatial variability these findings.
and differences between measured groundwater chemistry The observed chemical dilution effect with flow in the
and the water that actually enters the stream. This could parstreams was related to variation in groundwater levels and el-
tially explain why the comparisons are less accurate in theement concentration profiles in the RZ. In headwater streams,

case of K and Si in our work. RZ flow-weighted concentrations of Ca, Mg and Na resem-
bled those in corresponding streams. Net fluxes were not
5.6 Potential implications for surface water quality maintained for K and Si, suggesting a stronger biogeochem-

ical influence on these elements. The suggested mechanisms
Increasing runoff following harvesting has been observed inare vegetation recirculation (K) and retention within the RZ
many parts of the world, including Sweden (Sgrensen et al.(Si). The high flow-weighted concentrations in RZs located
2009; Futter et al., 2010), Canada (Kreutzweiser et al., 2008)in sedimentary soils were attenuated in higher order streams
and China (Zhang et al., 2012). The effects include elevathat contain water from the upper part of the catchment. This
tion in groundwater levels (Bosch and Hewlett, 1982), whichindicates that headwaters may be more vulnerable to ups-
has also been linked to changes in precipitation regimes relope changes. The importance of headwaters for management
lated to climate change (Hongve et al., 2004). Our resultsstrategies has been already reported (Bishop et al., 2008), es-
show low sensitivity in BC concentrations in RZ water enter- pecially in relation to pHAgren and fgren, 2012).
ing the stream to changes in groundwater levels (Fig. 9), al- BC flow-weighted concentrations from RZ to streams
though in general concentrations would be lower, potentiallyshowed low sensitivity to changes in groundwater levels, al-
leading to episodic acidification because acid neutralizing cathough rising groundwater levels would tend to reduce the
pacity (ANC) would decrease. Stream sites with steeper diluBC flow-weighted concentrations from RZ to streams. This
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could lead to potential episodic acidification if groundwa- trogen and phosphorus, Can. J. Fish. Aquat. Sci., 49, 584-596,
ter levels are altered by forest harvesting or climate change. doi:10.1139/f92-0681992.

The role of BC pools linked to organic matter-rich RZ in Belyazid, S., Westling, O., and Sverdrup, H.: Modelling changes
buffering acidification could not be investigated with the I forest soil chemistry at 16 Swedish coniferous forest sites
data presented here. It could be significant and should be following deposition reduction, Environ. Pollut., 144, 596609,

. . i . . . doi:10.1016/j.envpol.2006.01.018006.
studied in the future. This is especially important in the Bergknut, M., Laudon, H., Jansson, S., Larsson, A., Gocht, T., and

long-term becau_se many studies have p_redlcted depletion in Wiberg, K.: Atmospheric deposition, retention, and stream ex-

BC pools asgouated with forest harvesting (Sverdrup et al,, port of dioxins and PCBs in a pristine boreal catchment, Envi-

2005; Belyazid et al., 2006; Akselsson et al., 2007). ron. Pollut., 159, 1592—1598, dD.1016/j.envpol.2011.02.050
The vulnerability of boreal catchments to changes induced 2011,

by forest management or climate changes that create distuBishop, K.: Episodic increases in stream acidity, catchment flow

bances in biogeochemical reactions and hydrological vari- pathways and hydrograph separation, Ph.D. thesis, University of

ability can be addressed in future researches by estimating Cambridge, UK, 246 pp., 1991.

the RZ buffer capacity, i.e. a comparison of lateral exports toBishop, K., Lee, Y. H., Pettersson, C., and Allard, B.: Terrestrial

the stores in different, operationally defined pools. sources of methylmercury in surface waters — the importance of
the riparian zone on the Svartberget catchment, Water Air Soil

Poll., 80, 435-444, dai0.1007/bf011896931995.
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