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Abstract. The dynamics of dissolved organic carbon (DOC) partly derived from organic matter of the Quaternary sub-
have been intensively studied in mature ecosystems, bustrate (about 40 to 90 % of the C in the DOC), indicating
little is known about DOC dynamics and the significance that both recent and old C of the DOC can support micro-
of DOC as a substrate for microbial activity in early- bial activity during early ecosystem succession. However, in
successional catchments. We determined the concentratioa, 70 day incubation experiment, only about 11 % of the to-
chemical composition, source, radiocarbon age, and bioavailtal DOC was found to be bioavailable. This proportion was
ability of DOC along the hydrological flow path from soil so- irrespective of the water type. Origin of the microbial com-
lution to a downstream pond in a recently constructed catchmunities within the catchment (enriched from soil, stream
ment (Chicken Creek Catchment, Germany). Soil solution,sediment or pond water) also had only a marginal effect on
upwelling ground water, stream water, subsurface water iroverall DOC utilization.

an alluvial fan, and pond water all had high DOC concentra-
tions (averages: 6.0-11.6 mg DOCY), despite small car-
bon stocks in both vegetation and soil of the catchment.

Solid-state CPMAS3C NMR of DOC in upwelling ground 1 Introduction

water revealed a higher proportion of aromatic compounds

(32 %) and a lower proportion of carbohydrates (33 %) thanDissolved organic carbon (DOC) plays an important role
in pond water (18% and 45 %, respectively). The averagei” carbon cycling across the pedosphere and hydrosphere
14C age of DOC in upwelling ground water was 2600 to (Battin et al., 2008), sustaining an important fraction of mi-
2900yr, while organic matter of the Quaternary substratecrobial biomass production and metabolic activities in both
of the catchment had ¥C age of 3000 to 16 000 yr. Both terrestrial and aquatic ecosystems (e.g., Kalbitz et al., 2000;

the 14C age data and®C NMR spectra suggest that DOC Tranvik etal., 2009). The potential of DOC to sustain mi-
crobial activities, i.e., DOC bioavailability, is controlled by
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the supply rate and composition of DOC (e.qg., Findlay etorganic matter g! of the Quaternary substrate (Gerwin et
al., 2003; Kalbitz et al., 2003gren et al., 2008), in addi- al., 2009) and low microbial biomass and respiration in soils
tion to a range of environmental factors and the nature ofand sediments (Gerull et al., 2011; Nii-Annang et al., 2009)
the microbial communities, which vary across the landscapeeflect the early stage of ecosystem succession in this catch-
from upland soils to streams and lakes (Judd et al., 2006). Inment. This contrasts with remarkably high DOC concentra-
mature ecosystems, young and labile DOC derived from pritions (5.1 to 18.3mg DOC1!) measured in soil solution,
mary producers and allochthonous terrestrial sources are prground water, stream water, and pond water (Elmer et al.,
mary drivers of microbial activity in the upper soil horizon, 2013; Gerull et al., 2011), suggesting that DOC may be an
streams and lakes (Wetzel, 1992; Kalbitz et al., 2003; Tranimportant driver of microbial activity in the catchment.
vik et al., 2009). Between 10 and 44 % of the DOC is readily The present study conducted along a hydrological flow
available for microbial metabolism in soils (Kalbitz et al., path from upland soils to a downstream pond in the early-
2000), and in streams and rivers even up to 70 % (Wiegner esuccessional experimental catchment aimed at (i) identifying
al., 2006). the sources of DOC, (ii) determining changes in DOC quan-
Microbial degradation of labile DOC fractions and con- tity and chemical properties, (iii) ascertaining whether DOC
version of a portion into more refractory DOC components drives microbial activity, and (iv) assessing whether micro-
(Tranvik, 1993; Berggren et al., 2009) has been found to re-bial communities are adapted to utilizing DOC of varying
duce the bioavailability of DOC during downstream trans- quality. We hypothesized that DOC in the catchment is pri-
port from upland soils to receiving waters (Sobczak andmarily old organic matter inherited from the Quaternary sub-
Findlay, 2002; Romadret al., 2006). However, supplies from strate, that this old DOC serves as the primary substrate for
local sources can increase the average DOC bioavailabilitynicrobial activity, and that chemical properties and bioavail-
along this hydrological flow path. Selective sorption at min- ability of the DOC shift along the hydrological flow path
eral surfaces further contributes to changes in DOC chemicalrom upland soils to the downstream pond.
properties and bioavailability (McDowell, 1985; Fiebig and
Marxsen, 1992; McKnight et al., 1992). For example, high-
molecular weight DOC such as humic and fulvic acids shows2 Materials and methods
high affinity to metal oxides and clays (e.g., McKnight et al.,
1992; Meier et al., 1999; Specht et al., 2000; Kaiser et al.,2.1 Study site
2002). Thus, fluxes of DOC in a catchment are controlled
by a combination of biological, chemical and physical pro- The study was carried out in the Chicken Creek Catchment
cesses (Battin et al., 2008), generating considerable potenti@lonstructed in 2004 and 2005 in an opencast pit-mining
for DOC to be modified during transport from upland soils area (Welzow-8d) of Lower Lusatia, Germany (837 N,
to streams and lakes. Microbial communities may vary alongl4°18 E; Fig. 1). A detailed description of the site is given
this hydrological flow path and might be adapted to the com-in Gerwin et al. (2009). The catchment covers a total area
position of the local DOC pools. of 6 ha (400 mx 150 m). The south-facing slope has a mean
Unlike mature ecosystems, recently formed ecosystemgradient of 3.5%. The substrate used to construct the catch-
such as deglaciated soils or sand dunes are characterizedent was sand and loamy sand deposited as a terminal
by sparse vegetation and low soil organic matter contenimoraine during the Saale glacial period. The substrate was
(Bardgett and Walker, 2004; Bernasconi et al., 2011; Schaafemoved from the upper 20 m of the glacial deposits, result-
et al., 2011). These characteristics affect the sources, quarirg in a dominance of C-horizon material with low organic
tity and chemical properties of DOC in such catchments.carbon content (Gerwin et al., 2011).
For example, thé*C age of stream water DOC in glacier- A clay layer underlying the sand at a depth of 1 to 3.5 me-
fed streams in the recently formed landscape of partlyters facilitated rapid development of a local aquifer. Within
deglaciated coastal catchments along the Gulf of Alaska? yr after construction of the catchment, surface runoff had
and in the Austrian Alps was estimated at several millen-carved a network of rills, gullies and three main stream chan-
nia (Hood et al., 2009; Singer et al., 2012). Nevertheless, theels from the initially smooth catchment surface (Fig. 1).
DOC originating from the melting glaciers was found to be Upwelling ground water delivered permanent flow over short
readily bioavailable for microbial communities, possibly due stretches of the stream channels (20 to 43 m length), in which
to a high protein and low aromatic carbon content (Hood etmean discharge ranged from 0.02 to 0.4 1 ¢Gerull et al.,
al., 2009; Singer et al., 2012). 2011). Downstream, the water seeped into the subsurface of
The recent construction of an experimental catchment oran alluvial fan that had formed from substrate eroded dur-
Quaternary substrate in an opencast mining area (Gerwin éhg peak flows of up to 35L . Subsurface water in the
al., 2009) provides an opportunity to study the behaviour ofalluvial fan was a mixture of ground water and stream water.
DOC along hydrological flow paths during the early phasesAll surface water and ground water draining from the catch-
of ecosystem succession, independent of any legacy effectsient discharged into a small pond just downstream of the
occurring in deglaciated landscapes. Less than 2.2 mg so#lluvial fan. The mean water residence time was estimated
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at <1 day in the streams (calculated based on daily mear Legend
discharge) and at 300 days in the pond. Annual precipi-

i . @ Soil pit (monitoring and sampling of soil solution)
tation in the catchment averaged 706 mm between 2008 an

Oxygen profile measurements in sediments and sampling

2010 (Elmer et al., 2013; Fischer et al., 2010), higher than the ¥ of upwelling ground water
long-term mean of 559 mm recorded at a nearby meteorolog Oxygen profile measurements where sediment
ical station of the German Weather Service (station Cottbus /\ pore water was a mixture of stream and

ground water and downwelling stream water
|:I H-flume (monitoring of
stream water)
\V4 Weir (monitoring of
ground water)

] Sampling of subsurface
water in an alluvial fan

between 1971 and 2000.

During the first years after catchment construction, the soil
surface was covered by soil crusts that increased soil wate
holding capacity and surface runoff (Elmer et al., 2013). By
2010, patches of forbs and grasses had been established
the initially bare substrate. Common re&hragmites aus-
tralis, spread on the alluvial fan, along parts of the pond
margin, and in the downstream portions of the stream chan
nels. Submerged macrophytes colonized the pond, particu
larly PotamogetonMyriophyllum and Chara species. An-
nual mean chlorophylk concentration in the pond water
ranged from 5 to 7 ugt! between 2008 and 2009, whereas
up to 25 ug -1 were recorded in 2010 (Elmer et al., 2011).

@ Sampling of pond water

V-notch weir (monitoring
of pond water)

2.2 Sample collection

Dynamics of DOC concentrations in soil solution, ground N

water, stream water, and pond water were monitored be

tween September and November 2010. Sampling sites ar A
shown in Fig. 1. Soil solution was collected over succes- 0 25 50 100
sive two-week periods in soil pits at 30 and 80cm depth o e Vleters
using porous borosilicate glass suction plates (10 cm diam
eter) with a permanent pressure-e10 kPa. A weir and an

H.—flume equipped with ultrasonic sensors and a sz tip- Fig. 1. Aerial photograph of the Chicken Creek Catchment taken in
ping counter (2 FT-H-flume for flow rates up to 315Ls  april 2010 with various kinds of sampling sites indicated by dif-
UGT GmbH, Mincheberg, Germany) were installed to mon- ferent symbols. Solid black lines denote the catchment borders and
itor the flow of ground water and stream water, respectively,gray lines are pathways to access the sampling sites of the otherwise
in one of the three main stream channels in the catchmentndisturbed catchment. Density, depth and width of rills and gullies
Continuous records were also taken at the pond outlet usingncrease from northwest to southeast of the catchment, leading to
a V-notch weir combined with a tipping counter. Both weirs the formation of three main streams. Dotted circle — soil pit (mon-
and the H-flume were equipped with automated water Sami_tc_nring and sampling gf soil solution), d(_)tted c_iownward pointing
plers (ISCO 6712 or ISCO 3700; Teledyne Isco, Inc., Lin- triangle — oxygen profile measurements in sediments and sampling

coln, NE, USA) to monitor concentrations of DOC and other of upwelling ground water, open upward pointing triangle — oxy-
' ! qgfn profile measurements where sediment pore water was a mixture

,Chemical parameters. Water samples were ta_ken daily, poole ground water and downwelling stream water, open square — H-
in the laboratory to obtain two-week composite samples an lume (monitoring of stream water), open downward pointing trian-
stored at 4C. gle — weir (monitoring of ground water), dotted square — sampling
Bioavailability and chemical properties of DOC were de- of subsurface water in an alluvial fan, dotted rhombus — sampling of
termined in April 2010 during a period of constant stream pond water, open rhombus — V-notch weir (monitoring pond water).
flow. Three spatially independent samples of each of four
water types were taken to account for spatial heterogeneity
in the catchment and all other sources of variability (Fig. 1).ter) was sampled in three previously installed standpipes by
Soil solution was collected at 30 cm depth in three soil pitsslowly pumping water from 60 to 70 cm depth to the surface.
over a period of 3.5 weeks (as described above). UpwellingAll tubes and wells for sampling upwelling ground water
ground water was collected in each of the three main streanand subsurface water were emptied three times before taking
channels at the sites where ground water surfaced. For thisamples. In the pond, three mixed water samples were taken
purpose, perforated tubes covered by a 220 um mesh screavith a Ruttner water sampler at 0.5, 1.0 and 1.5m depth.
were inserted into the stream sediment to a depth of 5cmAll water samples were filtered through pre-combusted GF/F
The inflowing water was collected with a syringe. Subsur-filters and 0.2 um cellulose-acetate membrane filters (pre-
face water in the alluvial fan (hereafter called subsurface wawashed three times with ultrapure water and autoclaved)
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prior to analyses or experimental incubations. Temperaturetered (pre-washed 0.45 pum cellulose acetate filters; Sartorius,
oxygen concentration, pH and conductivity were measuredsottingen, Germany) water samples was 2t D1 mg L1,
at each site. determined with a TOC/TN analyzer (TOC-VCPH TNM-1,

Oxygen depth profiles were measured in the upper 20 cnShimadzu, Tokyo, Japan) as described below. Addition of the
of the stream sediments using an oxygen microsensonutrient solution increased conductivity by 20—-30 % above
(0.9 mm diameter; Microx TX 3, PreSense Precision Sensinghe initial value. Microcosms were incubated in a climate
GmbH, Regensburg, Germany; Gerull et al., 2011). Profileschamber at 261 °C in the dark for 70 days. Every day,
were taken in the three main stream channels at three sitamicrocosms were placed on a magnetic stirrer for 5 min to
each where sediment pore water was either upwelling groundarefully mix the water column and to ensure oxygen satura-
water, a mixture of stream and ground water, or downwellingtion during the experiment.
stream water (Fig. 1).

2.4 Analyses of bacterial abundance, respiration,

2.3 Experimental set-up to assess DOC bioavailability and DOC

Three distinct microbial communities sampled from soil, Samples of suspended bacteria were taken from the in-
stream sediment from the upwelling section, and pond wa-ocula, at days 0, 7 and 70 and fixed with formaldehyde
ter were used as inocula to assess DOC bioavailability in gfinal concentration of 3.7 %). Bacteria from 70day old
70day incubation experiment. To prepare the inocula, soilbiofiims were scraped off the glass slides with a scalpel,
and sediment cores (3 cm diameter) were taken to a depth cfuspended in 25mL autoclaved, particle-free water, and
5cm. The upper 1 cm was discarded to exclude phototrophgreserved with formaldehyde as above. Aliquots of 0.5 to
Three cores were taken at each of the two sites and pooled. IAmL were concentrated on black polycarbonate membranes
the laboratory, 40 g wet mass of the soil and sediment core¢0.2 um pore size; Sartorius,0@ingen, Germany), stained
were suspended in 250 mL of Volvic mineral water. The with DAPI (4 6-diamidino-2-phenylindol, final concentra-
suspensions were vigorously shaken before diluting 10 mLtion of 1 pgmL-1) as described in Nixdorf et al. (2003), and
aliquots 25 fold. Volvic mineral water has a relatively low counted by epifluorescence microscopy.
DOC concentration of 0.6 mg1! and has been successfully ~ Microbial respiration and DOC concentrations were deter-
used as a culture medium for microbial organisms (lie D mined in the four filtered water types, after 1 (microbial res-
Delepierre et al., 1996). Volumes of 250 mL of diluted soil piration only), 7, 14, 42 and 70 days of incubation. Micro-
and sediment suspensions as well as of the mixed pond wabial respiration of suspended and biofilm communities was
ter sample were subsequently incubated in Erlenmeyer flaskdetermined with oxygen optodes (PreSens Precision Sensing
(acid washed and autoclaved) in the dark att2D°C with GmbH, Regensburg, Germany) by recording the oxygen de-
gentle shaking (orbital shaker at 100 rpm, amplitude of 1 cm).cline in 50 mL glass flasks (Schlief and Mutz, 2011). Glass
After 14 days, the resulting suspensions were passed througslides (11.9 crf) were submerged in 47 mL of the corre-
a 10 um mesh screen to remove any metazoans. Bacterigpbonding water. The flasks were closed, ensuring that they
abundance in the soil inoculum was kA cellsmL™1, were air-bubble free, and incubated for 14 to 21 h at@9
in the stream-sediment inoculum 0<3L0° cellsmL~1, and  Oxygen declines in sterile-filtered (0.2 um cellulose acetate
in the pond-water inoculum 34 10° cellsmL~! (see below ~ membrane; Sartorius,d®ingen, Germany) controls of each
for analytical procedures). water type were used to correct the measured respiration
Atotal of 33 microcosms (1 L glass flasks) were filled with rates (by 8 to 46 %). Respiration rates are presented as oxy-
700 mL of filtered water (see above) collected in the field gen consumption of the suspended and biofilm communities
(triplicates of each water and inoculum type) or deionizedper respiration chamber per hour (i.e., mg @r 47 mL of
water as a control (one replicate per inoculum type), 5 glassvater and 11.9 chof biofilm area per hour).
slides (35x 17 mm) to provide surface area for biofimdevel- DOC concentrations were determined in filtered
opment, and a magnetic stirrer. All glassware and other ma{pre-washed 0.45um cellulose acetate filters; Sartorius,
terials were acid-washed and autoclaved. Upwelling groundsottingen, Germany) water samples with a TOC/TN an-
water, subsurface water, and pond water were inoculated witlalyzer (TOC-VCPH TNM-1, Shimadzu, Tokyo, Japan).
1 mL each of the three enriched microbial communities. SoilDOC added to the microcosms with the inoculum and the
solution was inoculated exclusively with the enriched soil nutrient solution was estimated based on the difference in
microbial community, because the available water volumeconcentrations directly before and after adding the suspen-
was too small for additional treatments. This resulted in asions to the control microcosms. DOC data from day O are
total of 10 treatments. To prevent nutrient limitation dur- approximations of the calculated difference and the DOC
ing the experiment, microcosms received a buffered mineratoncentration of the different filter-sterilized water types.
salt solution containing NaNand NaHPQO, at final con- Absorbance spectra, carbohydrate concentrations, and
centration of 16.7mgNt! and 2.1 mgP L1, respectively.  §3C values of DOC were determined in the four filtered wa-
The average total dissolved nitrogen concentration in fil-ter types (0.45 um) after 7 and 70 days of incubation. DOC

Biogeosciences, 10, 4754#65 2013 www.biogeosciences.net/10/4751/2013/
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absorbanceq) between 235 and 375 nm was measured specand ETH Zurich, Switzerland. Results were corrected for

trophotometrically (Perkin Elmer, Waltham, MA, USA) in a blank values and isotopic fractionation (Stuiver and Polach,

quartz cuvette at room temperature, and was converted to at977). All 14C contents are reported a8“C (%o), i.e., rel-

absorption coefficient; (cm™1), according to ative to the absolute radiocarbon content of the atmosphere

in 1950 (Trumbore, 2000). Conventional radiocarbon ages

@ =2.303-4/5, (1) were calculated following Stuiver and Pollach (1977) and

whereS is the path length of the cuvette (1 cm). Dissolved calibrated using the OxCal program (Ramsey, 2001). These

iron at the concentrations found in all water types of the data are presented as years before present (years BP). The

Chicken Creek Catchment(0.1 mg 1) does not interfere  relative contribution of old and recent C was estimated using

with the analysis (Weishaar et al., 2003). Specific UV absorp-a binary mixing model:

tion at 254 nm (SUVAsy) calculated ass4 divided by the

DOC concentration was used as a proxy of DOC aromaticityA *Cooc = fsubst A**Csubstt (1 — fsubsd - A Camm,  (3)

(Weishaar et al., 2003), and the ratiom§gaszes served as

an indicator of the average size difference of DOC moleculegvhere fsupst is the fraction of the Quaternary sub-

(de Haan and de Boer, 1987). strate and (% fsubst the fraction of atmospheric GO
Total carbohydrates, including mono-, oligo- and polysac-in 2009 (with a A'C value of 46.2%o), representing

charides, as well as their methyl ethers, were analyzed byecently established vegetation.

the phenol-sulfuric acid method with absorbance measured

at 485 nm (Dubois et al., 1956). Data are reported as mg glu-> DOC fluxes

. 1 _ 2 . . .
cose equale_ntsT_ - Low-molecular-weight organic acids A rough DOC budget for the pond was established by first
such as formiate, malate, tartrate, oxalate and citrate Wer%Stimatin the water budaet of the pond followed by multi-
measured by ion chromatography (ICS-3000, Dionex, Sun- 9 g P y

. . — plication of the fluxes by the DOC concentrations measured
E?lnvr?laeﬁ(?:\r; ILé)SNAP) Ae@qxlggel(_jHVgtgr:iéawni&Asw col in time-integrated samples. The water budget of the pond was

Isotope-ratio mass spectrometry (IRMS; DELTA V Plus calculated on a daily basis for the years 2008 to 2010 as
Advantage coupled with a Finnigan LC IsoLink interface, d
o . Vi dr = P, — ET, — , 4
Thermo Scientific, Schwerte, Germany) of acidified samples pond/ Qsgs+ Foond pond —~ Dpond @)
i 12 i :
(PH < 2) was used to detegmm@C/ C ratios of the DOC.  \\here Vpond df is the water-volume change of the pond ob-
The relative abundance 63C (%) was calculated based on tzineq by monitoring the water leveDsgsis the total inflow

the relation: into the pond by surface water, ground water and subsur-

513C = (Zea/ Zst— 1) - 10, ) face water, Ppond i_s the precipitation on t_he pond surface,
ETpond is the estimated evapotranspiration from the pond
surface, and2pond is the measured outflow from the pond.
Inflow via surface water, ground water and subsurface wa-

where Zss is the 13C/A2C ratio of the sample and
Zs is the 13C/A2C ratio of the international Pee Dee

Belemnite (PDB) standard. . . ter could not be quantified separately. Therefapggs was
DOC of acidified (pH<2) and freeze-dried upwelling ,seq to calculate DOC inputs into the pond. To this end, the
ground water and pond water samples (pooled replicates)ean DOC concentrations determined in samples collected
were analyzed by sogd-staté?C nuclear magnetic res- gajly at the H-flume and weir and subsequently pooled over
onance spectroscopyC NMR; DSX 200 NMR 'spec-  two-week periods were multiplied by the water inflo@dy9
trometer, Bruker, Karlsruhe, Germany) using the cross-gyer the respective sampling periods. Likewise, DOC con-
polarization magic angle spinning (CPMAS) technique cenrations of the bulk precipitatio®§ong) and the pond out-
(Schaefer and Stejskal, 1976; F_’eerser_1 et al., 1993). Thﬁow(onnd) were multiplied by the precipitatiorPpong) and
available sample volumes of soil solution and subsurfacepond outflow Qpond cumulated over the respective sam-
water were insufficient for this analysis. The chemical pling periods. Finally, DOC removal in the pond was cal-

. 13 - . . )
shifts of °C are expressed relative to tetramethylsilane ¢ ated as the difference between total input and export as
(=0ppm). The NMR spectra were partitioned into four ma-

jor chemical-shift regions whose areas were integrated talDOC/dr=Qsgs DOCsgst Ppond DOCprecip (5)
qua_ntlfy the rt?lat|ve abundance of four functional groups — Qpond DOCpond.

(Knicker and lildemann, 1995): 0 to 45 ppmalkyl C, 45

to 110 ppm=O-/N-alkyl C, 110 to 160 ppre-aromatic C, 2.6 Statistical analyses

160 to 220 ppm= carboxyl C.

Radiocarbon age of the DOC in upwelling ground water To determine differences in DOC concentration among wa-
and the Quaternary substrate was measured from acidifieter types in three successive years (2008 to 2010), mean DOC
(pH < 2), freeze-dried samples at the Accelerator Mass Speceoncentrations were calculated from data collected between
trometry facility operated by the Paul Scherrer Institute (PSI)February and May each year. Differences were assessed by

www.biogeosciences.net/10/4751/2013/ Biogeosciences, 10, 47%B-2013
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means of a permutation-based one-factorial analysis of vari Oxygen concentration (mg L")
ance (permANOVA). Permutation stopped when the esti- 0 4 8 0 4 8 0 4 8 12
mated standard error of the estimagedas less than 0.001* 0 —

p, which resulted in 5000 permutations (Anderson, 2001). In
case of significant differences among water types, Tukey's 5
post hoc test was used for pairwise comparisons. §
The fractions of bioavailable and recalcitrant DOC were g 10 1
calculated by fitting DOC concentrations sampled at days 0§ 4
7,14, 42 and 70 to an exponential decay model: 151

DOG = DOG + (1 - DOG) - e oD, (6) 20l a |

i 0, -
\(I;v;;g'rt?a:tog (;Séthi;?t%/l D(J):CD g%(:l tE]leO(t;'c/)o;’ ;gngDrg C Fig. 2. Oxygen depth profiles in submerged stream sediments at
: 0 P (%), - loaval . ) sites were pore water wga) upwelling ground waterb) a mix-
pool (%), ktl) the de(.:ay. rate coefficient for the b'oava'la,ble ture of stream and ground water, afwj downwelling stream wa-
DOC (day ), and: is time (day). Turnover of the bioavail- (e (upstream of the alluvial fan) in the three main stream channels

able DOC was estimated agih (day). Before the analysis,  of the Chicken Creek Catchment. Symbols and error bars indicate
mean DOC concentrations of each treatment were normalmeanst 1 SD of three measurements made within areas of £0cm

ized by dividing them by the mean DOC concentration at
day 0 of the corresponding treatment. Data of all water types

and microbial communities were pooled. ables by their maxima, and treatments were standardized to
PermANOVA of data collected in April 2010 was used equal sums. All calculations were performed with the soft-
to test for differences in DOC concentrations and chemi-ygre packages R (version 2.11.1; R Core Team, Vienna, Aus-

cal properties among the four water types. In addition, per-ia) and Origin Pro 9 (Origin Lab Corporation).
mMANOVA was used to test for effects of water type, elapsed

time, and the microbial community used for inoculation. The 3 »  poc
response variables in these analyses were microbial respi-

ration and DOC concentration. Differences in DOC chem-DOC concentrations  significantly differed among water

ical properties between two time points during the incuba-types along the hydrological flow path (one-factorial per-
tion were determined by means of a permutation-basest ANOVA: MS=mean sum of squares=18.1, =l#

(permt test). Pearson’s correlation coefficient was used top _ 0.001).

. . X X Concentrations were highest in stream
examine relationships between variables.

water (up to 20mgEtl, meant95% confidence in-
terval: 11.6£0.7mgL1) and lowest in soil solution

3 Results (6.0£0.5mgL1 at 30 and 80cm depth). Ground water
(7.5+0.5mg DOC I=1) and pond water (6.6 0.3 mg DOC
3.1 Environmental parameters in April 2010 L~1) had intermediate concentrations (Fig. 3). Mean DOC

concentrations of the pond water between February and May

Total bulk precipitation in April 2010 was 20.8 mm. The significantly increased from 2008 to 2010 (one-factorial
catchment and pond were covered by snow and ice until latpermANOVA: MS=6.37, d&1, P =0.03); however,
March 2010. At upwelling sites, pore-water oxygen concen-similar trends were not observed for soil solution, ground
trations dropped to hypoxic conditions below 4 cm sedimentwater or stream water.
depth (Fig. 2). Iron oxide deposits indicated reducing con- In April 2010, mean DOC concentrations were similarly
ditions in the shallow subsurface at upwelling sites. How- high in upwelling ground water, subsurface water and pond
ever, stream sediments were well oxygenated at the two sitewater, and tended to be slightly lower in soil solution (one-
within each stream where sediment pore water was either factorial permANOVA: MS=8.46, df=3, P =0.21; Ta-
mixture of stream and ground water or downwelling streamble 2). DOC in soil solution and upwelling ground water
water (Fig. 2). Pond water sampled at noon was supersatushowed large variability among the three replicates (coeffi-
rated with oxygen and had a pH of 8.2 to 8.4 (Table 1). cient of variation=42 and 48 %, respectively), which were

Non-metric multidimensional scaling (NMDS) was used taken more than 75m apart from each other. The replicate
to identify relationships between DOC chemical propertiessampling sites for subsurface water and pond water were lo-
(SUVA,54, molecular weight, carbohydrate concentration, cated more closely togethet 0 m) and coefficients of vari-
813C values) of the four water types and microbial commu- ation were as low as 8 and 14 %, respectively.
nities at days 7 and 70. NMDS was based on Bray—Curtis The AC values of groundwater DOC ranged between
similarities. It was restricted to two dimensions. Data were —280 %o and—297 %o, corresponding to medfiC ages of
transformed before the analysis by dividing response vari2635+ 35 and 283@ 40yr BP. The A4C values of the
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Table 1. Characteristics of soil solution, upwelling ground water, subsurface water and pond water of the Chicken Creek Catchment in
April 2010. Soil solution was measured at 30 cm depth, upwelling ground water within the upper 4 cm of the stream sediment, and subsurface
water at 60—70 cm sediment depth. Data for the pond water refer to a depth profile from 0 to 1.5m in the pond water colgmot n.d.
determined.

Water type Q O, n Temperature pH Conductivity n
(mgL™Y) (%) ) (mScnt?)

Soil solution n.d. nd. - 125-13.0 6.8-8.1 0.23-0.53 11

Upwelling ground water 0.7-8.8 3-99 45 12.8-14.3 6.5-7.2 0.53-2.12 3

Subsurface water 2.5-5.2 22-55 3 10.2-11.6 7.0-7.4 0.89-1.05 3

Pond water 11.7-14.1 114-130 20 12.2-14.7 8.2-84 0.60-0.62 20

Table 2.Chemical properties of DOC in soil solution, upwelling ground water, subsurface water and pond water of the Chicken Creek Catch-
ment in April 2010. Data are meassl SD,n = 3. n.d.=not determined. Carbohydrates include monosaccharides (aldoses and ketoses) and
oligo- and polysaccharides; concentrations are reported in mg glucose equivaténts L

Water type poc sl SUVAgss  azsglazgs Carbohydrates
(mg L1 (Lmg~1DOCm1) ratio (mg L1
Soil solution 6.2£2.7 n.d. 590.7 6.6:£0.7 0.1+0.2
Upwelling ground water  9.&3.7 -27.4+:0.7 46+0.3 8.31.3 1.8+1.3
Subsurface water 86080.6 -28.5:1.0 44+05 8.6+23 0.6£0.2
Pond water 9215 -29.0+0.7 52+12 7.8+04 3.0£1.8

§13C values of DOC decreased fror27.4 %o to—29.0 %o

251 —O— Soil solution (30 cmdepth)  —v— Ground water along the hydrological flow path (Table 2). Intensity dis-
—O— Soil solution (80 cm depth) —&— Stream water

—0— Pond water

tributions of DOC compounds observed by solid-st&i@
NMR spectra revealed that upwelling ground water and pond
water differed in the composition of aromatic and O-/N-
alkyl C (Fig. 4). DOC from the upwelling ground water
showed higher proportions of aromatic C (32 %) than those
from the pond water (18 %). Peaks at about 130 ppm in both
spectra indicated C- or H-substituted aromatic C (Knicker
et al., 2005b). In contrast, DOC from the pond water had
a higher proportion of O-/N-alkyl C. Resonances at about
72-74ppm can be attributed to carbohydrate C in cellu-
loses and hemicelluloses (Wilson et al., 1983). The pro-
portion of alkyl C was similar at both sites. The signal at
Date (Month Year) 31 ppm in upwelling ground water indicated polymethylene
C in long-chain aliphatic structures of varying origin (fatty
Fig. 3. Dynamics of DOC concentrations in soil solution at 30 and acids, lipids, cutin acids and other aliphatic biopolymers).
80.cm depth, ground water, stream water, and pond waterX). 1, contrast, DOC from the pond water showed a resonance
Results of Tukey's post hoc test < 0.05) for the period between oy 53y caused by more short-chain alkyl C structures.
Eebruary and Ma_y |nd|c_ate that DOC concentrations in soil solu-_l_hese structures can be ascribed to acetyl groups in hemi-
tion at 30 cm=soil solution at 80 cra= pond watek stream wa- .
ter=upwelling ground water. celluloses (IﬁgeI-Kna_lbner, 1997, 2002). The proportion of
carboxyl C was similar at both sites. These resonances at
about 172 ppm indicated carboxyl, amide and ester groups

Quaternary substrate were betweeB17 %o and—862%.,  (Kogel-Knabner, 1997).

which corresponds to meaH'C ages of 306345 and Total carbohydrate concentrations differed significantly
15935+ 75 yr BP. According to a mixing model with Qua- among water types (one-factorial permANOVA: M$.19,
ternary substrate and atmospheric £8 end-members df=3, P =0.03). In agreement with the solid-statéC
(Eq. 3), the contribution of the Quaternary substrate to theNMR spectra, the lowest concentration was recorded in

DOC was 38 % and 90 %, respectively. soil solution and the highest in pond water (Table 2).
Low-molecular-weight organic acids were mostly below the

DOC concentration (mg L™
> o S

(63}

0 : : : : : :
el \ar0® gep0® yar® gep®® a0 gepO
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Fig. 5. Bacterial abundance in four types of water collected in the
300 200 100 0 -100 Chicken Creek Catchment and incubated for 70 days following in-
oculation with microbial communities froifa) soil, (b) stream sed-
iment, and(c) pond water. Line plots represent suspended bacteria
18 and inserted dot plots denote biofilm bacteria on glass slides ex-
posed for 70 days. Symbols and error bars indicate medrSD,

n=3.

T

pended bacteria increased 100 to 1000 fold within the first 7
days of the incubation and subsequently leveled off.

DOC in controls with deionized water increased from
0.9mg L1 to 2.2-3.7 mg L1 following addition of the mi-
crobial inoculum and nutrient solution. No further temporal

ppm changes were observed over the next 70 days of incubation.
mm Carboxyl C — O-alkyl C — Alkyi C A significant effect of water type on DQC was caused by
Aromatic C O-/N-alkyl C an overall lower DOC concent_ratlon in so_ll_solutlon_, whereas
the three other water types did not significantly differ from
Fig. 4. Chemical composition of DOC revealed by solid-state CP- one another. DOC dynamics, however, were statistically in-
MAS 13C NMR spectroscopy frorte) upwelling ground water and ~ distinguishable among the four water types, as revealed by
(b) pond water £ = 1). non-significant interactions between water type and time as
well as among water type, microbial community and time.
DOC concentrations decreased until day 14 and remained
constant thereafter (Fig. 6, Table 3). Although initial changes
of DOC in subsurface water and pond water tended to di-
verge from those of soil solution and upwelling ground wa-
ter, these tendencies were not statistically significant. Apply-
ing an exponential decay model to the data pooled across
water types and microbial communities suggested that 11 %
of the DOC was bioavailable while 89 % (95 % confidence
3.3 Bacterial abundance and DOC bioavailability interval: 0.05 %) was recalcitrant. The estimated decay rate
coefficient of the bioavailable DOC fraction was 0.27 dhy
Initial abundances of bacteria were one order of magni-(95% confidence interval: 0.85da¥), corresponding to a
tude lower in water types inoculated with the stream mi- turnover time of 3.7 days (coefficient of determination of the
crobial community compared to soil and pond water mi- exponential decay mode!0.15,n =50 from which 7 out-
crobial communities. During the experimental incubation, liers were removed).
the abundances and dynamics of suspended bacteria (Fig. 5) Three-factorial permANOVA indicated that water type did
were similar among the three microbial communities used fomot affect microbial respiration (Table 3). However, a signif-
inoculation (three-factorial permANOVA: MS 8.44x 10°, icant interaction between microbial community and time in-
df=3, P =0.33) and they were also unaffected by wa- dicated that the dynamics of respiration differed significantly
ter type (MS=9.43x 10°, df=3, P =0.27). Likewise, among the three studied microbial communities during the
the density of biofilm bacteria was similar among the incubation period. Respiration rates peaked during the first
three microbial communities (two-factorial permANOVA: 14 days in all water types inoculated with soil and pond water
MS = 3.30x 102, df = 2, P = 0.27) and among water types microbial communities (Fig. 6). The stream microbial com-
(MS=1.42x 10'?, df=3, P = 0.69). Abundances of sus- munity showed a lower respiration rate at day 1 than both

300 200 100 0 -100

detection limit of 0.15mgL?! in all water types. SUVAs4
(one-factorial permANOVA: MS=1.42x 1074, df=3, P =
0.12) and thenzsglazes ratio (MS=2.24, df=3, P = 0.36)

of all water types were similar along the hydrological flow
path (Table 2).
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Table 3. Three-factorial permutation ANOVA (5000 permutations) testing for the effects of water type, microbial community, time and
interactions of these factors on DOC concentration and microbial respiration. df =degrees of freedom; MS = mean sum of squares.

DOC Respiration

Source of variation d MS P MS P
Water type 3 173 004 18103 0.10
Microbial community 2 10 084 0%103 048
Time 4 09 098 1%103% 007
Water typex Microbial community 1 15 061 16103 0.16
Water typex Time 3 21 080 0%103 0.31
Microbial communityx Time 2 09 084 4%102% 001
Water typex Microbial 4 06 098 0x103 0.95
communityx Time

Residuals 130 5.9 001073

Water type and microbial community also affected the
chemical properties of DOC during the incubation. The mi-
crobial communities of soil, stream sediment and pond wa-
ter used 8.6 % (perm test: P = 0.83), 33.1% P =0.05)
and 36.8 % P = 0.10) of the pond water carbohydrates be-
tween days 7 and 70, respectively (Fig. 7). BAC DOC
between days 7 and 70 was significantly affected by water
type (two-factorial permANOVA: MS=1.09, df=3, P =
0.004) but not by the microbial community (MSO0.03,

d e f df=2, P = 0.87). The estimated isotopic difference ranged
] ] from 0.9 to 2.2%. between days 7 and 70. The smallest
differences were detected in soil solution and pond water.
Larger isotopic differences between days 7 and 70 were ob-
served in upwelling ground water and subsurface water; they
might be attributable to changes in aromaticity and molecu-
lar weight of the DOC over time (Fig. 7). Thesgasgs ratio
0714 42 700714 42 700714 42 T increased in both water types from day 7 to 70, indicating

Time (days) a shift towards low-molecular-weight compounds. SUYA

decreased when the microbial community of stream sedi-
ments was used as inoculum, but increased when the pond
Fig. 6. Dynamics of(a), (b), (c) DOC concentrations an), (e), water microbial community was used. Inoculation with the
(f) microbial respiration during 70 days of incubation of four water soil microbial community had no effect on SUY# in ei-
types from the Chicken Creek Catchment inoculated with microbialther water type. Pond water inoculated with the soil and pond

communities from(a), (d) soil; (b), (e) stream sediment; an@),  water microbial communities had higher SUMA at day 70
(f) pond water. Microbial respiration data are the sum of oxygenthan atday 7.

consumption per hour in one respiration chamber containing 47 mL
suspensions and 11.9 érof biofilm. Symbols and error bars indi-
cate means1 SD,n = 3. For statistical analyses see Table 3.
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3.4 DOC fluxes

Our flux estimates indicate DOC input from the catchment
other communities, possibly caused by bacterial abundanceisto the pond of 63—248 kg y* with large variation among
that were initially 10 times lower. Microbial communities years (Table 4). The highest input was measured in 2010
from soil, stream sediment and pond water showed decreaswhen precipitation (794 mm) and hence surface flow in the
ing respiration rates after either day 42 or day 14. In contrasstreams were greater than in 2008 and 2009 (annual precip-
to the soil and pond water communities, respiration of theitation: 660 mm and 665 mm, respectively). In general, the
stream sediment community increased to the initial level onDOC exported from the catchment at the pond outlet was
day 70. Microbial respiration was not related to DOC con- substantially smaller than the estimated input via wet de-
centration § =0.08,P = 0.41). position, stream water, ground water and subsurface water,

indicating net DOC removal in the pond. The estimated net
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Table 4.DOC flux estimates into and out of the pond in the Chicken Creek Catchment between 2008 and 2010. Aerial estimates were based

on a pond surface area of 4008 m

Year Inputvia  Input via stream, Export from the Removal in pond
wet ground and catchment
deposition  subsurface water
(kgyr™) (kgyr™h (kgyrh (%ofinput) (kgyrh) (gm~2yr~h) (% of input)
2008 5.3 63 31 45 37 9 54
2009 4.8 104 72 66 37 9 34
2010 3.4 248 174 69 77 19 31

(Fahey et al., 2005; Nambu et al., 2008; Sanderman et al.,

N
é 2008; Tipping et al., 2012). Likewise, DOC concentrations
z gw-ig in ground water, surface waters and subsurface water with
. carbohydrates up to 20mg DOC ! are similar to, or even higher than,
pvxi?‘ * oPW-iP those of mature ecosystems, including streams (Ziegler and

ePwig Brisco, 2004), lakes (Pace and Cole, 2002; Steinberg, 2003;
Berggren et al., 2009), and forest and grassland catchments
(e.g., Hagedorn et al., 2000).

Radiocarbon ages of the C in the Quaternary substrate
and groundwater DOC indicate that the Quaternary substrate
SviP . contributed about 40 to 90 % to the DOC in the ground water
guis § *+ moleculareight of the Chicken Creek Catchment. The calculated contribu-
. tions of this “old” carbon from the Quaternary substrate are
likely to be underestimates. The reason is that DOC leached
from substrates is usually younger than the substrate itself,
NMDS1 because the younger carbon components tend to be pref-

erentially released (Bberg et al., 2003; Sanderman et al.,
Fig. 7. Two-dimensional ordination plot of nMDS based on Bray— 2008). Additional uncertainty arises from te'“C values
Curtis similarities of mean carbohydrate concentration, StbyA  of the Quaternary substrate used to construct the catchment
molecular weight and isotopic ratio of DOC from four water types ith unknown contributions of charred and hené&C dead”
of the Chicken Creek Catchment incubated with three micrObialcomponents (i.e., components witla4C value of 1000 %o

communities for 7 and 70 days (means=3). Gray armrows indi- 605,56 the age exceeds 50 000 yr; Arnold and Libby, 1949)
cate major changes in DOC chemical properties and point from day, N .

) . . . and more recent carbon originating from vegetation grown
7 towards day 70; ss — soil solution, gw — upwelling ground water,

sw — subsurface water of the alluvial fan, pw — pond water, is — s0ilO" 'the SUbStr"’?te before it was used for constructing the ex-
microbial community, ig — stream-sediment microbial community, Perimental Chicken Creek Catchment. _ _
ip — pond-water microbial community. The relatively high averagéC age of DOC in the Chicken
Creek Catchment (about 2600 to 2900 yr BP) is consistent
with data from other early successional ecosystems in glacier
DOC removal (Eq. 5) amounted to 37 to 77 kg¥(Table 4),  forefields. For instance, stream water DOC supplied by melt-
which corresponds to an annual DOC removal in the pondng glaciers of partly deglaciated catchments in Alaska has
of 9gm2 in 2008 and of 19gm? in 2010. DOC export  radiocarbon ages of up to 4000yr BR*C values: 0-
from the catchment increased from 45% to 69 % betweerdi00 %o ; Hood et al., 2009). Similarly, théC age of DOC
2008 and 2010, whereas the proportional DOC removal inin glacier-fed streams in the European Alps ranged between
the pond decreased from 54 % to 31 % (Table 4). 600 and 6800 yr BP (Singer et al., 2012). Both studies noted
a positive relationship between tH&C age and the bioavail-
able fraction of the DOC (Hood et al., 2009; Singer et al.,
4 Discussion 2012). The estimated fractions of bioavailable DOC in the
glacier-fed streams was 20 % for recent DOC and 95 % for
DOC concentrations in the recently constructed Chickengld DOC, implying that old carbon can be a significant sub-
Creek Catchment with sparse vegetation cover and minimaktrate for microbial heterotrophs in surface waters of early-
soil development were surprisingly high. The measured consyccessional ecosystems.
centrations of up to 7 mgt! in soil solution are similar to
those of mineral soils in temperate grasslands and forests

aroméfibity +

.o
ss-is

T T T T T T
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Changes in DOC concentrations and microbial respira-Creek Catchment, from sites of upwelling ground water to
tion during our 70day experimental incubations of differ- subsurface waters of the alluvial fan, although DOC concen-
ent types of water from the Chicken Creek Catchment sug+rations varied little. The tendency of total carbohydrate con-
gest two distinct periods: an initial period characterized bycentrations to decrease points to mineralization in the well-
declining DOC concentrations and relatively high respira- oxygenated hyporheic zone of the streams, where carbon is
tion rates between days 0 and 14, and a second period benineralized by microbial communities (Gerull et al., 2011).
tween days 14 and 70 when changes in DOC concentraThis is in line with the observetPC depletion of DOC (1.1
tion were minor (Fig. 6). The initial sharp decline in DOC to 1.6 %o) along the hydrological flow path, suggesting pref-
is in accordance with data from a wide range of soil so-erential microbial degradation or sorption HiC-enriched
lutions (Kalbitz et al., 2003), and suggests that about 11 %compounds such as recently formed carbohydrates (Benner
of the DOC was bioavailable. In mature ecosystems, in-et al., 1987; Santruckova et al., 2000).
cluding forests, agricultural soils, streams, rivers and wet- DOC in pond water was distinctly different from that in all
lands, the bioavailable fraction of DOC has been found toother water types in that the carbohydrate concentration was
range from 3 to 67 %, with a mean of 25% (e.g., Raymondgreater, the proportion of O-/N-alkyl C was markedly higher,
and Bauer, 2001; Wiegner and Seitzinger, 2001; Marschneand the proportion of aromatic C was lower. These charac-
and Kalbitz, 2003; Wiegner et al., 2006; Balcarczyk et al., teristics might be attributed to a significant organic carbon
2009; Hood et al., 2009; Petrone et al., 2009). Thus, desupply by aquatic primary producers. Potential sources in-
spite the sparse vegetation and soil development, the propociude phytoplankton, submerged macrophytes, which devel-
tion of bioavailable carbon in DOC of the early-successionaloped dense stands in the pond (Elmer et al., 2011), and lit-
Chicken Creek Catchment is similar to that of mature ter leachates frorRhragmites australisa highly productive
ecosystems (although smaller than that in early-successionamergent macrophyte that rapidly colonized the pond mar-
glacier-fed catchments as discussed above; Hood et al., 2008ins. Biological soil crusts covering large parts of the catch-
Singer et al., 2012). ment (Fischer et al., 2010) and the accumulation of plant lit-

One reason for the lower DOC bioavailability in ter during early ecosystem succession may have been addi-
the Chicken Creek Catchment compared to other earlytional sources of recent DOC, since the pond received water
successional catchments might be the release of highly aramostly via surface runoff collected in stream channels during
matic DOC from charred material in the Quaternary sub-heavy precipitation (Elmer et al., 2013; Hofer et al., 2012).
strate. The solid-statt®C NMR peaks observed at about  Total DOC concentration was not related to the fraction of
130 ppm are commonly assigned to aromatic carbon derivethioavailable DOC in the Chicken Creek Catchment, which
from charred organic material such as lignite, soot, or al-is in accordance with previous findings (Findlay et al., 2001,
tered plant-derived lignin (Skjemstad et al., 1996; Knicker Sobczak and Findlay, 2002; Wiegner et al., 2006). However,
et al., 2005a). Given that sources of plant-derived lignin wereDOC bioavailability is affected by its quality as defined by
scarce inthe catchment (Schaaf et al., 2012), the observed dehemical properties. Carbohydrates are preferentially used
gree of aromaticity was most probably due to older material.over organic carbon containing high proportions of aromatic
Part of the long-chain aliphatic carbon in the DOC, as repre-groups, including humic substances (Baldock et al., 1997;
sented by alkyl C, could also have originated from old ma-Kalbitz et al., 2003; Ziegler and Brisco, 2004), and recalci-
terial such as lignite (Rumpel et al., 1998). Thus, it appeardrant, high-molecular weight DOC can even inhibit microbial
that part of the DOC in the Chicken Creek Catchment wasactivity (Freeman and Lock, 1992). Given a higher propor-
mobilized from the Quaternary substrate. This mobilizationtion of carbohydrates and a lower proportion of aromatics in
could have been facilitated by the dumping process duringoond water, we expected pond water DOC to be more readily
catchment construction when disturbance of the Quaternarpioavailable for microbial metabolism than DOC from other
substrates could have triggered processes resulting in DO@ater types. However, this expectation was not met in the
release. Potential processes include exposure of previouslgresent study in that DOC bioavailability was similar across
protected mineral surfaces, desorption of soil organic carall water types (Fig. 6, Table 3). Nevertheless, a larger frac-
bon, and stimulation of microbial activity by altering aeration tion of carbohydrates was utilized in the pond water than in
and substrate availability. As a result, DOC concentrationssoil solution, upwelling ground water or subsurface water of
in soil and surface waters of the Chicken Creek Catchmenthe alluvial fan (Fig. 7). Since carbohydrates can bind to aro-
were much higher than in some natural early-successionahatic C compounds of refractory DOC (Jandl and Sollins,
catchments such as the glacier forefields studied by Hood €1997), aromatic C might have protected carbohydrates from
al. (2009) and Guelland et al. (2013). microbial use in the last three types of water, leading to a

Sorption to (and desorption from) mineral phases, leach-smaller decline in concentration than in pond water. As a
ing from patchily distributed vegetation and leaf litter as well result, our incubations of those three water types mainly af-
as microbial activities in the subsurface may alter the chemfected DOC aromaticity and molecular weight (Fig. 7). Thus,
ical properties and composition of DOC along the hydrolog- although the proportion of bioavailable DOC in the different
ical flow path. This trend was also observed in the Chickenwater types of the Chicken Creek Catchment was similar, it
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