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Abstract. Concentrations of dissolved organic carbon high frequency measurements. If the annual export was cal-

(DOC) in runoff from catchments are often subject to culated by simulated samplings ef days intervals substan-

substantial short-term variations. The aim of this studytial deviations resulted.

was to identify the compartmental sources of DOC in a Predicted changes in precipitation and discharge patterns

forested catchment and the causes for short-term variationas well as generally increasing temperatures likely will cause

in runoff. Furthermore, we investigated the implication of raising DOC exports from this catchment.

short-term variations for the calculation of annual runoff

fluxes. High frequency measurements (30 min intervals) of

DOC in runoff, of discharge and groundwater table were

conducted for one year in the 4.2 kiforested Lehstenbach 1 Introduction

catchment, Germany. Riparian wetland soils represent about

30 % of the catchment area. The quality of DOC was investi-The importance of dissolved organic carbon (DOC) for the

gated by three dimensional fluorescence excitation-emissiofunctioning of terrestrial and aquatic ecosystems is widely

matrices in samples taken from runoff, deep groundwateknown. DOC plays an important role in the C cycle, in the

and shallow groundwater from the riparian wetland soils. acid-base chemistry of soils and surface waters, it influences

The concentrations of DOC in runoff were highly variable nutrient cycling, and affects the mobility and availability

at an hourly to daily time scale, ranging from 2.6 mg'L  of metals and contaminants (Bolan et al., 2011; Kalbitz et

to 34mg L1 with an annual average of 9.2mgt The  al., 2000). Although numerous studies on DOC in soils and

concentrations were positively related to discharge, withcatchments have been published in the last decade, sources

a counter clockwise hysteresis. Relations of DOC to dis-and sinks of DOC in soils and the transition of DOC from ter-

charge were steeper and the degree of hysteresis larger in thestrial to the aquatic ecosystems are still poorly understood

summer/fall than in the winter/spring period. Dynamics of in their quantitative response to driving factors, like climatic

groundwater table, discharge, DOC concentrations and DOEonditions, flow paths, vegetation and soil conditions.

quality parameters indicated that DOC in runoff originated DOC in runoff from forested catchments originates mostly

mainly from the riparian wetland soils, both under low and from soil organic matter (Degens et al., 1991). Depending on

high flow conditions. The annual export of DOC from the precipitation, flow paths and catchment characteristics, dif-

catchment was 84 kg C hayr—! when calculated from the ferent soil types and soil horizons from different parts of
the catchment may feed the runoff with DOC, resulting in
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temporal variations of DOC quality and quantity in runoff. In ~ The DOC export fluxes with runoff might represent a
general, the DOC export from forested catchments in Scandisubstantial contribution to the net C budget of ecosystems
navia was found to be positively related to the area of wetlandKindler et al., 2011). If the DOC concentration varies with
soils (Laudon et al., 2011). To identify the compartmental discharge, the flux calculation is subjected to potential errors
sources of DOC in runoff, quality parameters of DOC can besince discharge is often recorded permanently, while DOC
used, like fluorescence spectroscopy (Ishii and Boyer, 2012¢oncentrations are measured infrequently in larger time inter-
Fellman et al., 2009; Austnes et al., 2010). This is a highlyvals (like fortnightly) with interpolation procedures needed
sensitive method to determine changes in DOC quality andor the calculation of annual fluxes (Hinton et al., 1997).
can be applied to a large number of samples. Koehler et al. (2009) reported the annual DOC flux with
DOC concentrations in runoff from forested catchmentsrunoff calculated from 30 min measurements to be similar
are often subjected to temporal variations of one order ofto infrequent samplings once a day, once a week and once
magnitude at time scales ranging from hours to seasons. Thia month. In case of mineral elements (sulfate, nitrate, chlo-
can be attributed to the large differences in DOC concentraside), that typically show more of a chemostatic behavior,
tions in the two dominant flow components contributing to fortnightly sampling of runoff was adequate to capture an-
individual discharge events, i.e. groundwater versus shallownual fluxes (Alewell et al., 2004).
groundwater and surface runoff from riparian wetland soils The objectives of this study were thus (1) to quantify the
(McGlynn and McDonnell, 2003; Hood et al., 2006). Lud- effect of hydrological conditions on DOC variations in runoff
wig et al. (1996) related the DOC fluxes to drainage inten-from a forested watershed, (2) to identify the compartmental
sity, basin slope, and the amount of carbon stored in soils. Inerigin of DOC in runoff, and (3) to investigate the implica-
terestingly, they found a negative relationship between basirtions of the short-term variations for the calculation of DOC
slope and DOC concentrations as steeper slopes may causgport fluxes at the annual scale.
a restricted contact between soil and water, and thus lead to To these ends we have studied the relationship between
lower DOC concentrations in runoff. DOC, discharge and groundwater level in a forested headwa-
Hysteretic relationships between discharge and solute conter catchment based on high temporal resolution techniques.
centrations have observed, among others, by Hornberger et
al. (1994), Evans and Davies (1998), Butturini et al. (2006), ,
Raymond and Saiers (2010), Pellerin et al. (2012) and Jeon§ Material and methods
et al. (2012). Evans and Davies (1998) proposed the hys:

teretic concentration/discharge relationship for the analysisz'1 Study site

of episode hydrochemistry. Using a three component modelypeg | ehstenbach catchment is located in the Fichtelgebirge
they categorized the concentration/discharge relat|onsh|p§egion (50835’ N, 11°528"E) in southeastern Germany
into clockwise and counterclockwise hysteresis with a POS-(Frej et al., 2010). The catchment area is 4.2kaith el-
itive, negative or no trend. This categorization allows for the o ~tions ranging from 695 to 877 m above sea level. Mean
distinction of flow components that are drained during the ;04 precipitation is 1150 mm (1971-2000). The annual
rising or falling limbs of the hydrograph. Generally, high temperature averages at 5@ (1971-2000). During winter
concentrations during the rising limb of the hydrograph lead ¢,,nstantial snow cover develops regularly.

to clockwise hysteresis, while high concentrations during the  the pedrock is variscan granite. Most abundant soil types
falling limb imply counterclockwise hysteresis. Clockwise 4. Dystric Cambisols, Haplic Podsols and Histosols (IUSS,
hysteretic patterns have been attributed to early flushing 3“5007). About one third of the catchment area is covered
depletion effects as well as changes in the connectivity of ri—by Histosols, mostly by minerotrophic fens with some bogs
parian or hillslope flowpaths (Hornberger et al., 1994; Boyeri petween (in the following referred to as riparian wet-
etal., 2000Agren etal., 2008; Pacific etal., 2010; McGlynn |5 soils). The riparian wetland soils have been drained by

and McDonnell, 2003). _ ditches established probably in the 19th century and some
Only recently, field-deployable automated devices becam%ctive ditches still exist.

gvai_lable to analyze physico—chemical parameters of runoff Norway spruce Ricea abies(L.) KARST.) covers ap-

in high temporal resolution. From such measurements, nevoyx 909 of the catchment area. The riparian wetland soils
insights in the _hydrolc_;g|cal, chemlca_ll and biological controls 4. covered partly by Norway spruce, but also $yhag-

qf runoff chemistry mlg_ht emerge (Kirchner et al., 2004; Hal- nummosses with patches daccinium myrtillus Juncus ef-
liday et al., 2012). Using high frequency measurements ofg,s Carex nigra Carex rostrataCarex canescendlolinia

DOC quality parameters, Spencer et al. (2007) found diur'caerulea andEriophorum vaginatuniMatzner, 2004).
nal patterns which would not have been revealed by discrete

sampling strategies, whereas Jeong et al. (2012), for a catch-
ment in monsoonal climate, showed up to 23 % of the annual
exports of DOC and 48 % of POC being realized in only a
few discrete events.
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2.2 Hydrological boundary conditions and water 2.3 Measurements of DOC concentrations in runoff in
sampling high temporal resolution

In the upland areas of the catchment the mean groundwatdpOC concentrations in runoff were measured in 30 min in-
depth is more than 10 m. Inclination of the catchment aver-tervals from the 6 of August 2010 to the 5 of August 2011
ages at 3and surface runoff at the slopes is of minor impor- by a spectrometric device (spectro::lyser, s::can Messtechnik
tance (Lischeid et al., 2002). However, based on a modelingmbH, Vienna, Austria) which was permanently immersed
approach, Frei et al. (2010) suggested some surface runofit the weir at the catchment outlet. A UV-VIS spectrum with
from the riparian wetland soils. arange from 200 to 732 nm was recorded every 2.5nm. DOC

Precipitation was Continuous|y recorded in the upper partconcentrations were calculated by the Spectro::lyser software
of the catchment by a t|pp|ng bucket rain gauge. The Sha”o\/\baSE‘d on the inclusion of about 80 Wavelengths under correc-
groundwater level was measured in the riparian wetland soilgion for turbidity. The spectro::lyser device was calibrated by
about 2m away from the stream using a piezometer with afmeasured DOC concentrations in runoff from the Lehsten-
immersed pressure sensor (Solinst Canada Ltd., GeorgetowRach. Hence, we used a customized calibration instead of
Ontario, Canada). Discharge of the Lehstenbach stream wa general setting. Although the spectro::lyzer could poten-
measured in 30 min intervals using a pressure sensor (Solinéilly also measure nitrate from absorption in the UV-range,
Canada Ltd., Georgetown, Ontario, Canada) immersed at ¥e found that this is not possible in the presence of high and
V shaped weir at the catchment outlet. variable concentrations of DOC.

Samples from shallow groundwater and soil solution in  For quality control, the DOC concentrations estimated
the riparian wetland soils, from deep (oxic) groundwater by the spectro:lyser were regularly cross-checked with
(4 wells, depth 3-15 m)' and from upstream runoff with- DOC measurements by thermo—catalytic oxidation (TOC-
out riparian wetlands, were taken on 4 occasions in 2011VCPN-Analyzer, Shimadzu, Kyoto, Japan). Cross-checks
(27 April, 18 May, 2 June, 16 June). The sampling of shallowwere made in August, September, and November 2010 and
groundwater and soil solution at these dates reflected differin March, April and June 2011. The? of the linear correla-
ent groundwater levels (Fig. 1). Shallow groundwater from tion between the two methods ranged from 0.95 and 0.98 and
the riparian wetland soils was sampled from a piezometerthe slope of the regression was close to 1 (data not shown).
deep groundwater was Samp|ed from a well located in theA\S there was no drift of the DOC concentration due to en-
upland forest area using an electric pump (Eijkelkamp, Gies_vironmental conditions, we decided against installing an au-
beek, the Netherlands), and soil solution from the ripariantomated cleansing system. The measuring cell was manually
wetland soils was taken by suction devices (MacroRhizon cleaned fortnightly.

UMS GmbH, Muenchen, Germany). Due to instrumental failure, no measurements of DOC

DOC concentrations in the potentia| source Compartment§0ncentrati0ns were available from 25 of AUgUSt 2010to 2 of
were largest in soil solution and shallow groundwater of theSeptember 2010, from 8 to 23 of December 2010, and from
riparian wetland soils and in the Oa horizon percolates of thel 3 to 14 of January 2011. The missing concentration data

forest floor (Table 1). Lowest concentrations were observed? % of all measurements) were interpolated by means of an
in the soil solutions from deep layers of the upland forestartificial neural network (software SPSS 19, Modeler 14.1,

soils and in the deep groundwater. IBM, Armonk, New York, United States) using the high res-
For time resolved sampling of runoff, we used an I1SCO olution measurements (30 min) aggregated to daily means. A

bottle sampler (ISCO 6712, Teledyne Isco, Inc., Lincoln, Ne-multilayer perceptron model with a feed-forward algorithm,

braska, USA) programmed in a 2 h time interval. We choseoOne hidden Iayer and five neurons was used to model the

samples according to DOC concentration and discharge medlaily DOC concentration. The model was trained with a back

surements, trying to represent the rising limb of the hydro-Propagation algorithm using 70 % of the data. Validation of

graph' DOC concentration peak and the fa|||ng limb with 5— the model was done with the remaining 30 % of the data. This

10 samples per event. Samples were stored in 100 mL PE botesulted in a model efficiency dt? = 0.89 and a RMSE of

tles at 2C until analysis. In total, 116 runoff samples were 1.63mg L%, The best prediction for the daily average DOC

analyzed for DOC quality (26 on the same dates as groundconcentrations was achieved with four input parameters on

water Samp|es] 90 on other Occasions)_ the order of (1) the precipitation sum of the 6 days before the
Baseflow separations were conducted using either th&auging, (2) mean discharge on the day of measurement, (3)

tool WHAT (Web-based Hydrograph Analysis Todittps: mean temperature of the 170 days before the measurement

/lengineering.purdue.eduthat) or the algorithms by Chap- and (4) the precipitation on the day of measurement.

man (1999, equation 8 and 9). The percentage of baseflow,

and thus the flux of DOC during baseflow conditions, was

strongly dependent on the choice of parameters. Therefore,

we defined low flow conditions as discharge events below

the median discharge (60 LY).
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Table 1. Range of DOC concentrations in different compartments ces (EEMs) with subsequent evaluation by parallel fac-
of the Lehstenbach catchment. tor analysis (PARAFAC, Stedmon et al., 2003) were used
to characterize DOC quality. DOC samples were filtered
(0.45 mum nylon, WICOM, Heppenheim, Germany) and di-
luted if necessary to an absorption at 25441®.3 to mini-

Soil solution beneath Oa horizon  30-80 Schulze etal. (2011) mize inner filter effects (ultrapure water, Barnstead Nanop-
(upland forest soil) ure, Dubuque, lowa, USA). Inner filter correction was per-

Soil solution in 90 cm depth 3-5 Schulze et al. (2011 ; ) .
(U%I:r?dufé?gsffso”)cm ep chulze etal. (2011) formed following McKnight et al. (2001), as implemented

Compartment Range Reference
(mgL™?

Soil solution in 0-30 cm depth 10-150 this study in the MATLAB toolbox by Cory and McKnight (2005). To
(riparian wetland soil) this end, UV-VIS absorption scans were recorded on a Varian
Soil solution in>30 cm depth 10-80 this study Cary 1E spectrophotometer (range 200—800 nm, 0.5 nm reso-
g'ﬁ’;{g‘g‘rﬁﬂigs\l;toe'?m 4d0 this study lution, Varian Inc., purchased by Agilent Technologies, Santa
50-100 cm depth Clara, California, United States). Sample correction accord-
(riparian wetland soil) ing to the toolbox of Cory and McKnight (2005) further in-
Deep groundwater 0.8-3 this study cludes blank subtraction and normalization of fluorescence

(3-15m depth)

_ intensities to the Raman peak intensity at an excitation of
Catchment runoff 3-34 this study

350 nm. Raman scans, EEMs for blanks, and sample EEMs
were recorded on a Perkin Elmer LS 55 fluorescence spec-
trometer (Waltham, Massachusetts, USA) at a resolution of
2.4 DOC fluxes with runoff 0.5nm for emission (300-600 nm) and 5nm for excitation
, (240-450 nm).

Annual fluxes of DOC with runoff were calculated by mul- = 5| 455 evaluation and PARAFAC modeling was done us-
tiplying the 30 min discharge with the corresponding 30 min ing MATLAB 2008a (MathWorks, Natick, Massachusetts,
DOC concentrations, and then cumulated to the annual ﬂ”XUSA) and following the toolbox of Cory and McKnight

Due to instrumental failure no concentrations were available(zoos)_ Therefore, EEMs were reshaped to the appropriate
for 27 days. For these days the fluxes were calculated Wm}esolution and range (excitation 250-400nm, 5nm steps;
daily average concentrations derived from the artificial NeU-amission 350440 nm. 2 nm steps). The PARAFAC Model
ral network interpolation (see above). The interpolated datg, ., Cory and McKnight (2005) uses 13 fixed, previously
accounted for 736 of the ar_mual flux. _ ) identified components to describe each sample EEM. These
To S|mulgte the effect of infrequent sampling strategies ONcomponents were found to sufficiently explain quality differ-
the calculation of annual runoff fluxes, the 30-min records Ofences in our samples with only small residuals remaining. As
poncentrations ar.1d. discharge were used. To do so, the Start: chemical molecular interpretation of the PARAFAC com-
ing dates were shifting from th_e 6 of A'_“'QUSt 2010 fo the 12 of ponents identified by Cory and McKnight (2005) has become
Al_Jgust 201_0. Furthermor_e, different time resolution of sam- . matter of discussion (Macalady and Walton-Day, 2009), we
plings ranging from 30min, 1h, 1, 2, 4, 7 and 14 days WEr€ sed the 13 PARAFAC components to derive statistical fin-

?'ml:llated for each star'qng date. The data.fromhthese r‘?rt"gerprints, omitting a distinct discussion about the chemical
cially qreated obgervaﬂons were inserted into the Met Odquality of the DOC of the different source compartments.
5-equation of Walling and Webb (1985) (Eg. 1) to calculate

the annual flux.

> i1 Gi Qi . - . :

W ; 1) Data processing, statistical data analysis, and plotting were
i=1%1 done in R-project version 2.13.0 (R Development Core

where F stands for the annual DOC fluX, stands for the = T€am, 2011) if not otherwise stated. To aggregate the 30 min

conversion factor (here number of seconds in the correspondflata to daily values, we used the functiafzly from the R

ing period of time);Q, stands for the daily mean discharge Project packagénimal(Hanninen and Pastell, 2009) and the

of the year;Q; stands for the discharge at the sampling day; functionddplyfrom the packagelyr (Wickham, 2011).

C; stands for the DOC concentration at the sampling day; We used the classification of Butturini et al. (2008)

2.6 Data analysis

andn is the number of sampling events. to characterize hysteretic loops of 17 well distinct dis-
charge events. We modified the classification of Butturini
2.5 DOC quality et al. (2008) such that thaC now is the difference be-

tween the maximum DOC concentration at a given event
To identify the compartmental origin of DOC in runoff, and the DOC concentration at low flow (first quartile of
the quality of DOC in the potential source compart- DOC concentration =5.5 mgil). AR(poc) (%) was calcu-
ments was compared to the quality of DOC in runoff. lated according to Butturini et al. (2008) and describes the
Three-dimensional fluorescence excitation-emission matri-area and rotational pattern of the concentration-discharge

Biogeosciences, 10, 90946, 2013 www.biogeosciences.net/10/905/2013/
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Fig. 1. Precipitation, discharge)), DOC concentration and riparian groundwater level (m u. sf. =meter under surface) in the Lehstenbach
catchment. Th& indicate groundwater sampling dates for DOC quality analysis.

response.ARpoc)(%) has a potential range from100  winter months 2010/2011. Lowest levels were observed on
to +100. Negative values stand for counterclockwise loopsthe 31 of May 2011 at 0.62 m below surface.

For ARpoc) (%) discharge rates and DOC concentrations of

each event were first normalized according to Eq. (2). Fol-3.2 DOC concentrations

lowing that, each loop was rasterized by the funclioca-

tor in R. The polygon areas were calculated by the functionDuring the one-year period, DOC concentrations in runoff
polyareafrom the packaggeometry(R Development Core averaged at 9.2mgtl. The minimum was 2.6 mgt! in

Team, 2011; Barber et al., 2012). May 2011, and the maximum was 33.8 mglLin Septem-
ber 2010 (Fig. 1). The high temporal resolution of the DOC
X _ _Xi — Xmin 2) concentrations enabled a number of observations that would
10101 Xmax — Xmin have been missed by typically infrequent samplings. The

concentrations of DOC changed rapidly within hours and
corresponded generally to the dynamics of the groundwater

3 Results table and discharge with highest concentrations observed at
near surface groundwater table in the riparian wetland soils
3.1 Discharge, groundwater and precipitation and high discharge. The maxima of the DOC concentrations

in runoff had a time delay of a few hours in relation to the
Precipitation from August 2010-August 2011 occurred atmaxima of the groundwater table and discharge (Fig. 2). The
232 days and summed up to 1057 mm (Fig. 1). The highesaverage time delay of the DOC maxima was 160 min after
rainfall intensity was observed on the 5 of June 2011 with athe discharge peak and the range of delays was from 30 to
rainfall of 15 mm within 30 min. 390 min (160 min on average).

Maximum discharge was 0.89Ths ™1 on the 14 of Jan- The DOC in runoff in response to the discharge followed
uary 2011 (snow melt event), minimum discharge wascounterclockwise hysteretic loops with lower concentrations
0.018n13s1 on the 29 of June 2011. Discharge averagedon the rising than on the falling limb. The relation of DOC
at 0.087 nt3s~1. Within minutes to hours, the discharge re- to discharge on the falling limb was steady and uniform,
sponded to rain fall events, indicating the flashiness of thewhereas the relation during the rising limb was more variable
catchment (Fig. 1). for the different events. The hysteretic loops were more pro-

The groundwater table in the riparian wetland soils nounced and had a steeper slope in the summer/fall than in
changed rapidly in response to precipitation events (Fig. 1)the winter/spring period (Fig. 3a). The characterization of 17
Groundwater was near surface in August 2010, and in thavell distinct hysteretic loops confirmed the generally larger

www.biogeosciences.net/10/905/2013/ Biogeosciences, 10,20%52013
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Fig. 2. Dynamics of DOC concentrations in runoff and riparian Fig. 4. Parameters of hysteretic loops in different time periods. For
groundwater level in August 2010. the calculation oA Ripoc) andAC (mgL—1), see Sect. 2.6.1.

* . . intereomn (o A gentra}tions levels (Fig. 3b) i'ndicates, thqt DOC concentra-

3 tions in the summer/fall period almost directly respond to
even small changes in discharge, whereas the response of
DOC to discharge was smaller in the winter/spring period.

30
25+

) 3
o
204 g 05 o K
i ooy
(3 % .
° !

15

3.3 DOC quality

DOC (mg I™Y)

107 The DOC fingerprinting by fluorescence excitation-emission

matrices with subsequent PARAFAC analysis clearly sep-
arated DOC originating from deep groundwater, shallow
oo o2 o o s 5 groundwater from riparian wetland soils and from runoff
(@) Discharge (m* s (Fig. 5). From the 13 fluorescence components of the ap-
SummerfFall (une-Nov) plied PARAFAC Model (nomenclature according to Cory
+ Winter/Spring (Dec-Apr) and McKnight 2005 is given in brackets), components 1
201 (C1), 5 (SQ1), and 6 (unidentified) were more prominent
in riparian wetland samples; components 3 (unidentified),
15+ 8 (Tryptophan-like), and 12 (Q3) were more prominent in
groundwater samples. Exemplarily, we used component 1
109 (C1, Cory and McKnight, 2005) indicative of samples from
e a ’s‘“‘.‘:& riparian wetland soils, and component 12 (Q3) as indica-
o W’r arS———— tive of groundwater samples (other components not shown).
Contribution of component 1 in DOC-fluorescence of runoff
‘ ‘ ‘ ‘ ‘ samples lined up between deep groundwater and the shal-
20 30 40 50 60 . . . . .
®) Discharge (157 low groundwater of wetland riparian §0|Is, suggesting a mix-
ture of both sources, but clearly dominated by wetland-borne
Fig. 3. (a) Counterclockwise hysteretic loops of DOC concen- DOC.
trations in response to discharge for summer/fall, and for win- Using both component 1 and component 12 (Cory and
ter/spring. (b) DOC concentrations response at low discharge McKnight, 2005), a clear separation of samples was possi-
changes £60Ls ™) ble (Fig. 5), yielding 2 groups of either groundwater domi-
nated or wetland-borne dominated DOC. While fluorescence
of samples from shallow groundwater in riparian wetland
concentration rangeAC) of loops in the summer/fall than soils was characterized by higher relative contribution of
in the winter/spring period (Fig. 4). All loops had a nega- component 1, deeper groundwater samples where character-
tive ARpoc) indicating the counterclockwise loops. How- ized by higher contribution of component 12. With respect to
ever, single events with small discharge in summer/fall hadthese two distinctive components, DOC quality in upstream
similar loop characteristics than in the winter/spring period. runoff, with negligible influence from riparian wetland wa-
A more detailed view of the DOC/discharge relation at low ter and closer to a groundwater spring, was similar to deep
flow conditions (discharge 60Ls 1) and low DOC con-  groundwater samples (Fig. 5, open diamonds). A rise in DOC

25+

DOC (mg 1Y)
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Fig. 5. Quality of DOC from different source compartments as re-
vealed by fluorescence excitation-emission matrices and PARAFA
analysis.

ig. 6. DOC concentration and quality parameters in response to
discharge. The lines for components 1 and 12 were fitted using the
R function smooth.splinend 3 degrees of freedom. The line for
DOC concentrations was fitted using tRefunction lowesswith a

. . . . ) . smoothing span of = 0.5.
concentrations with discharge always coincided with an in- g span of

creasing contribution of component 1 and a decrease in com-
ponent 12 (Fig. 6). Even at low flow conditiorss0 L s™*

the contribution of component 1 exceeded the contribution
of component 12.

in runoff have been related to changing water flow paths
under high-flow, draining different compartments than un-

der baseflow conditions (Hood et al., 2006). In the Lehsten-
3.4 DOC fluxes with runoff bach catchment, the quality of DOC, concentration range and
groundwater dynamics point to the riparian wetland soils as

The cumulative DOC fluxes calculated from the 30 min time the main source of DOC in runoff under high-flow and also
resolution followed generally the cumulative discharge andunder low-flow conditions, corroborating previous studies
amounted to 84 kg DOC hdyr—. However, in the summer (Jaffe etal., 2008; Inamdar et al., 2012). As also reported by
and autumn 2010, the curve for DOC was often steeper thathamdar etal. (2012), deep groundwater and shallow wetland
for discharge (data not shown). groundwater differed in their contribution of fluorescence
The annual flux from the 30 min time resolution is taken components 3 and 5 (Cory and McKnight, 2005), respec-
here as the “true” reference flux. The simulated increasdively. In our case, the best separation was achieved based
in sampling interval, with subsequent calculation of annualon components 1 (wetland) and 12 (deep groundwater), and
fluxes according to Eq. (1), revealed that the “true referencdhe decrease of the groundwater component with rising dis-
flux” was matched with less than 10% deviation at sam-charge and the increase of the wetland component strongly
pling intervals of up to 2 days. Simulated interval@ days  suggested the riparian wetland soils as the origin of both the
resulted in substantial errors, with the largest range of annudiast runoff components (Frei et al., 2010) and high DOC con-

fluxes observed at the fortnightly samplings (range from 57-centration.
124kgDOC halyr1). We have measured DOC quality in the compartments

“deep groundwater” and “shallow groundwater in the ripar-
ian wetland soils” only at 4 dates. As our results agree with

4 Discussion the findings of Inamdar et al. (2012), we are, confident that
no major changes in DOC quality in these compartments can
4.1 Range, origin and mobilization of DOC in runoff be expected. The residence time of deep groundwater in our

catchment is too long (about 4 yr) to influence the short-term
In comparison to other studies in forested watersheds, temguality of DOC in runoff. The pool of DOC in the upper hori-
poral variations and average concentrations of DOC in runoffzons of the wetland soils is large (we calculated a storage
at Lehstenbach (9.2 mgt) are high (Jeong et al., 2012; of about 120 kg DOC ha wetland area in the upper 20cm
Koehler et al., 2009; Inamdar et al., 2012), probably due towhich will turn over only about 2 times per year) and its qual-
the high proportion of wetlands in the catchment, representity mirrors the peat quality. Lastly, the spectroscopic proper-
ing a major source. Roulet et al. (2007) reported even higheties of DOC mostly result from refractory humic substances
average DOC concentrations of 4233 mg L1 in the dis-  with low temporal dynamics.
charge of a northern ombrotrophic bog, stressing the role Although an interpretation in a molecular sense of
of peatlands in DOC release. Short-term variations of DOCPARAFAC derived fluorescence components from Cory
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and McKnight (2005) seems to be limited (Macalady anddepressions (Frei et al., 2010) and a general non-linear de-
Walton-Day, 2009, 2011), this approach proved to be suitablerease of lateral hydraulic conductivity with depth (e.g. Seib-
for distinguishing DOC compartmental sources in our study,ert et al., 2009). Both mechanisms result in a rapid, non-
when interpreting fluorescence compounds as bulk qualityinear increase of drainage efficiency of the system when
indices or fingerprints (Fellman et al., 2009; Inamdar et al.,riparian groundwater levels are rising. The latter mecha-
2012). Following Cory and McKnight (2005), component 1 nism has been termefransmissivity FeedbaciBishop et
was correlated to Ketal or Acetal Carbon as analyzetfBy  al., 2004) and was shown to control the transfer of solutes
NMR, and component 12 to % aliphatic carbon content. Duefrom the riparian zone to the streams (Seibert et al., 2009).
to its refractory character, a higher proportion of aliphatic The lateral hydraulic conductivity is typically lower in the
carbon seems reasonable in groundwater with longer resideeper layers of wetland soils due to the compacted and more
dence times. Fellmann et al. (2009) attributed an increase inlecomposed organic matter than in the porous and less de-
riparian wetland-borne DOC to increases in tryptophan-likecomposed shallow layers. The differences in hydraulic con-
fluorescence, with tryptophan being a labile amino acid, in-ductivities between deeper layers and shallow layers of wet-
dicating presence or proteins. According to the PARAFAC land soils can be several orders of magnitude (Jacks and
Model of Cory and McKnight (2005), who assigned com- Norrstidm, 2004) causing shallow layers to drain much more
ponent 8 to tryptophane-like fluorescence, in our dataseeffectively than deep soil layers. The shallow layers of the ri-
tryptophane-like or protein-like fluorescence was higher inparian wetland soils in the Lehstenbach catchment typically
deep groundwater than in shallow groundwater from ripariancontain more DOC than deeper soil layers (Table 1). Rising
wetland soils. Such relative increase in protein-like fluores-groundwater levels in the riparian soils progressively engage
cence in deep groundwater samples has also been observedil layers with higher hydraulic conductivity and increasing
by Inamdar et al. (2012) suggesting that there is also bioavailDOC concentrations in the runoff generation process causing
able carbon in deep groundwater, although in much lowerthe strong response of DOC in runoff. The DOC pool avail-
concentration. This discrepancy of our study and the studyable for mobilization in the riparian wetland soils seems to
of Inamdar et al. (2012) to findings of Fellmann et al. (2009) be large (Worrall et al., 2008) as in our study there was also
may be explained by specific differences in the watershedsio decrease in maximum DOC concentrations during subse-
(temperate regions versus high latitudes), but it also indicateguent rain events.
that the interpretation of PARAFAC modeling is probably not  The majority of hysteretic loops in the discharge con-
always unique and needs to be done with caution. Nevertheeentration response of DOC in the literature are clockwise
less, the identified fluorescence components from Cory ande.g. Hornberger et al., 1994; Butturini et al., 2006; Jeong et
McKnight (2005) seemed to have more power in differen-al., 2012). This was also reported in studies where DOC was
tiating the source compartments of DOC than more simplefound to originate mainly from riparian wetland soils (McG-
optical indices (Inamdar et al., 2012). lynn and McDonnell, 2003; Hood et al., 2006). Minding the
The conclusion about the riparian wetland soils as theproposedlransmissivity FeedbadBishop et al., 2004) for
compartmental source for DOC in runoff is also supportedDOC exports and highest DOC concentrations in the ripar-
by the low DOC concentrations in deeper soil layers andian wetland soils, this would also be expected for our catch-
deep groundwater (Table 1). Forested upland soils as a panent. However, we observed counterclockwise hysteretic
tential source of peaking DOC concentrations can be ruledoops, with the peak of DOC concentration on the falling
out since surface runoff, that could rapidly connect the uppetdimb of the hydrograph. Evans and Davies (1998) used hys-
soil layers with the streams, is not observed in the Lehstenteretic loops to analyze episode hydrochemistry and hydro-
bach catchment. The water percolating the forest floor laydogic characteristics of catchments. According to their clas-
ers enters deeper groundwater after DOC being removedification the Lehstenbach catchment falls into the category
largely by sorption or decomposition in the soil (Schulze etA2: Counterclockwise and positive. The A2 type requires a
al., 2011), resulting in DOC concentrations in the ground-near surface hydrological component with lower DOC con-
water of only about 1-3 mgt! (Table 1). Lastly, increasing centrations than in the soil solution and shallow groundwater
DOC in runoff always coincided with shallow groundwater of the riparian wetland soils. A similar finding with maxi-
levels in the riparian wetland soils, as also observed by Moremum concentrations of DOC on the falling limp of runoff

et al. (2009) for a headwater catchment. was explained by the dilution of runoff in the initial phase
of the storm by throughfall (Hagedorn et al., 2000). Beside
4.2 Temporal dynamics of DOC in runoff throughfall effects, the counterclockwise hysteretic loops in

our study are likely caused by the still existing ditches in
An explanation for the observed short-term variations ofthe wetland soils. The restricted contact between this runoff
DOC in runoff is the non-linear increase in catchment dis-component and the DOC-rich riparian wetland soil layers
charge with rising riparian groundwater levels. This increaseduring initial runoff will result in lower DOC concentrations
is probably the combined effect of efficient surface flow net- in the rising than in the falling limb. The effect of the bypass
works that develop when groundwater levels reach surface
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seems short-term as indicated by the few hours delay of the Under conditions comparable to those of the Lehsten-
DOC peaks in relation to the discharge peaks. bach catchment, massive errors in calculating annual DOC
The mobilization of DOC from soil organic matter of- export fluxes are likely if based on infrequent samplings
ten follows seasonal patterns with increasing concentrationat intervals> 2 days, with fluxes varying up to factor 3 if
during the summer. This has been shown for forest floordortnightly random samplings were simulated. The effect
(Michalzik and Matzner, 1999; @lde et al., 1996) as well as of sampling strategy on the accuracy of annual fluxes will
for wetland soils (Koehler et al., 2011; Clair et al., 2002). The depend on catchment characteristics, the slope of the dis-
mobilization of DOC from soil organic matter is partly driven charge/concentration relation, the discharge dynamics and a
by microbial (enzymatic) processes and partly by physico-general recommendation cannot be made. Under differing
chemical processes (Bolan et al., 2011), both being tempereonditions in an Atlantic bog catchment, a weekly or even
ature dependent. Hence, the steeper slope of the hysteretimonthly sampling frequency was adequate to calculate the
loops and the more pronounced hysteresis in the summer/fajlearly DOC flux with runoff (Koehler et al., 2009).
than in the winter/spring period seems largely due to atem- The DOC concentrations and fluxes in the Lehstenbach
perature effect on DOC mobilization. runoff had a general increasing trend in the recent decades
In addition, the flow paths of water in the winter might like in many other forested watersheds in Europe and North
be different from the summer/autumn, since the top layers ofAmerica (Skjelkwéle et al., 2005; SanClements et al., 2012).
the riparian wetland soils — in summer responsible for highThe increase in case of the Lehstenbach amounted to about
DOC concentrations in runoff — might not be drained due t00.3mgL-1yr~! from 1987 to 2010 (data not shown). The

freezing. increasing trend likely resulted from decreasing deposition
of S in the past decades, increased pH of the precipitation
4.3 Annual DOC fluxes and lower ionic strength of soil solutions causing enhanced

mobilizing of DOC from soil organic matter (Monteith et al.,
The annual export of DOC from the Lehstenbach catchmen2007; Clark et al., 2011). With regard to future developments
(84 kg halyr—1) was found to be rather high in comparison of DOC exports, we expect further increasing DOC concen-
to other forested watersheds. Kindler et al. (2011) calculatedrations and export fluxes: as mentioned above, the general
average DOC losses for 5 Northern European forested catchhemperature rise likely triggers DOC release from the source
ments of 35kg ha' yr—1. However, Hagedorn et al. (2000) compartments. Temperature rise will be especially relevantin
reported an export of even 185kg DOCHar—! from an  winter, because of expected changes in snow cover and more
alpine, Gleysol dominated forest ecosystem. The DOC fluxedrequent water flow through DOC rich soil compartments in
at the Lehstenbach catchment are relatively high because dhe less frozen soils of the future (Campbell et al., 2010).
the substantial portion of riparian wetland soils. Laudon etOn top of that, predicted changes in summerly precipitation
al. (2011) defined the ratio of wetland to upland soils in bo- patterns towards longer periods of drought and more fre-
real forested catchments as a driving variable for the DOCquent high precipitation and discharge events (IPCC, 2007)
export. However, they suggest that the proportion of DOCwill likely also result in increasing DOC exports from the
from wetlands decrease with rising discharge as the contriLehstenbach catchment.
bution of water from upland zones increases. In our study
we observed the opposite, since the proportion of DOC from

riparian wetland soils increased with discharge, question® Conclusions

ing the generality of the postulated relation from Laudon etThe high frequency measurements of DOC in the Lehsten-

al. (2011). ; o
. L . - bach catchment revealed substantial variations of concentra-
Depending on the precipitation regime, a substantial inter- S ) .
L2 tions at hourly to daily time scales. Concentrations increased
annual variation of DOC exports can be expected. The long-

term (1988-2008) annual discharge at Lehstenbach variewlth discharge in counterclockwise, hysteretic loops, the de-

from 280 to 730 mm with a mean value of 460 mm (Lischeid gree of hysteresis and the response of concentrations being
.more pronounced in the summer/fall than in the winter/spring

et al., 2004, and unpublished data). The annual discharge 'neriod. The DOC export in runoff originated mainly from the

the measuring period was quite low (360 mm) and the fluxes. ~ " : : o
. riparian wetland soils, and represents a major contribution to
in 2010/2011 may underrepresent the long-term DOC export,, = .

their overall C budget.

Nevertheless, if we take the annual DOC flux in 2010/2011 Calculations of annual DOC fluxes with runoff, if based on

(84kg herlyr—l) as representative and assume that the mal_infre uent samplings, are prone to significant errors if stee
jority originates from the riparian wetland soils (30 % of the q pings, P 9 P

o . _concentration/discharge relations exist.
catchment area), the export from the riparian wetland soils . S : . .
Predicted climatic changes, like more frequent intensive

. . -1 .
will be in the range of 240kg DO.C héyr~L. This export recipitation and discharge events, and the generally rising
equals the average C accumulation rates of northern peat2

lands (Lavoie et al., 2005), emphasizing the huge contribu-czr:l?]?;it#tres likely will enlarge the DOC export from this
tion of DOC exports to the C budget of wetland ecosystems. '
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