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Abstract. The riparian zone, the last few metres of soil 1 Introduction
through which water flows before entering a gaining stream,

has been identified as a first order control on key aspects of, the effort to understand how stream water is influenced
stream water chemistry dynamics. We propose that the dispy catchment inputs, the riparian zone (RZ) has been identi-
tribution of lateral flow of water across the vertical profile of figq as a key part of the catchment, especially when consid-
soil water chemistry in the riparian zone provides a coNcepP-gring the short term dynamics of water chemistry which are
tual explanation of how this control functions in catchments ¢ great ecological importance (Buffam et al., 2001; Fiebig
where matrix flow predominates. This paper presents a mathgt al., 1990; Gregory et al., 1991; Hill, 2000; Smart et al.,
ematical implementation of this concept as well as the modebom)_ As a simple starting point, the RZ can be thought
assumptions. We also present an analytical solution, whichyt a5 4 vertical array of soil solute sources that behave like
provides a physical basis for the commonly used power-lawchemostats, i.e. water emerges from each source with so-
flow-load equation. This approach quantifies the concept ofyte concentrations that are independent of the concentra-
riparian control on stream-water chemistry providing a ba-tjon the water entered that source with. The temporal vari-
sis for testing the concept of riparian control. By backward gtion of flow pathways through the riparian zone associated
calculation of soil-water-chemistry profiles, and comparing with changing groundwater levels connects different combi-
those with observed profiles we demonstrate that the simplgations of these solute sources in the RZ soil profile to the
juxtaposition of the vertical profiles of water flux and soil wa- giream. The dynamics of stream water chemistry thus reflect
ter chemistry provides a plausible explanation for observedpe chemical “fingerprint” of the combination of chemostat-
variations in stream water chemistry of several major streamjye soil solute sources in the RZ that connect to the stream
components such as Total Organic Carbon (TOC), magneyt a given flow rate. The RZ is of special importance for to-
sium, calcium and chloride. The “static” implementation of 5] organic carbon and related constituents, since TOC con-
the model structure presented here provides a basis for fulsgntrations increase markedly when passing through the RZ,
ther development to account for seasonal influences and hy|ative to upslope concentrations (Bishop et al., 1990; Cory
drological hysteresis in the representation of hyporheic, ri-g¢ al., 2007; Hinton et al., 1998:dler et al., 2009: Laudon
parian, and hillslope processes. et al., 2007; Sanderman et al., 2009). The RZ is a dominant
control in first order catchments, which in turn are crucial
for our understanding of water chemistry dynamics in larger
aquatic systems (Bishop et al., 2008).

Hillslopes, i.e. the upslope area draining through the ripar-
ian zone, are the most extensive landscape units in nearly all

Correspondence tal. Seibert catchments and provide both the majority of the water and
BY (jan.seibert@geo.uzh.ch) most solutes in terms of fluxes. In the last metres before
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reaching the stream, water and solutes pass through the RZ
It is here where important features of temporal variation in
stream water chemistry are determined (Hooper et al., 1998),
The riparian zone, with its often distinctive soil properties,
therefore plays a crucial role in catchment hydrology and
biogeochemistry. While hillslope flows to the RZ over the
course of millennia have shaped the chemical and hydro-
logical structure of the RZ, the RZ controls the short-term
stream-water-chemistry on an episodic and inter-annual time
scale.

One example of where a conceptualization of processes in
the RZ is needed to explain the complexity of soil-surface
water interactions is the so called double paradox of runoff
generation (Kirchner, 2003). During hydrological events a)
there is often a rapid mobilization of old, or pre-event wa-
ter as indicated by the isotopic composition of stream water._. _ Lo
Some solute conB(/:entrationsp in thispold water increase dra]—:'g' 1. Location of study catchme&) and studied hillslopéb)
matically during events, while other solutes dilute and some

remain essentially unchanged. In other words, there is a There are several ways to describe how streamflow and

strc_)ng variability in the_ hydroc_hemical response t_o hydro- stream water chemistry are generated. These formulations
logical episodes associated with flow rates changing by aNtten involve a number of discrete reservoirs, or “boxes’.
order of magnitude while the dominant source of streamflowOur concept of the RZ function builds on continuity in the

rer\T/1Va|ns o_Id wlater ' d | model that build vertical patterns of riparian soil solution chemistry and the
€ previously proposed a perceptual model that builds ofyiqyin tion of lateral fluxes across that soil profile. While

the interaction of the vertical profiles of lateral water fluxes upslope conditions are, of course, important for the char-

:ndbsloil SOI'“('jtion (I;her:nistry inl ripzaorga4n SOi:S t(;_explain the acteristics of the RZ, RIM does not aim at describing these
dou %parad ox ( E op gt a., il )I. n this paper WeIong—term controls. Rather, we focus on the linkage between
escribe and test thRiparian Profile Flow-Concentration the characteristics of the RZ and what is seen in the stream-

Intg%ratlopllvltodell (thM)f'ln more getayll. V\t/h|lehthe JLthtar-] flow at the time-scale of hours to years. Describing this par-
position of fateral water UXes and soil water chemistry assimoniously is essential for making robust models.

been used to explain different aspects of the way in which To test and develop this concept further, a mathematical

the RZ ".”parts a characteristi_c fingerprint on the temporalformulation is needed. We therefore present a quantitative
patierns in stream water chemisiry, we focus here mainly Mormulation of this riparian flow-concentration integration

Toc. Tthet_basm ;Ser? of RIM is tﬁﬁténti%r?)t'?n otfhflow anddfor the RIM model as well as an explicit discussion of the
concentration, which can vary with depth below the groun assumptions in the model. We also present a way to test the

surface, explains streamwater chemistry variations (BiShOanodel by backward calculation of soil solute concentration

ﬁt al, 20043' t'A Sm?”f.‘r ms_the;]mancal dtelzs%npnon of thte ﬁrofiles needed to produce observed stream water concentra-
ow-concentration relationship has recently been presentey, , - thege calculations are then compared to observed soll

byFGodfey etal. 'EZO'CI)'?))C this RZ fi int has b solution concentration profiles from the riparian zone. This
_or stream water IS Ingerprint has been quan- s ys to demonstrate gquantitatively that the juxtaposition
tified by Kohler et al. (2009). In their study, long-term ri-

: ; . ) 2 of water fluxes and soil water chemistry is a plausible mech-
parian patters of soil solution hydrochemistry within 4 m of nism for observed stream water concentration dynamics of
the stream captured a large part of the observed variation oz ;

. . - ome important solutes.

stream TOC especially at low to medium flow conditions. As

a consequence these stream TOC patterns reflect the small

fraction of riparian soils in the catchment much more thans  naterial and methods

the extensive upland soils that cover a major part of the catch-

ment. Similar results have been obtained by others. For ex2.1  Site description

ample, Dosskey and Bertsch (1994) quantified the amount

of carbon originating from upland soils covering 94% of the The model development has been carried out in the 13 ha

catchment area to contribute less than 10% while the ripariary astraticken catchment. This catchment is a tributary of

zone covering only 6% of the area contributed the remainingthe 50 ha Svartberget-finget catchment (monitored since

flux. 1980) which is located within the Krycklan basin in North-
ern Sweden (Fig. 1). The catchment has a mean annual
air temperature of~1°C, and mean annual precipitation of
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600 mm with an average runoff of 325 mm {Kler et al., Concentration

2008; Ottosson bfvenius et al., 2003). Vegetation is mainly

Norway sprucePRicea abieyin wet areas and Scots pirnfei{

nus sylvestsin drier soils away from the stream channel.

Podzols have developed on glacial till that extends to gneis- 0“6 ‘

sic bedrock 5-10 m below the ground surface. Peat deposits . per layer Concentration Flow
are found in riparian areas close to the stream, and are up to —

1m deep.

Discharge was computed on an hourly basis from wa-
ter level measurements (using a pressure transducer con-
nected to a Campbell Scientific data logger) at a thin plate, Concentation T Fow
90° V-notch weir at the outlet of the catchment. The rat- gy —
ing curve was derived using manual, instantaneous discharge
measurements (50 measurements in the range from 0.1 to \
10mmday). The stream sampling program is based on
weekly samples and more frequent sampling during some T fow
episodes, in particular, spring flood.

For the soil measurements three soil profiles are locatedrig. 2. Schematic figure of the riparian profile flow-concentration
along a 22 metre transect (Fig. 1b). This so called S-transedntegration model (RIM) which explains stream water concentration
was established in 1992 and has been sampled approximatefi the juxtaposition of lateral water flux and soil-water chemistry
monthly since 1996 when suction lysimeters were installed
(Cory et al., 2007; Laudon et al., 2004, Petrone et al., 2007). S . . . .
The transect is aligned, based on the topography, to follow. The flow-concentration |nt2egtzall IS basma_lly the juxtaposi-
the assumed lateral flow paths of the groundwater toward§Ion of lateral water fluxg(L* T, a_nd soil-water chem—
the stream. The riparian soil profile closest to the stream,'Stryt The lateral mass f"P‘ ofa constlt_uent at a certain depth
S04, is dominated by organic material with a transition from Z_[L] is the water flux at th|_s deptly(2), times the conce_r;tra-
organic to organic-rich mineral soil at 30 cm depth. The or- tion of the soil water solution at depthcsoiware(2)[M L ~].
ganic enrichment continues to a depth of 60 cm. The upslop he total mass floyvl rqte of this cgnstltuent, €. the.con—
site, S22, is located in a typical podzolic soil with a 10 to stituent load LM T~7], in the runoff is then the mtegrgﬂon
15 cm organic layer overlying the mineral soil. Site S12 is of these lateral mass fluxes over depth from a certain base
between the riparian and the upslope site in an organic-ricﬁevel_ (b_edka)ZO’ to the groundwater tabley (Eq. 1). Th_e
mineral soil with a transition from organic to organic-rich z-axis intersects the ground surfacezgiand has negative
mineral soil at 20 cm depth. The organic enrichment Corltin_values below the ground surface. Lateral fluxes above the
ues to a depth of 50cm. Details about flow pathways, Soilgroundw_ater table and below are neglected. Under .the
properties, water content and temperature, as well as the roI%Ssumptlon that all waf[er passes the RZ before reach|3ng the
of soil frost in the hydrology of the transect can be found stE?am the water-flux_mte_gral equals the Strea[';f@w
in previous publications (Nyberg et al., 200148l et al., T™7]. The concentration in the runOf?’r“”"ﬁ[M L .]’ can

then be computed as the mass flux integral divided by the

2001). water-flux integral (Eq. 1). If we can assume uniform condi-

o _ o _ tions for the riparian zone and the upslope recharge along the
2.2 Riparian profile flow-concentration integration stream network, these values for streamflow and load can be

model (RIM) assumed to represent the values at the catchment outlet.
. . . . . 21

In many soils physical and chemical properties, includ- [ q(2) csoiwatelz) dz
ing lateral transmissivity and soil water concentration, vary L =
systematically with depth. With the riparian profile flow- o= 5 = B @)
concentration integration model (RIM) these variations are Zfo‘I(Z)dZ

used to estimate the stream water concentration (or load).

The idea behind the model is that the variations of waterThe variation of water flux and concentration with depth can
and solute fluxes with depth for a representative soil pro-be described by different functions. In this study we used
file can be used to explain the variations of stream chem-exponential functions to express water fluxgg) = ae?*

istry with varying runoff (Fig. 2). While the term soil is used (parameters andb) and soil solutiore (z) = coe/? (param-
throughout the text, the RIM approach is equally valid for etersco and f) as functions of depth below the soil sur-
flow through any other material such as sediments or weathface. The choice of an exponential function to predict spe-
ered parent material. cific constituents in the soil solution is based on the observed
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Runoff [mm/d] 2.3 iﬁts:;rglt[i)ct)ir?ns of the riparian flow-concentration

0 S R N L T For the lateral groundwater-flow computations it is assumed
4 that the direction of soil water fluxes is horizontal in the di-
02 rection of the hydraulic gradient, lateral flow only occurs

in saturated soils below the water table and all lateral flow
discharges into the stream, as well as that a unique rela
0.4 — tionship exists between groundwater level and streamflow.
This means that all the additional lateral flow associated with
ground water table rise occurs in the newly saturated soil
layer. Matrix, or Darcian, flow with a constant hydraulic gra-
dient can be one way to fulfil this assumption. The large
variations in lateral water fluxes with changes in the ground-
water level would then be explained by the decrease of hy-
draulic conductivities with depth. This transmissivity feed-
back mechanism has been suggested as a runoff generation
mechanism in Scandinavian till soils, where there is exten-
Fig. 3. Relationship between depth to groundwater table at the ri-sive evidence of saturated hydraulic conductivity increasing
parian site in the transect and catchment runoff. upwards in the soil profile (Bishop et al., 1990; Laudon et
al., 2004; Lundin, 1982; Nyberg, 1995; Rodhe, 1989). Simi-

) ) ) lar patterns of saturated conductivity variations have been re-
concentration profile and the reasonable results obtained aborted for soils in other regions (Kendall et al., 1999; Kirkby,
ter estimating the involved parameters. The choice of an ex1978: Soulsby and Reynolds, 1993; Weyman, 1973; Whip-
ponential function to predict water fluxes is motivated by key, 1965). A vertical gradient in saturated flow is a useful

the observed variations of flow in relation to groundwater g ajization appropriate to till soils with a strong vertical
depth (Fig. 3) and supported by measurements of saturategofile in saturated hydraulic conductivity, but not a require-
hydraulic conductivities in riparian soils with mineral-peat ,ant in future applications of the model. Flow also does
transitions that were carried independently in the same req, ot have to be Darcian, as long as there is no bypass flow
search area (Bishop, 1991). __and any additional water flow always occurs in the soil layer
Stream constituent loads can then be calculated using,st above the previous groundwater table, the computation

o
o

o
o

Groundwater level [m below surface]
|_\

Eq. (2). of the lateral fluxes is valid. Such an assumption is not valid
Zy in cases with overland flow or well-connected macropores,
I — /a % coel?dz @) and other types of di;continuities ih the' spil properties.
For the concentration computations it is assumed that the
Zo soil water chemical signal is imprinted in the riparian zone

Several parameters in this equation can be estimated indéﬂSt&ﬂtﬂﬂGOUSW, or at least at a rate that is faster than the rate
pendently from each other. The parameters related to th@tWhich the water traverses the riparian zone, before entering
variation of flow with depth4 andb) can be estimated by the the stream. The solute concentration of the soil water enter-
differentiation of the functional relationship between ground- ing the riparian zone from upslope does not have any influ-
water levels and streamflow (Fig. 3). We further assume thagnce on the concentration of solutes of the water flowing out
we can fix the concentration of the soil solution at a certain©f the riparian zone. In other word, the different layers of the
depth,d, to a valuec, that can be related to stream water RZ function as chemostat. As a consequence, the predicted
concentrations at low flow when only the deepest flow pathgoad will be a function of flow only, i.e. the resulting concen-

in the soil profile are transmitting lateral fluxes and thus con-tration will be the same as long as the flow is the same, and
tributing to the total streamflow and constituent loads. Thethe flow will be the same as long as the groundwater level is
value of c; allows us to calculateg (co = cqe~/?). This the same. This assumption can easily be relaxed by letting
leaves us with one free parametﬁr,for any instance where the concentration soil profile vary temporally. It is also as-
we have simultaneous observations of streamflow and consumed that the solutes are transported only by advection to
centration at flow rates above low flow. In other words we the stream and that diffusion is negligible.

can back-calculate the soil concentration which would be

needed to produce the observed stream water concentration.

The higher the flow rate, the more the soil profile contributes

to the runoff and, thus, is identifiable from the stream water

chemistry based on RIM.
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2.4 Analytical solution of the riparian integration phosphorus and DOC (Cooper and Watts, 2002; Crawford,
1996; Smith et al., 1996). Here, we demonstrate how this
The integral expression in Eq. (1) can be solved analyti-relationship can be derived based on an integration of the lat-
cally for certain functions used to describe the variations witherg| fluxes and constituent concentrations in the soil water
depth. Below, we show this for exponential functions (Eq. 2). solution at different depths through the riparian zone.
Note that the existence of an analytical solution is convenient  one difference between the numerical integration and the
but not necessary since Eg. (1) can also be solved numerignajytical solution are the integration boundaries. While we
cally. integrate from the soil surface to a certain depth for the nu-
The key for the analytical solution is to integrate over merical solution, the integration continues to infinite depth in
streamflow, which is possible since streamflow is directly re-the analytical solution. A lower limit could, of course, be in-
lated to the riparian groundwater table position. The profiletroduced in the analytical solution but in order to simplify the
depthz is substituted by streamflow (Egs. 3 and 4) and theequations we choose to integrate to minus infinity. In testing
lower integration limit is set to minus infinity, which means of the RIM described below we used a lower limit of 1 m,
that the lower limit for streamflow (i.e. after substitution) is and with reasonable parameter settings there was virtually
zero. Rewriting Eq. (2) results then in a simple power law no difference between the numerical and the analytical so-
where the constituent load is directly related to streamflow  ytion. In other words, the difference in the lower boundary

(Egs. 5and 7). had no effect because of the assumed exponential decrease
_ 11, (b0 of the lateral water fluxes and concentrations with depth.
z=b In< /a) 3)
2.5 Testing the riparian profile integration model
dz=bQ)1do (4)
We tested the riparian flow-concentration integration ap-
Z proach using observed data from théstrakicken catch-

ment, both streamflow and chemistry at the outlet of the
catchment, and the instrumented transect within the catch-

—00 ment. Here we assumed that this transect is a fair representa-
01 tion of the whole catchment. This assumption was supported
— acofe(b+f')b’1ln(bQ/a) b)) tdo by vegetation and soil morphology of the transect which was
similar to other sites within the catchment. Depths of the

OQ boundaries between mineral soil, organic-rich mineral soil
bO\ b 1 and peat soil were within a few centimetres of the median
=aco / (7) (bQ) "dQ depth for these interfaces measured at 30 transects on the
0 east side of the stream (Bishop et al., 2004). In addition, a
ber Q1 bit tracer investigation of water sources and flow pathways using
L:EC()(é) ’ -/Qb%"*ldgz(f)l_ ’ COL.[Q”%’}QI (5)  stable isotope measurements (Laudon et al., 2004) demon-
b\a 0 b+t 0 strated that the proportion of event and pre-event water leav-
ing the transect during spring flood was similar to that of the
entire catchment.
Using groundwater level observations from the riparian
b+ f site at the S-transect we established an exponential rela-
=Ty 6) tionship between catchment runoff and groundwater lev-

The constituent load is then related directly to runoff and soiI.eIS (Fig. .3)' This gppr_oach 's supported by previous stud-
. ; ) ies showing that riparian groundwater levels are in phase
parameters through a simple power function (Eq. 7):

with runoff in the conditions similar to those found in the

1 b+f

Equation (5) is further simplified by introducing a power-law
parameten (Eq. 6).

n

(a/b)l_” study catchment (Seibert et al., 2003). The differentiation
L=cg—"——0Q" @) of this groundwater level-streamflow relationship with depth
n yielded the parameters (and b) for estimating the water

It is interesting to note that this type of power-law function flux at a certain depth under the assumption of an expo-
is well-established as an empirical way to describe the re-nential transmissivity profile. For 132 instances with stream
lationship between discharge and load (or concentration)goncentration observations collected between 1993 and 2001
sometimes this is referred to as the rating-curve method(Kohler et al., 2008), we calculated the corresponding soil
Originally developed for estimating stream sediment loadswater concentration profiles for TOC according to Eqg. (2).
(Campbell and Bauder, 1940; Cohn, 1995; Ferguson, 1986All measurement periods had a streamflow corresponding to
Horowitz, 2003; Phillips et al., 1999; Walling, 1977) it is a specific runoff of more than 0.5 mm/d. The soil solution
also frequently applied to calculate nutrient loads includingconcentration at 1 m depth was set to 5mg/l based on the
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stream concentration observed at low flow periods of aroundbservations (not shown here). For S22 (Fig. 1), for instance,
0.15 mm/d, which generates less than 2% of the total annuahe median RMSE for TOC was 17.2 mg/I.
runoff in that catchment. The only parameter varying be- There was a considerable variation in the estimated shape
tween the different measurement periods was the shape fadactor values resulting in a large variation of the computed
tor, f. After fitting f, we compared the backwards calcu- soil profiles (Fig. 6a). Grouping th¢-values according to
lated soil concentration profiles with profiles that had beenthe month of the observation revealed some seasonal pattern
observed on 14 occasions. For comparison we used the pr@Fig. 6b). In general, higher values fgrwere obtained for
files computed for a window of up to 10 days from the day flow situations during summer and fall compared to spring.
at which the soil solute concentration measurements were
taken. This meant that we compared each of the observed 14
soil concentration profiles with those estimated based on ond Discussion
to six different stream water concentration measurements (35
in total). The RIM approach allowed us to infer soil concentration pro-
We also tested the riparian integration model for threefiles from observed stream concentrations. This is similar
other constituents, namely Ca, Mg and Cl. Additionally, hereto the approach of inferring rainfall and evaporation based
an exponential function was adjusted to the concentratiorPn streamflow fluctuations by “doing hydrology backward”
profile and the following values were used for the concentra-{(Kirchner, 2009). The backward calculated profiles of sev-
tion at 1 m depth: 3mg/l (Ca), 1 mg/l (Mg) and 1 mg/l (CI), eral solutes agreed, in general, well with the observed soil
again based on low flow concentrations. Four instances wittsolute concentration profile in the RZ. This failure to falsify
measured stream and soil water concentrations were avaithe RIM model is not sufficient for the model and its assump-
able for this test. tions to be valid. Our results do, however, demonstrate that
For TOC we investigated how the backwards calculatedthe suggested qualitative explanation (Bishop et al., 2004)
soil profiles changed seasonally. For this we compiled dis{S quantitatively plausible and can be predicted in a model
tributions of the shape factorg,, for the different months that captures major features of the riparian zone architecture

based on the 132 computations of the TOC soil profiles base@garding both hydrology and soil solution chemistry using
on different observed streamflow concentrations. just four parameters. The backward calculation of soil con-

centration profiles is especially valuable because stream wa-

ter chemistry is easier to measure than soil solute profiles. In
3 Results this study, we observed a seasonal pattern of the shape fac-

tor values that indicate increasing TOC concentrations in the
The backward calculated soil profiles of TOC for the stream-soil through spring and summer.
and soil-water concentration observations agreed well with End-member mixing analysis (EMMA) (Hooper et al.,
the observed soil concentration profiles for TOC on all 141990) is a commonly used technique for interpreting stream
instances with soil concentration observations (Fig. 4). Towater chemistry variations and the importance of different
evaluate the estimated soil concentration profiles, we comslistinct sources of streamflow (Hagedorn et al., 2000; Inam-
puted the RMSE based on the differences between obsedar and Mitchell, 2006, 2007; Katsuyama and Ohte, 2002).
vations and estimations for the different depths for each in-The RIM approach differs from EMMA by allowing for a
stance. The median RMSE for the different instances wasontinuous transition between waters of different chemical
3.7 mg/l, with 80 percent of the RMSE values ranging from composition such as TOC-rich soil water in the upper soil
1.4 to 11.6 mg/l. For comparison one could estimate thelayers to TOC-poor water in deeper layers.
soil profile by one constant value corresponding to the ob- We suggest that the RIM approach can provide a frame-
served stream water concentration. The median RMSE ofvork for investigating the temporal variations of soil solute
this benchmark was 7.8 mg/l and the RIM soil profile was concentrations, and allows this to be done with a much higher
better than the benchmark on 80 percent of the measuremepgémporal resolution than would be possible with soil solu-
periods. tion measurements alone. As mentioned before, there is a

For the other constituents, the backwards calculated conlong tradition of using power-laws in hydrology to describe
centration profiles also generally agreed with the observedhe relationship between streamflow and load (or concentra-
profiles for the four instances where observations were availtion) (Campbell and Bauder, 1940; Cohn, 1995; Cooper and
able (Fig. 5). For Ca, the median RMSE was 0.47 mg/l, Watts, 2002; Crawford, 1996; Godsey et al., 2009; Smith
for Mg 0.09 mg/l and for Cl 0.04mg/l. These values cor- et al., 1996). The analytical solution of flow-concentration
responded to about 20% of the mean value for Ca, 15% fointegration presented here provides a physically plausible
Mg, 5% for Cl and were only slightly higher or close to the explanation for the load function as a power function for
analytical precision that may be expected for those solutes. certain constituents such as TOC, Ca, Mg, and Cl. The
For locations further away from the stream the backwardanalytical derivation is similar to the one presented by God-

calculated TOC concentration profiles did not agree with thesey et al. (2009) but differs in that it relies solely on soil
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Fig. 4. Computed (lines) and observed (circles) TOC profiles. The predicted soil water concentration profiles are only drawn for the depths
which were assumed to contribute to the outflow, and are, thus, not extend above the groundwater table.
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Fig. 5. Computed (lines) and observed (circles) profiles for Ca (left column), Mg (middle column) and ClI (right column). The predicted soil
water concentration profiles are only drawn for the depths which were assumed to contribute to the outflow, and are, thus, not extend above

the groundwater table.

water concentrations in the riparian zone as explanatory endthat power-law-shaped relations observed between stream-
members rather than on the ensemble of reactive soil surfackow and stream sediment loads have often been reported
(Campbell and Bauder, 1940; Cohn, 1995; Ferguson, 1986;
) , , Horowitz, 2003; Phillips et al., 1999; Walling, 1977) but
The power function, which we derived based on the 5.6 ghyiously not related to riparian soil concentration pro-
assumed exponential profiles for flow and concentrationfjag.
represents a special case of the more general RIM CONpg represented by other combinations of functions than
cept. The derivation also does not constitute a true prooty,q exponential functions, which would lead to differently

areas along an entire hillslope.
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In addition, flow and concentration profiles could

of concept as other processes might lead to the Sim"a%haped streamflow-load relations.
power-law-shaped relations. This is illustrated by the fact
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chemistry variations during events (Chanat et al.,, 2002;
0 T°C4[(;“9"1 0 o . Evans and Davies, 1998; Hood et al., 2006; Rice et al., 2004).
‘ One may anticipate that the hydraulic properties of the RZ

|

may also change with time as a response to natural long-term
J or short term climate variability. In the current formulation of

the RIM, hysteresis effects from antecedent soil wetness on
g | | ‘ the hydraulic properties of the riparian zone are considered

o
)

o
>

o
o

Depth below surface [m]
Value of shape-factor f [m™']
w
|

o
©

negligible. Changes in subsurface flow patterns may occur
during prolonged periods of wetness or very dry spells. Fi-

nally we neglect any overland flow component that would

lead to dilution effects over time.

Fig. 6. (a)Variation of backwards calculated profiles of soil water Tff.‘:er_e rr;]ay al.fo bf? tempo.ral d}aﬂge; |nkthe| SOIII S(()jluthln
TOC,; (b) Seasonal variation of shape factgr, €q. 2) values (note: profile in the soil. The grouping of the back-calculated soi

November values include 2 instances from December and 4 fronsolution profile shape parametglfr,,.by month demon;trated
January) that there was a seasonal variation in the properties of the

soil solution profile. This will provide guidance on how to

several solutes in this study, the power-law function offers an?Xtend the chemically static RIM approach presented here

. . X . . _"in the direction of a dynamic model with time-variant soil
appealingly simple and yet physically plausible explanation

. . solution concentrations. Mechanisms that might influence
based on observed stream and soil water concentrations. L . )
the temporal variation of the concentration profile parame-

Thg RIM app_roach_did not _hold for linking stream water ters f andcp in Eq. (2) could potentially include periods
chemistry to soil solutions profiles of TOC further away from prolonged soil wetness, elevated soil temperature, com-

the stream. Th'f seems to confirm how, at least for oMy a4ions of both, or seasonality of plant growth that influ-
solutes, it is the “fingerprint” of the RZ that determines the o0 cation uptake and/or organic matter quality (Christ and
stream'waterchemlst.ry dynamics, rather than the much MOrB)avid, 1996). Such processes and their influence on soil
extensive upslope soils. concentration profiles could be included in the model by us-
The implicit assumptions of spatial and temporal invari- ing time-variant formulations forf andcp and describing

ance in the very basic type of model presented here may nahese profile parameters as functions of the relevant variables
be valid in different types of catchments or landscapes. Subgy,ch as temperature, season, antecedent flow or degree-days.
agyono et al. (2005), for instance, provided for a Japanes@|so plant growth dynamics could be accounted for in this

reset the hillslope-water chemical signature. In alpine catchy,y Boyer et al. (1996) might be used.

ments the spatial variation of snow accumulation and melt
might be an important control on stream chemistry (Boyer etg Concluding remarks
al., 1997).

With regard to the assumption of spatial uniformity, we as- We have presented a simple model to explain stream water
sume that stream recharge conditions as well as the hydraulichemistry variations as the fingerprint of the riparian zone.
and chemical properties of riparian soils in thasttalaicken  Based on backward calculated soil concentration profiles the
catchments act as one homogenous hydromorphic unit, andoncept was demonstrated to be a possible mechanism for
that this unit is adequately represented by the study transecseveral dissolved constituents. We have previously used this
If a catchment has a less homogeneous topography or evaiparian flow-concentration integration approach in a forward
other types of landscape elements, such as wetlands or lakegay to quantify soil-stream linkages for a variety of chem-
a disaggregation of the different landscape elements or hyical parameters: DOC (Bishop et al., 1990; Bishop et al.,
dromorphic units would be appropriate. In this way also the1994; Bishop et al., 1993), Methylmercury (Bishop et al.,
expected variation of the chemical fingerprint of the riparian 1995),180 (Laudon et al., 2004), Pb (Klaminder et al., 2006),
soils with varying vegetation (forest) type and age structureAl (Cory et al., 2007), N (Petrone et al., 2007), and, most
in the RZ could be considered. The continuous changes inecently, dissolved inorganic carbon (DIGYduist et al.,
concentrations of solutes in the soil with depth, which we as-2009). We applied the RIM approach to boreal catchments
sumed, might not always be valid, especially not in stronglywith till soils, but this approach is also applicable to riparian
structured soils where more abrupt changes are observed. zones in other types of landscapes.

With regard to changes in time, the only temporally vary- In this paper we formalized this operational approach
ing feature of the model presented is the groundwater leveimathematically as the RIM model. We also showed how
and associated flows. With time-invariant parameters in thethis approach ties into power-law representations of catch-
RIM, any hysteresis in the flow-concentration relationship ment outputs. This mathematical model facilitates testing of
are, thus, neglected, although these can be important fothe concept that the architecture of how flow paths and soil

[y

(a) ALJr M;y Jan Jlul ALg Slep O[ct Nn‘:v (b)
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properties consistently interact in the riparian zone is a usefuChrist, M. J. and David, M. B.: Temperature and moisture effects

framework for explaining stream water chemistry dynamics. on the production of dissolved organic carbon in a spodosol, Soil
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RIM approach might, thus, help to better describe poten- 33, 1117-1123, 1995.
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