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Abstract

Abstract

Dissolved organianatter (DOM) is the most mobile fraction obrganic matterin soil and thus is
important for the dynamic of soil organtarbon (OC) which represents the largest terrest@& pool.
DOM produced from plant litter in the forest floor is transported dawm ihe mineral soil with the soll
solution. During this transport interact®mwith soil mineralsand microorganisms lead to a decreased
DOC cortentrationin the subsoibnddistinct DOM composition To assess the changing characteristics
of DOM from topsoil to subsoil three studies were conduated Dystric Cambisol in the Grinderwald
beech forestghallenging the influence of different hydrological conditions on thé/Di@nsport and the
distribution of leaf litter derived DOC over the soil profikes well as the importance of mineral sorption

for thedemobilizationof DOC.

In study | a monitoring of the soil solution with segmented plate lysimeters was condlibisénabled

to investigate the spatial and temporal variability of water flux, @Oentrabn and DOM composition

in 10, 50and 150 cm depth on the same spatial and temporal resobwiorl5 monthThe water flux

was found to have an influence on the DOC concentration and DOM composition as a negative
relationship between water fllend DOC concentration and a positive relationship between water flux
and DOC flux was fond. The aromaticity of the DOM, as assessed by spé&tifiabsorbancat 280 nm,

was positively correlated with the water flux in 50 cm and 150 cm depth indicatinygpassing of
possible binding sites at higher water fluxes. In the topsoil the variability of the measured parameters was
dominated by seasonal variations and in the sufisdihe most parby variations on the centimeter scale,

highlighting the importace of hotspots for the OC dynamic.

In study Ilthe leaf litter at the monitoring site sfudy Iwas replace by highR?C enriched beech leafs to
follow the fate of litter derived DOC in the subsoil. Over 18 month after the label addition the overall
contibutionto DOCwas found to be low (<3% in 10 cm depth and <0.3% in 50 and 150 cm dEpeh).

transport to the subsoil watow, as the'*C enrichment in theubsoil DOCincreased one year after the
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label addition. A positive correlation of water flux af¥C enrichment further indicates bypassing

processes at high water fluxes.

In study llla column experiment was performeannectingundisturbed soil coresom three soil depths

to a cascade. Eacolumn included a patch &C labelled OMcoated goethitéo assess the interaction of

soil solution and reactive mineral surfaces. The DOC concentration and DOM composition of the cascade
percolates reassembled tke@own characteristics in a soil profi® a great extent. With the use '8€

labelling it was possible to verify an intensive interaction of soil solution and goethite featuring a
replacement of 18 31% of the OC sorbed to the goethite before the experimentDOC from the

percolate.

The dada gained in this thesis highlights the importance of the water flux for the fate of DOM down the
soil profile. The variability of all measured parameters was high and in the subsoil differences on the
centimeter scale were constant some parover the 5 monthof observation, featuring drying and
rewetting cycles. Sorption was found to play an important role for DOC cycling over the whole soil
profile, butadsorption to reactive mineralgas not only anrreversible process. Dissolved moieties are
ratherin constant interaction with the solid phase and thus evidence for a cascade like cycling of OM
down the soil profilavas found featuring apreferential translocatioaf rather degraded moieties to the
subsoil. This cascade can be influentedome degreby high flow velocities thatauseDOC to bypass

possible sorption sites.
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Zusammenfassung

Geldste organische Substanz (DOdBIIt denmobilsten Anteil organischeiSubstanz in Bodedarund ist
daher bedeutend fiir die Dynamik dgsil3ten terrestrischen Kohlenstoffspeichekas Pflanzenstreu
mobilisierter geldsterorgansicher KohlenstoffOC) wird mit der Bodenlésung in den Mineralbade
transportiertWahrend dieses Transportesringert sich die DOC Konzentration mit der Tiedds Folge

von Sorption arMineralen undmikrobiellem Abbau Zudemverandert sich die Zusammensetzung der
DOM von pflanzenbirtigen Stoffezu Stoffen mikobieller Herkunft. Um die sichverandernden
Charakteristika der DOM vom Oberboden in den Unterboden zu unterswaineten drei Studiemm
Grinderwald in einer schwach podsolierten Braunerde unter BuchedwalbdgefihrtDer Einfluss von
unterschiedlichen hydgedogischen Gegebenheiten auf den DOM Transport und die Verteilung von
blattstreubirtigem DOCim Bodenprofil sowie die Bedeutung von Sorption an Mineralen fir die

Retention von DOGwurde in diesen Studiamtersucht.

In Studie 1wurde ein Monitoring der Bodenldésung mit segmentierten Saugplatten durchgefiihrt. Hierbei
war es maoglich, die rAumliche und zeitliche Variabilitat des Wasserflusses, der DOC Konzentration und
der DOM Zusammensetzung in 10, bd 150 cm Tiefe mit der gldien Auflésung tber 15 Monate zu
untersuchen Eine negative Korrelation zwischen Wasserfluss und DOC Konzentration deutet auf
Verdinnungseffekte hirDie DOC Flisse #genallerdingsanalog zum Wasseu$s an. Im Unterboden
korreliert die Aromatizitat derDOM positiv mit dem Wasserfluss. Dies ist ein Anzeichen &ime
verringerte Sorptiorbei hoheren FlieRgeschwindigkeiteDie Variabilitdit der gemessenen Parameter
wurde im Oberboden von saisonal&shwankungen dominiert. In 50nd 150 cm Tiefe waren die
raumlichenSchwankungen zwischen den Segmenten der Saugplatten von groRerer Bedeutung als die

zeitlichen Schwankungen.

In Studie Ilwurde die Blattstreu oberhalb der Installationen Stigdiel durch mit**C angereicherter
Buchenstreu ersetz, um den Anteih stretblrtigem Kohlenstoff im DOC in den Unterboden zu

untersuchenDer Anteil an stredirtigem Kohlengiff war nach dem Austausch der Strgoer die 18

Vv
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untersuchten Monatgering (<3%in 10 cm Tiefe und <0.3% in 50nd 150 cm Tiefe). Die”C
Anreicheung in der Bodenlésung stieg ein Jahr nach der Applikation der angereicherten Streu signifikant
an. Dies ist ein Anzeichen fir einen langsamen Transport in den UnterbBitenpositive Beziehung
zwischen Wasserfluss und®C Anreicherung deuteterneut auf eine geringere Intensitat von

Sorptionsprozessen bei hohen FlieRgeschwindigkeiten hin.

In Studie Il wurde ein Saulenexperiment durchgefiititerfir wurden Saulen aus zwei ungestérten
Stechzylindern und einem Packchen mC angereichertem OBelegtem Goethit dazwischen,
zusammengesetzZDrei Saulen ansteigender Tiefe wurden miteinander zu einer Kaskade verbunden und
nacheinander perkoliert. Anhand dé8 angereicherten OC auf dem Goethit konnten Austauschprozesse
zwischen Bodenlésung und Mineralphasachvollzogen werdenMit dem Séaulenaufbau konnte der
Verlauf der DOC Konzentration und DOM Zusammensetzumg sie aus natirlichen Bodenprofil
bekannt sindin groBem MaRenachgestellt werden. Durch den Einsatz Wé@ angereichertem OC
konnten intensive Austauschprozesse zwischen DOC und mass@iiertem OC festgestellt werden. 18

T 31% des vor dem Experiment am Goethit sorbiertem OC wurde durch OC aus der Bodenldsung

ausgetauscht.

Die Ergebnisse dieser Arbeiteien die Bedeutung des Wasserflusses auf den Verbleib von DOM
Bodenprofil heraus. Die Variabilitdt aller gemessenen Parametenagh Trotz starken Schwankungen

in der Bodenfeuchtevaren die kleinrAumigen Unterschiede im Unterbodber die 15 Monatales
Monitorings partiell konstant.Sorption ist ein wichtiger aber nicht irreversibler Prozdss DOC
Retention DOC steht eher in konstanter Interaktion mit der Mineralphase. Dies ist ein Anzeichen fir
einen DOC Transparder durch eine Kaskade von $bons und Mobilisierungsprozessetominiert

wird. Hierbei werderdegradierte Verbindungen praferentiell in den Unterboden verlagert. Diese Kaskade
kann zu einem gewissen Grad von schellen FlieRgeschwindigkeiten beeinflusst werden, da diese die

Wabhrscheitichkeit einer Sorption an Mineraloberflaichen herabsetzten.
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1. Introduction

1. Introduction

1.1 Importance of soilsfor the terrestrial carbon cycle

Soils represent thiargestterrestrialorganiccarbon(OC) pool, storing moréC than thephytomassand

the atmosphere combined fumbore 2009). Scharlemann et al. (2014) recently revié¥ezpproaches
for soil carbon stock estimaticand ascertained a mean global OC podhladut1500 Pg.Uncertainties
about themost accurate methaahd theexactestimationare presentincluding possible ovestimatiors

by misuse of theparameters bulk density and stone cont@Pveplau et al. 2017and possible
underestimations by overlooking circumpolar permafrost soils (Tarnocai et al. 2008%¢ver, the

importance of soilOC for the global carbon cyclespecially withfocus on climate chamrgandfood

security (Lal 20B) is broad consensus'he establishment ofooiservative agricultural methodthe

reforestation of degraded ecosysteansgareduction of dedrestation can increase global 90iC stocks.
According to Lal(2009 this can possibly account for an offset of 5 to 15% of the global fasslil
emissions and lead to enhanced crop yields on a global 3teehighestsoil OC concentrions are
present in topsoils whereas subsoils are often depleted ico@@ntration but whensoil OC stocks are
consideredsubsoilsdown to 2m deptlaccount for more than half of tlseil OC storeddue to their great

volume and bulk densitfgobbagy ad Jackson 2000, Rumpel and Kég¢@alabner 201).

1.2 Soil organic matter

On global scal¢he soil OC contentin the top 20 cnis predominantlycontrolled by the climatevhereas
below 20 cm soil depth theportance otextureincreaseswith positive correlatiorof clay contentand

soil OC content In temperate climate theoil OC content down to 3 meter depth is highest in deciduous
forest and declines from evergreen forest to grassland and cropitm@ high degree ofariability
(Jdbbagy and Jackson 200@he followingsections will focus on forest ecosystems in temperate climate
as all experiments and investigations of thisrkvwere carried out in sucenvironmers, representing

largely pristine vegetationin mid-latitude areas Forest soils store high amounts of carbon, thus
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understanding processes leading to changes in carbon stocks are of high img@téneberg et al.

2017)

Sources ofoil OCarelitter fall, root growth, root exudation and bioturbati¢ém forest ecosystas gant

litter accumulates on top of the mineral soil and forms organic horizbhemical andbiological
processes driven by precipitation and soil fauna leddetbreakdown and decomposition of plant debris.
Water soluble compounds are mobilized arahsported as dissolved orgammatter (DOM into the
mineral soil (Anderson 1973T.he growthandexudation of living rootsand the decompositiorof dead

roots represend direct input of OC to thenineral soil and affectthe OC pools from topsoil to deep
subsoil (Tefs and Gleixner 201Rasse et al. 2005Furthermore gots supply easily degradable C rich
substrates to the soil via exudati@Finzi et al. 2015Lynch and Whipps 1990Bioturbation by sail
invertebrates isonsideredo have gositive effect on OC storage (Frouz et al. 2009, Lavelle et al. 1997)
and e.g. earthworms dislocate OC from topsoil to deeper horizons (Don et al. Z@68jelative
contributionof each of this sources to the OC content of soiksiiscontroversial(Rumpel and Kdgel
Knabner 2011 Studies were input from DOM and from root litter are quantified simultaneously are rare.
Kleja et al. 2008 concluded that the transport of dissolved organic carbon (DOC) from the organic horizon
and theinput via roots are of equamportancefor the soil OC content down to 50 cm depth of three

Norway spruce stands in Sweden.

In the most soils together with a strongly decreasing OC concentwétiolepththe soil organic matter

(OM) composition shifts from more plant derived compounds in the topsoil to highly processed rather
mi crobial derived compounds in the subsoil® This
values (Sandermann et al. 2008, Rumpel et al2&20Brunn et al. 201y Following kinetics, thet*C

content of microbial derived OC is increasedpasroorganisnratherincorporate heavier C and respire

lighter C(Lerch et al. 2011)Studies on further fractionating processes like root exudation are reviewe

by Werth and Kuzyakov (2010). Together with changt?@ values soils show distinéfC profiles

indicating an increasing age with depth (Trumbore et al. 2B@®npel et al. 2012 This leads to the
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somewhat unreasonable finditlgat the youngest part dfi¢ soil contains the oldest O&hrens et al.
(2015 developed a processientedmodel to reproduce the developmenti@ depth distributions with

the parameter®C sorptionDOC transport, microbialycling and bioturbation.

Soil OM is present as particulate QMineral associated OMind DOM. Particulatesoil OM consist of
fragmented plant particles thsppread through soilia bioturbation or root growthnd decayThey exist
separately as greater plant fragments or tend to aggregate with mineral particles when they are highly
fragmented.The importance of particulate OM decreases with depth as the importance of mineral
associated OM increases. In the subsoi98% of the totalsoil OCare mineral associated (Rumpel et al.
2012).The mineral associated OM consist of degraded plant compounds or products of migainigl
(Wagai et al. 2009)The most important sorhts in soil are metalhydroxides and clay mineladue to

their high specific surface ard&SA) and highabundanceof reactive functional groupand surface
charge(Kaiser and Guggenberger 200BOM is a small buimportant fraction of carbon in spiflue to

its mobility and reactivityThe highest D@ concentratiosare found undeorganic horizos and n the

most ecosystems the concentration of DOC in the soil solution strongly declines withddeptb
sorption to the mineral sofMichalzik et al. 200} The composition of DOM changesoncurrently with

the solid soil OM, from plant derived compounds in the topsoil to rather degraded microbial derived
compounds in the subsdKaiser et al. 2002). Thisdicaiesa strong interactiomnd constant exchangé

solid and dissolved organicaietiesduring the percolation of soil solutigBcott and Rothstein 2@L

Decomposition osoil OM by microorganisms isne essential driver of OM dynamics in soil from the
organic layer to the subsoil. The most abundant organisms are bacteria anfi/a&emiand Kikman

1990). The microbial abundance and diversity decreases with soil depth due to reduced carbon and
nitrogen concetrations (Herold et al. 2014)evertheless elative to the amount of microbial biomaks t
microbial activity is similar intopsoil and subsoil (Blume et al. 200Zhe decomposition of OM starts

with the course breakdown of the residues by detritivorous soil animals and microorganisms. Complex

organic compounds are themoken down to simpler compoundSor examplethe decomposition of
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cellulose over cellobiose to glucosender aerobic conditiongad to the end product€0, and H20.
Whereas the decomposition of proteins over peptides to amino acids finally leads to the additional release
of inorganicanionslike nitrate and sulfate. The decomposability differs between substancegdsiyn
degradable sugars over cellulose to rather hardly decomposable substances lik€O8gran 2013)
However, the high diversity of microorganisms in soil provides a speciatighéo decomposition of
literally every compound andecomposition ratedepend orthe overall ecosystem conditions, like water

supply anchutrient demands (Coleman et al. 2004).

Sorption to soil minerals is considered to be an imporsaiitOC stabilizatbn mechaism (Kalbitz et al.
2005). @rption by ligand exchange reactions was found to provide the highest resistance against
desorption and microbial mineralizatiofhusin the common pH range in mldtitude soils (3 7 pH)

metal ides like gethite potect sorbedsoil OM stronger from degradation than phyllosilicathee to

their pH variable charg@Mikutta et al. 2007)The concept of chemical recalcitrance of certain humic
substances isoil OM against microbial metabolism is nabymoreconsidered as an important process
that leads talifferences in turnover times between carbon pdeecent studies rather showed that the
relative spatial inaccessibilitpf OM for microbes and enzymeand interactios between OM and
minerals controthe stabilization of carborfDungaitet al. 2012, Mikutta et al. 2006, vor.ltzow et al.
2006). The role of DOM as the most mobile fraction of carbon in soil is thus of high importance to
understanaoil OC cycling. Especially the spatial heterogeneity of DiEes as ongossibledriver of
microbial hotspots (Kzyakov and Blagodatskaya 201&)d exchange processes between soil solution
and reactive soil merals are important to further understahd carbon cycling in soilLehmann and

Kleber 2015)

1.3Dissolved organicmatter in soil
The highesproductionof DOM occuss underneath the organic horizon, which is fuelledalsyeady input
of plant litter (Don and Kalbitz 2005)n thicker organic horizons an intense cycling was deteuyetthe

use oftC labelling,as DOC mobilized and replacedC@rom the Oi over the Oe and the Oa layEne
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authors suggest that the almost complete loss of the added labelled litter is generated by sorption and re
mobilisation as well as mineralisatiom CG; in the Oe layeof a Haplic Podzol under a Norway spruce
forest (Froberg et al. 2007Reciduous forest typicallyrom thin mulktype organic layetsThe DOC
produced thereimgets retained predominantly in the first centimetres of the mineral soil (Kammer and
Hagedorn 2011)T'he source of DOC in thdeepemineral soil is thus only indirectly the litter layer as the

most labile fractions of thkeaf and roofitter derived DOCgetdegraded to COby microbes or rapidly

sorbed to reactive minerals in s¢@anderman et al. 2008). This was resulted from the findfnan
increasingelativeabundance of microbial derived hexoses in comparison to plant derived phenolic DOM
compoumls due to selective retention of aromatic moieties (Kaiser et al. 280#)e sorption of DOC is
dominated by the clay sized mineral fractiometal oxides and clay minerals are of utmost importance
(Eusterhues et al. 2005yhe content of poorly crysiale Fe and Al explains the variation in DOC
adsorption behaviour to the greatest extent in samples of 52 mineral soils (Kothawala et al. 2009). The
dominantsorption mechanism on goethite at low pH is ligand exchange due targee numberof
functional groups.On clay minerals like pyrophyllite and vermiculite van der Waals forces aAtl Ca
bridging are the dominating binding mechanisas revealed by sorptiomxperiments(Mikutta et al.

2007) The formation of secondary mineralske ferrinydrite underthe presence obOC leads to the
coprecipitation of minerabrganic complexes and ianother importan©C demobilisation mechanism

(Eusterhuest al. 2011, Mikutta et al. 2015

The biodegradation of DOM is highly variable and related to its compositoaramatic moieties are

more stable than carbohydrates. The degradation of carbohydratathieabel DOM solutions leads to

a relative increase of aromatic compounds and thus an increase of stability in the remaining DOM
solution. The decay rates meesd for DOM rich in aromatic moietiesenecomparable to #seassumed

for the stablesoil OM pool in carbon models (Kalbitz et al. 2003). In soil solution a relative decrease of
aromatic moieties with depth was observed by several studies (Kaise@d4l.McCarthy et al. 1996).

The reduction of DOC concentration with depth is thus rather a result of sorption to reactive soil minerals

than biodegradation.
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Across a variety of ecosystems the DOC flux in topsoils ranges from 10 to 85°y€and is reduced in

the subsoil to 2 to 40 g C*hy L. The export of DOC from soils to streams amount to 1 to 10 ¢@'m

(Neff and Anser 2001)The water flowas main driver of DOC transpdrt soil is highly variableon the
temporal scale as inducéeg variations inprecipitationand climatgKoéhler et al. 2008) andn the spatial
scale(Jarvis2007).0n the spatial scale tleaterflux is onthe one handontrolled bymatrix flow, a slow

solute transport through small and medium scaled garesmogneous texturedoil and e the other

hand bypreferential flow a fast and unstable solute transpb&t occursn macroporedike root channels

and animal burrowsThis structures can persist over decadeghas structure gets stabilized by
microorganisms and fungal metabolite products like polysaccharides (Hagedorn and Bundt 2002).
Preferential flow is also induced byterogeneities in soil textuseich agmpeding layers or lensdbat

lead to flow interuptionand consequent concentration of water fltlwe secalled funnefflow. Unstable

flow may alsooccur due to small scale differences in water repelleneyr entrapments (Hendrickx and

Flury 2001). Soil profiles always feature both, areas with imaftow conditions and areas with
preferential flow conditions, leading to a high heterogeneity of flow patterns on the centimetrévgtale.
increasing water flux a dilution of DOC concentrations was measured by Mertens et al. (2007) using
suction platesn 120 cm depthNevertheless the total amount of transported DOC possibhgases as
increased OM contestalong preferential pathways of water flow were found compared to matrix flow
conditions (Bogner et al. 2012)he flow velocity not only has amfiuence on the total amount of carbon
transported but also on the DOM compositioraasapid flow conditions on storm events the selective
retention of aromatic compounds is reduitedubsoilDOM (Kaiser and Guggenberger 200Bhe impact

of different fow regimes on the DOC transport is still not totally understood as field studies of percolating
soil water with respect to spatial differences on the centimetre scale are very rare (Gottlein and Stanjek

1996).

Kaiser and Kalbitz (2012)ublished a concépal model that declares the transport of DOC down the soll
profile to be a sequence of sorption, microbial decomposition and remobilisation processes in numerous

cascade steps down the soil profilde process ipowered by the steady input of young hygreactive
6
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plant derived OC. Over the course of this caseaideobialdegraded OC gewuppressed and remobilized

by less degraded ONM his OM istransportedurther downwith the percolating soil solutiomccounting

for the observeddistinct OM composition and“C ageprofiles (Rumpel et al. 2012)The influence of
different flow regimes is not incorporated in the concept but might lead to large variations of DOC
transport on the spatial and temporal scile aim of this wik was to verifythis concept with field and
laboratory experimentgocusing on the importance of litter inpahd solid-solution interactionsinder
special consideration of variability induced &yatial and temporal variations flow velocity, a process

thatwasnegled¢edby studies in the past.g.Michalzik et al. 2001, Kalbitz et al. 2005).

1.4 Hypotheses
H1: Water and DOC fluxes amominated bysmall scale spatial variabilitpaused by hydrological and
physicochemical soil heterogeneitieShis variability ncreases in the subsoil due to longer flow

distances.

H2: At matric flow conditions the pronounced sorption of DOM compounds to minerals leads to strongly
decreasing DOC concentratioasd changing DOM compositioffisom topsoil to subsoilHence, the

contribution of litter derived OC to DOC in the mineral soil is redugitd depth

H3: At high water fluxesDOM bypasgs sorption or microbial consumption sites so that DOC
concentrations in the subsoil remain at a higher l&\ed preferential sorptioof aromatic compounds

is reducd and a higher proportion gbung OC from the forest floas transportedo greater depth

H4: Transported DOC is in intimate exchangehathe mineral soil. The input of young highly reactive
DOC to the mineral soil lead® a selective sorption and a consequent remobilisation of less binding

affine OC compounds that are transported further down the soil profile.

H5: Mineralorganic complexes act as biogeochemical hotsgstsecially in sandy subsoildence, the
sorption of OC to reactive minerals like goethge¢o a large parhot irreversible as interaction with

the soil solution lead to a mobilisation of O&vpked by the exchange with reactive DOM compounds.
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These hypotheses were addresseterfallowing three studies.

1.5 Studies
Study I: ASmall scale variability of vertical water and dissolved organic matter fluxes in sandy Cambisol

subsoils as revealed by segmented suction plates

For the first study digh intensity monitoring of the DOCydamics down to 150 cm depth was carried

out in in an old growth forest stan@ggus sylvatical.) for 13 month. The vertical transported soil
solution was sampled by segmented plate lysimeters, which were used in a field experiment for the first
time, to evaluated differences in flow velocity on the centimetre scale. The weekly samples were analysed
for DOC concentration and for DOM composition by W& absorbancet was possible to calculate a
water flow value for eacBOM sample and statistically evaluate relationships between flow velocity and
DOM characteristicauinder consideration of the spatand temporal variability of all parameterBhis

study addressed parts of the hypotheses H1, H2 and H3.

Study Il AiTransport of |l itter derived dissolved organi

13Cfieldl abel | i ng approacho

At the same fial siteof the first studya stable isotope labelling experiment was established by replacing
the original leaf littembovethe investigated soil profiles BYC enriched beach leaf littedffrom February
2015 toJune2016a total of 1 sets ofsamples oftie above mentionedonitoring where measured for
DO™C to follow the fade of litter dared DOC down the soil profile with regard to variatianger time

andon the centimetre scal€his study addressed parts of the hypotheses H2 and H3.

Study Il AMul ti pl e exchange processes on miner al sur f

matter through soil profil eso

In the third study @olumn experiment with undisturbed soil samples’@@dabelled OMcoated gethite
was conducted to investigagxchange processes between reactive minerals and DOC in a controlled

environment. Three columns of samples of increasing depth were conneateasttadeand percolated

8
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consecutively with the effluent of the above column. To start the castad¥& tlegh columns were
percolated by DOM xracted from beech leaf litter. A patch B labelled OMcoated gethite was
incorporated in each column to trace exchange processes between the reactive mineral and the liquid
phaseBy eval uat i ng®tdiues or theasnlig samples &nd i the soil solution before and
after the experiment gross OC exchange was determined. With this approach it was possible to quantify
the magnitude of exchange and mobilisation processes that would have been overlook#tk with

investigation of only net changes in OC cont@iis study focused on the hypotheses H4 and H5
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fiSmall scale variability of vertical water and dissolved organic matter fluxes in sandy Cambisol subsoils

as revealed by segmented suctitate®

Contribution:l installed the monitoring equipment, performed the sampling, did parts of the laboratory
work, collected and analyzed the data, compiled tables and graphs and wrote the manuscript. As the

corresponding author | performed the revigwcess of the paper.
Publication status: published:in

Biogeochemistry, Volume 131, pplb, doi: 10.1007/s1053316-02598
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2.1 Abstract

Dissolved organic matter (DOM) is considered as a major carbon source in subsoils. As soil water fluxes
are highly variable at small scale, and transport versus sorptive retehfOM is related to water flux

and associated contact time with minerals, knowledge of the small scale spatial variability of the dissolved
organic carbon (DOC) concentrations and fluxes into the subsoil is decisive for a solid estimation of
organic cdoon (OC) translocation into the subsoil. Here, we made advantage of novel segmented suction
plates (4 x 4 segments, each 36cm?) to analyze the small scale spatial and temporal variability of DOC
transport at 10cm, 50cm and 150cm depth of three subsoiivabsges (approximately 56 apart) in a

sandy Dystric Cambisol under beech in the Grinderwald, 40 km northwest from Hannover, Germany.
Water fluxes, DOC concentrations and fluxes as well as the specific UV absorbance (SUVA) at 280 nm
were determined in gekly samples from August 2014 to November 2015 for each individual segment.
The DOC fluxes decreased with depth (19.6 g €yearl, 10 cm; 1.2 g C rAyear?, 150 cm) and were
strongly related to the water fluxes. The SUVA at 280 nm also decreasedepith(0.03 L mg €cn?,

10cm; 0.01 L mg € cmi?, 150 cm), indicating a selective retention of aromatic moieties, that was eased
with increasing water flux at least in the subsoil. The proportion of temporal fluctuations and small scale
variability on he total variance of each parameter where determined by the calculation of intra class
correlations. The seasonal heterogeneity and the small scale spatial heterogeneity were identified to be of
major importance. The importance of the small scale spadfardgeneity strongly increased with depth,
pointing towards the stability of flow paths and suggesting that at a given substrate hydrological processes
rather than physicochemical processes are decisive for the sorptive retention of DOM and theyvariabilit
of OC accumulation in the subsoil. Our results clearly show the demand of small scale sampling for the

identification of processes regarding carbon cycling in the subsoil.

Keywords: DOC flux, SUVA, segmented suction plates, small scale variability, firesh

12



2. Study |

2.2Introduction

Dissolved organic matter (DOM) is the most mobile fraction of carbon in soil and sediments. It
contributes to the translocation of carbon, nitrogen, and phosphorus from the litter layer, where high
concentrations of available carbduel microbial processes, in the often carbon limited mineral subsoil
(Kalbitz and Kaiser 2008; Stevens et al. 1999). In the subsoil DOM gets immobilized by adsorption to
reactive minerals, like metal oxides and clay minerals, or coprecipitation witgdsmttereby forming
mineralassociated organic matter (OM) (e.g. Guggenberger and Kaiser 2003; Scheel et al. 2007; Kleber et
al. 2015). This minerahssociated OM undergoes microbial processing, and the resulting transformation
degradation products may Iseluble or more easily desorbable than the originally sorbed compounds
(Kaiser and Kalbitz 2012). According to these authors, a cascade of adsorption and desorption processes
forces less degraded, highly sorptive, pldetived DOM compounds like aromatsubstances to be
preferentially retained. Thereby weakly bound, partly micretdéalved OM, like polysaccharides, is
released and transported further down into the deeper subsoil. This process of microbial driven
competitive release of sorbed OM may leeentuated by limited availability of sorption sites together

with a larger organic carbon (OC) loading of minerals in topsoil than in subsoil (Guggenberger and Kaiser

2003).

Formation and transport of dissolved OC (DOC) are directly linked to wateinfkoil which is known to

be highly variable over the soil profile (Jarvis et al. 2007). The content of organic compounds in the soil
water can be quantified by the organic carbon content. The more water is moving through the pore space
the higher is theotal amount of transported carbon, even though at extreme water fluxes DOC
concentrations are declining due to dilution effects (Mertens et al. Bo@Kingham et al. 2008In most

studies DOC fluxes to subsoil are calculated from DOC concentratiomsnples extracted by suction

cups and water fluxes determined by numerical water budget models (McDowell and Likens 1988; Currie
et al. 1996; Nielson et al. 1998r0berg et al. 2006Rieckh et al. 2014 However, preferential flow
processes are not necessarily detected using suction cups for soil water sampling, as shown by Hopp et al.

(2005) by combination of dye tracing experiments and suction cup sampling. Preferential flow leads to
13
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increased OM coents along the pathways compared to soil regions dominated by matric flow conditions
(Bogner et al. 2012; Bundt et al. 2001). Such differences in the flow pattern of water may also have
consequences for DOM composition. Under matric flow conditions, atisel@etention of lignirderived
polyphenols rich in carboxylic groups takes place (McCarthy 1996; Kaiser et al. 2004). Consequently,
Kaiser and Guggenberger (2005) reported a decrease in SUVA of DOM collected under matric flow
conditions at 90 cm deptH a strongly aggregated loamy soil, indicating selective retention of aromatic
compounds upon sorption. However, under rapid flow conditions induced by storm events, where the
DOM bypassed mineral sorption sites, DOC concentration and DOM compositiootaidamge much in

90 cm compared to surface organic horizons (Kaiser and Guggenberger 2005). While these results show
that preferential water flux in case of extreme hydrological events can impact DOM composition in the
subsoil, the general importance eéferential flow for the vertical transport and retention of DOM is not

known.

Root channels and animal burrows are known as facilities for preferential flow processes at the centimeter
scale (Jarvis et al. 2007). Since the structure of these featurestajgitzed by microorganisms and
fungal metabolites like polysaccharides, preferential flow paths might be persistent over decades
(Hagedorn and Bundt 2002). After the decay of roots the next plant generations may continue using them
for rooting (Murielleet al. 2011). In addition, heterogeneities in soil texture lead-taled funnel flow,

i.e., flow interruption and consequent higher DOC concentrations by impeding layers or lenses of different
texture. Heterogeneous flow may also occur due to smalk sdifferences in water repellency, air
entrapments, or small scale textural layering (Hendrickx and Flury 2001). Despite this, very little
information is currently available on the extent to which preferential flow paths modify the downward
transport ofDOM in the vadose zone at the centimeter scale, and the influence of preferential flow on
DOC retention in the mineral subsoil has been neglected in the past (Michalzik et al. 2001; Kalbitz et al.
2005; Sawicka et al. 2016). Although some recent reseaghdteived the importance of preferential

flow (Hagedorn et al. 2015), field studies are still rare.

14
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In this study we investigated the spatial heterogeneity of vertical soil water fluxes and its impact on DOM
translocation in the subsoil. For this we usegmented suction plates incorporated into soils of an old
growth forest stand=agus sylvaticadown to a depth of 150 cm at three locations in the stand. Over the
course of 13 month, water fluxes and DOC concentrations in each of the segments aghedb@il

composition, assessed by UV absorption, were monitored on a weekly basis. This setup gives the unique

possibility to compare the heterogeneities induce
spati al het erogfendi fyé@)emwti thodatoisenso within the ¢
consideration of the heterogeneity induced by sea
heterogeneityo). We hypothesize thatogtemerid yidos i a

and DOC fluxes caused by hydrological and physicochemical soil heterogeneity as mentioned above. We
expect that at matric flow conditions the pronounced sorption of DOM compounds to minerals leads to
strongly decreasing DOC concentratidrom topsoil to subsoil. In contrast, at higher water fluxes DOM

may bypass sorption or microbial consumption sites so that DOC concentrations in the subsoil remain at a
higher level, thus hydrological processes tend to have a higher importance portrand processing of
DOM t han biochemical processes. I n a given substr
be mor e pronounced t han t he Aisite heterogeneity
heterogeneityo uixreswdtseralamd r@®C efclt ed in the fsite
as less pronounced DOM retention along preferential flow paths also result in limited selective retention

of aromatic compounds. Finally, we hypothesize that there is a larger vayriabilvater fluxes and DOC
concentrations in the subsoil than in the surface soil due to longer flow distances that increase the

magnitude of flow velocity effects.

2.3 Material and methods

Site description and establishment of the soil observatories

The «periment was carried out in the Grinderwald bed&g(s sylvaticaforest,which was established

in 1906 and is located approximately 40 km naviésst of Hannover, Germang 2 A 34622. 1 No
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9A18649.7 East). The mean rmeamannudl pracigitaiipreameuntsito 62 i s
mm (Deutscher Wetterdienst, Nienburg, period 12810). Soils developed in Pleistocene fluvial and
aeolian sandy deposits from the Saale glaciation and were dominated by Dystric Cambisols. They were

relatively homgenous in their texture, pH, and OC contents (Supplement 1).

In July 2013 three subsoil observatories were installed by placing polyethylene shafts (1.5 m diameter)
into the soil that provide the possibility to access the surrounding undisturbed soit@@am depth.

Among some other equipment not relevant for this study, in each of three soil observatories segmented
suction plate lysimeters (25 x 25 cm) containing 16 squared segments (each 36 cm?), made from
polyamide filter membrane (ecoTech Umwklelisysteme GmbH, Bonn, Germany), were installed
horizontally in three depths (10 cm, 50 cm and 150 cm) to collect soil solution at high spatial resolution.
In the following, samples from 10 cm depth will be referred to as topsoil samples and samples fnom 50 ¢
and 150 cm depth will be referred to as upper and deeper subsoil samples. At 10 cm the installation was
realized by taking out a soil block of approximately plate size down to 10 cm depth, placing the plate
beneath, and putting the soil block back intgifon. At 50 cm and 150 cm depth the plates were installed
from inside the observatory. All plates were installed with a 1 mm x 1 mm polyethylene mesh on top to
protect the surface from damage. Contact to the soil was achieved by a mixture of quamtt Zittm

sieved soil from the observatories, which was applied to ensure uniform, tight contact with the soil
surface. Per observatory the suction plates where connected to a vacuum pump providing 50 mbar of
suction to enable free percolation from eachhaf segments of the plate into separate sample bottles.
Zsolany (1996) defined soil solution that is sampled with 50 mbar of pressure as free percolating water.
To minimize effects of disturbance due to placement of the suction plates, particularlytdpsbié the

plates were equilibrated for seven months in the soil, confirming that all segments had contact to the soil.
Additionally soil solution was sampled by glass suction cups (ecoTech Uik@Bkysteme GmbH,

Bonn, Germany), 6 per depth and obstmaat 50 cm and 150 cm depth connected to a vacuum pump
providing 150 mbar of suction, to compare the DOC in free moving water, sampled by the suction plates

with water in stronger adhesion with the soil matrix of the subsoils. Throughfall was cofleerydveek
16
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with 15 precipitation collectors installed on the ground directly around the observatories. In addition, total

precipitation was measured by a weather station at a pasture close to the forest.

Sampling and analyses

Soil solutions from the 16 sewents per plate and the suction cups were collected from August 2014 to
November 2015 on a weekly basis. In weeks with extreme water flux, the capacity of individual bottles
(250 mL) per sampling date was reached (17 times at 10 cm depth, 1.6 %, 17 themadepth, 9.6 %

and 57 times in 150 cm depth, 16.5 %). Thus, the mean and the variation of water flux for values of this
magnitude will be underestimated in the data, whereas DOC concentrations should be valid because the
concentration of a sample et affected by the sampled volume in the first case. Dilution effects on the
DOC concentration at high water flux rates, as described later in this study, have already taken place when
the sample is collected in the bottle. Nevertheless an overestin@#ti®@OC concentrations seems
possible when high water fluxes occur after longer dry periods which possibly flush accumulated OM
down the soil profile resulting in decreasing DOC fluxes at later phases of heavy rainfall events (Kalbitz et
al. 2000). Followng this assumption the magnitude of DOC flux underestimations is even smaller than the
amount of water flux underestimations. Assuming an improbably high underestimation of the water flux
of 20 %, would lead to an increase of DOC flux by less than 20 %th©mwther hand, at many time

points, there was no water flux at all in the majority of segments within suction plates. In consequence,
observations for DOC, DOC flux and SUVA are then systematically missing. In total 1616 samples were
taken, 1092 at 10 catepth, 178 at 50 cm and 346 in 150 cm depth. Dry conditions prohibited sampling of
61 % of the theoretically possible number of samples at 10 cm depth, 93 % at 50 cm and 87 % in 150 cm

depth.

As the bottles were placed within the observatory in the darlda a't soi l temper at
decomposition of DOM was considered minor (Peacock et al. 2015), and we refrained from toxifying the
solutions. Collected solutions were brought to the laboratory, immediately weighed for volume

determination and filtered to ©.45 pum by polyethersulfon filters (VWR International; Radnor;
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Pennsylvania). Samples were stored at 4°C for a maximum of 30 days until analyses. The concentrations
of DOC were measured by high temperature combustion with a limit of quantification of @ lmig

(Vario TOC cube; Elementar, Hanau, Germany). The UV absorbance at 280 nm was determined at a
Varian Cary 50 UWis (Agilent Technologies, USA), and SUVA was calculated as the ratio of UV
absorbance at 280 nm and DOC concentration (! @gnt) (Chin et al. 1994; Scheel et al. 2007).
Weekly water fluxes were calculated based on the sampled volume with regard to the area of the segments
(36 cm?) and given in mm, while weekly DOC fluxes were calculated by multiplying DOC concentrations

with water fluxes and given in g C ¥
Statistics

In a preliminary analysis, we computed the means as well as the variances between the 16 segments
within each suction plate, separately for each week, observatory and depth. In order to describe the
extreme observed depdency of the variances on the means, we fitted linear mixed effect models for the
log-transformed variances as dependent variable and thealagformed means and the depth level (10

,50, and 150 cm) as explanatory variables (fixed effects). To acaruhefnesting of observations within
observatory and within plate over time, observatory and plate were included as random effects. If not

stated otherwise, error values are given as standard deviation.

In a second series of linear mixed models, we aealythe logransformed original data (water flux,

DOC concentration, DOC flux, SUVA), at the level of individual segments per suction plate, i.e. without
computing means and variances at the level of suction plates. Applying {trariefprmation to thelata

corrects for the very clear overall increase of variances with increasing means. On this transformed scale,
we decomposed overall variance into three variance components. First, the differences between the three
observatori es ( fesondt the meantdiferecocgebeteden thedspgments of a particular
suction plate (fAsmal./l scale spatial heterogeneity
caused by seasonal changes of t he h) throoéraayi c al

discriminate between the contributions of variance imposed by all three factors, mixed effects models
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(Bates et al. 2015) were applied. To determine the significance of differences between sites, the
observatories were included as fixed efein a mixed model, while changes within plate and between

weeks were kept as random effects. Then, the means of observatories were compared by applying the
Tukey method (Tukey 1949) on the fitted moidel usi
separate models for each observatory and depth, we used random effect models to estimate three variance
components: the temporal variance between dates, the variance between segments (in average over time)
and the residual variance. From these, tlielinue nces of t he oO0smal | scal e sp
iseasonal heterogeneityo we rclass eosrdlatiomsa(dolendon ang Kothh e ¢ a
2011), showing the importance of the variance of one class of parameters in a d#étesettab variance

of the dataset.

'Ot 0QEXR 1 1 Qa0 e+ eq. 1

'Ot 0il WQG DE 61 QABDYEL eq. 2

The HAiantteracorrelationo (I DC) gives the ratio of th
total variance (variance induced by temporal changesldte) + variance between the segments of one

sudion plate (vasegment) + residual variance {fvae si dual )-9 e g meéret ¢ mnmreal ati ono
the ratio of the variance induced by the differences between the segments and the residual variance,
excluding the variance induced by temporal changes. fidat eacorrel ati ono of un
that the observed variance between the segments of one suction plate is negligible and the differences are
al | induced by changes -soevgeme ntti noea r rlenl actoi potintoa sot f, uanr
assumption that the relative differences between the segments of one suction plate are totally constant over

ti me. Al l statistical cal cul ations were done with
mixed effects models (Bates etal 2015) , and the figures were <cr e:

(Wickham 2009).
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2.4 Results and discussion

Water fluxes

Precipitation occurred during 63 out of the 64 weeks of observation. In 31 weeks a throughfall of less than
5 mm were recorded, whkilmore than 5 mm were measured in 32 weeks (Supplement 2). In total the
throughfall amounted to 589 mm within the 63 weeks, which represents 52 % of the total precipitation.
The water fluxes at 10 cm soil depth mirrored well the precipitation eventsyandgmall events resulted

in percolating water at all three observatories, ensuring continuous sampling (n = 1092). Total water flux
at 10 cm soil depth during the observation period was 412 mm, representing 70 % of the throughfall. At
50 cm depth, soils @re much drier, so that at a suction of 50 mbar percolating water could be collected
only during wet periods (n = 178), amounting to a total water flux of 108 mm during the observation
period. Interestingly, at a soil depth of 150 cm, water could be tedlet more events (n = 346) and also

the total flux was higher (233 mm during the observation period). Possibly the larger water fluxes through
macropores (< 50 mbar) in the deeper subsoil as compared to the upper subsoil is caused by bypass
processes dut heterogenic flow patterns (Flury et al. 1994). Strongly varying water fluxes are also
obvious by the high standard deviation at all three depths (Table 1). In the subsoil different water fluxes
between 0 mm and 70 mm during the same week can be edlayndifferences in texture. At loamy
lenses in the C Horizons of the Grinderwald soils the silt contents increase were higher (Supplement 1),

leading to a decrease of macropores, an increase of bulk density and thus a minor water movement.

We found thathe three different observatories exhibited different total water fluxes (Table 1). At 10 cm
depth observatory 2 showed the largest value (550 mm), while at 50 cm depth the largest water flux was
observed at observatory 1 (168 mm), and in 150 cm deptbsatvatory 3 (467 mm). These fluctuations

are most likely induced by differences in the substrate at the three observatories, with the coarsest texture
in the subsoil of observatory 3 (Supplement 1). Unfortunately, the 150 cm depth suction plate in
observéory 2 is installed inside a loamy lens and did not provide solution over the whole period. For that

reason this plate was excluded from the analyses of variance. When comparing the mean values of the
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water fluxes at the same soil depth under considerafidhe temporal variations, only the differences
between the topsoil suction plates were significantalpe < 0.001). The suction plates in the subsoil

gave no significantly different values-¢alue > 0.01).

For all three observatories, the variandetlte water flux within the suction plates increased with
increasing average water flux (Fig. 1a). The variance of water fluxes during the observation period was
seven to ten times higher in the subsoil than in the topsoil. This could be the resuleofllmrgaths to

the subsoil. A flow path of 10 cm length seems to be too short for the development of distinct flow
regimes (Flury et al. 1997) in the rather homogenous textured topsoil material with a high root density
(Kirfel et al., in preparation). Ithe topsoils, the IDC was also noticeable larger (0.85) than the ISC (0.38),
showing that in the topsoil the fAseasonal hetero
ns mall scale spatial het er og e n ent mejeorologidali cgnditiorsa ) . H
have the strongest influence on the variance of water fluxes with the differences between the segments
being less important. In the subsoil the ISC became more important (up to 0.72), pointing towards a higher

i mpact odl It h®caflsem spati al heterogeneityh and a
conditions. This also reveals that in the subsoil relative differences between the segments of one suction
plate appeared more stable over time than in the topsoil (Fig), Becluding drying and wetting cycles,

leading to large differences between the cumulative water fluxes per segment in the subsoil (Supplement

4). This finding corroborates the view that at least in the subsoil preferential flow paths in soil persist over
months (Hagedorn and Bundt 2002). No significantly different variances of the water flux per suction

plate were detected comparing the three observatoreslfp > 0.3), leading to the conclusion that in

contrast to the "small scale spatial heterogeteityt he fAsi te heterogeneityodo is

of the water flux is analyzed.
DOC concentrations

The largest mean DOC concentrations for all three observatories were measured in the topsoil (64.2 + 25.2

mg LY). Average concentrations declinaith depth to 18.7 + 19.0 mg’at 50 cm and to 8.9 + 14.7 mg
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L at 150 cm depth (Fig. 3a). The average DOC concentrations showed a high variability, though

differences between the three observatories were not significaatug@ > 0.2).

The DOC concetrations in the topsoil varied during the season, with larger values in the dry and warm
summer and autumn than in the winter with intermediate precipitation (Fig. 4). This corresponds to
findings by Tipping et al. (1999), suggesting larger DOC concamtsagt higher temperatures in field
manipulation experiments due to an increase of microbial activity, which leads to a higher DOC
production (Anderson and Ingvar Nilsson 2001). A positive correlation of DOC concentration and soil
temperature at 10 cm dibpwere also observed by Clark et al. (2005) over the course of a 10 year time
series. The DOC concentration in the soil water correlated negatively with the water flux (Fig. 5a). Hence,
increasing water fluxes resulted in a dilution of the DOC concemtrati soil solution as observed by
Mertens et al. (2007), using plate lysimeters in a bare Luvisol down to 120 cm ldefhté.topsoil the
seasonal trends also contributed to the negative correlation. The slope of this relationship was steeper in
the subseil compared to the topsoil (Table 2), possibly due to the increased importance of stable flow

paths (Fig. 2b) and higher variances in water flow (Fig. 1a).

The DOC concentrations in soil solutions collected by the suction plates were larger in therofilele p

than those collected by suction cups. Mean DOC concentrations in suction cup solutions combined for all
three observatories wefe6 + 7.9 mg ! at 50 cm depth and 5.9 + 2.4 mg in 150 cm depth. Not only

were the mean values nearly halved bsbahe standard deviations were greatly reduBéetkh et al.

(2014) found almost the same DOC concentrations using suction cups (5.7 img.&0 cm depth of a
Luvisol), showing that the DOC concentrations in this study fit well to the possible rgpaeckfor

other ecosystems (Supplement 3). Dosskey and Bertsch (1997) repertesh®ller DOC concentrations

and standard deviations b8 + 0.3 mg t* down to 99 cm depth in sandy forest soils using suction cups.
This turns out to be four times smalkhan the concentrations measured by the suction plates in 150 cm
depth in this study and could be induced by the use of suction cups. These do not reproduce the high

variability at centimeter scale and are subject to the limitation of gaining their amailnt of subsoil
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samples only at intense precipitation conditions. Free percolation water has a higher peak DOC
concentration than pore water extracted by suction cups, the latter containing a DOC mixture from
different pore sizes arising from longer egpre time of soil solution in fine pores with a higher water
holding capacity (Hagedorn et al. 2000, Jardine et al. 1990). This enables more intimate reactions with the
mineral matrix, thus leading to a more pronounced retention of DOM within finer fi¢agser and
Guggenberger, 2005). These findings are supported by Mertens et al. (2007), who reported mean DOC
concentrations of 9 mgLin a bare Luvisol in 120 cm depth by using suction plate lysimeters. The
relatively high DOC concentrations in the Glarwald topsoils are favored by high input from the forest

floor supported by moderate climate conditions (only 20 days with slightly negative temperatures and just
two weeks with snow cover) and relatively little sorptive retention in the very sandyTheilDOC
concentrations in the subsoils are in the upper range of ecosystems in temperate climate conditions when

compared to literature (Michalzik et al., 2001).

For all three observatories, the variance of the DOC concentration within the suctiompla@sed with
increasing average DOC concentrations (Fig. 1b). Similarly to the water fluxes the variance of the DOC
concentration was larger for the subsoil than for the topsoil for a given mean DOC concentradiowe (p

< 0.001). In the topsoil the viance of the DOC concentration increased by a factor of 4.8 when the mean
DOC concentration doubled. In the subsoil the slope of this relationship steepened, with doubled mean
DOC concentration leading to an increase of the variance by a factor of ®19aatd50 cm and 150 cm

depth, respectively (Fig. 1b). The increase in variance with depth can possibly be explained by the
difference in flow path length. A 10 cm long soil column results in less possibility for variations than a 50
cm or even 150 cm longolumn. Hot spots of microbial activity like root channels, concentrations of
reactive minerals, e.g. in loamy lenses, or combinations of both are interspersed with areas of bare sand
with less reactive characteristics. The variance of the DOC concengratias nearly equally influenced

by seasonal fluctuations (IDC) and small scale fluctuations (ISC), with slightly larger values of IDC at all
three depths (Fig. 2b). This shows that even with the high fluctuations from dry conditions to intense

water flow, differences on the centimeter scale still contribute to the overall variance in the dataset.
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Studies on small scale heterogeneity of soil solution are very rare. Goéttlein and Stanjek (1996) also found
highly variable solution chemistry parameters in @#@b in soil solutes sampled by a grid of micro
suction cups applied at a distance of 1.5 dmfortunately, because of limited sample volumes no DOC

concentrations could have been measured in their study.
DOC flux

The weekly DOC fluxes varied strongly during the observation period and were dependent on the weekly
water fluxes (Fig. Sb)Even though the DOC concentrations declined with increasing watelHilgix53,

the maximum absolute DOC transport occurs at Highest water flux This is in accordance with
Buckingham et al. (2008) who found a positive relation between annual DOC flux and annual water flux
in three ecosystems using tension free collectors. This highlights the importance of precise water flux
analsis on the small scale for correct analysis of the DOC input to the sulisaitumulative DOC flux

in topsoils for all three observatories over the 63 weeks of observation (222pvgasy much larger than

in subsoils with 1.9 g rhat 50 cm and 1.4 g fin 150 cm depth annual values for the hydrological year

for each observatory are shown in Table 1). This represents a decline in transported DOC of more than 92
% in the first 50 cm of the soil profile and an additional 26 % from 50 cm to 150 cm ddethotal

decline of the DOC flux within the 150 cm soil depth was 94 %. Similar strong reduictioagbon flux

from topsoil to subsoil have been detected for many other forest ecosystems (Neff and Asner 2001).
Nielson et al. (1999) found a DOC flux 06.5g nm? year? at 10 cm depth and 2.4 gagear™in 60 cm

depth accounting for a total loss in DOC of 90r?& oak forest on sandy soils in Denmédtermined by
horizontally installed funnel lysimeters. Kalbitz et al. (2004) reported a DOC flaig.4f+ 7.1 g ni year

1in 20 cm depth and 2.2 + 0.8 g?mear™ in 90 cm depth, accounting for a total loss in DOC of 86 % in

a coniferous forest stand in Germany determined by five replicates of ceramic suctiorBatlps.
adsorption to reactive minals or ceprecipitation (Moore 1989; Mikutta et al. 2006; Kleber et al. 2015)

and consumption by microorganisms (Hur et al. 20l been discussed as potential processes that lead

to the strong decline of the DOC fluxes over the soil profile. Biodegradation of DOM is considered to be
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of less importance than sorption to reactive minerals (Qualls and Haines 1992). Consequeitiyarchlb
Kaiser (2008) estimated that 66 % of the subsoil OC stocks are-@#dived. However, mineralization of

OM and loss to Comust happen, otherwise the OC content of the soil would not be as low as observed
(Kalbitz et al. 2005) (Supplement 1). Wertkithat this is to a large part stemming from sorbed OM.
According to Don et al. (in preparation), there is quite a large pool of miagsatiated OM in the
Grinderwald subsoil, which is turning over quite fast, even though root biomass and adsorbedtBOC

account as possible sources.

This study benefits from the fact that data necessary for DOC flux calculations (water flux and DOC
concentrations) were determined for each individual soil solution sample (maximal 16 per soil depths,
observatory and sasting point), in contrast to the common practice to use one modeltd flux value

per depth and DOC concentrations mostly gained from suction cups (Neff and Asner 2001). This gave the
unique possibility to investigate the small scale heterogeneity & fies to the subsoiln the subsoil

the segments of one suction plate exhibit highly different total DOC flux values resulting in differences of
about 90 % comparing the segments with the highest DOC flux to those with the lowest one (Fig. 6).
These dferences among segments largely persisted throughout the entire observation period, supporting
our hypothesis that in subsoil the spatial differences are constant over time and possibly contribute to

hotspots of soil OC (Chabbi et al 2009) and microlgtlay (Niebuhr et al., submitted).

Due tothe large variations of the input variables for the DOC flux calculation (water flux and DOC
concentration) the differences between the three observatories were not signifiwahte(p> 0.5).
Further, in all hree observatories and depths the variance of the DOC flux increased with increasing mean
DOC flux (pvalues < 0.001), whereas differences between the variances of the different observatories and
depths were not significant{alues > 0.09; Fig. 1calaulation of intraclass correlations reveals that in
the topsoil the fiseasonal heterogeneityodo was of
2c). I n the subsoil the influence of thteDOCmal |

flux dataset increased (IDC = ISC) (Fig. 2c). This underlines the importance of the variance of the water
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flux for the determination of DOC fluxes, which showed comparable patterns in thecladsa
correlations. The constancy of flow paths otere (Fig. 2a) and the positive correlation of water flux and

DOC flux (Fig. 5B supported the hypothesis that small scale differences in the DOC transport are stable
over time and possibly contribute to the development of heterogenic OC distributiomslinsgatial

scales. This fits also to the study of Don et al. (2012), who showed a higher variance of OC stocks on
small spatial scale than for samples of greater spatial distance in forest ecosystems, and is consistent with
the result of no significantiffierences between the three observatories in this study. The clustered
distribution of microorganisms (Kuzyakov and Blagodatskaya 2015) and the pore structure of soils act as

main source for this heterogeneity, both might be affecting the DOC flux itosoil
Specific UV absorbance

The absorbance at 280 nm was used as an indicator for the aromaticity of DOM (Kalbitz et al. 2003).
According to Fig. 3, the average SUVA at 280 nm decreased significantly from topsoil (0.03 tang C

1+ 0.01) to subsoil (01 L mg C'cnmt+ 0.01) at all three observatories (Fig. 3b). as the SUVA at 280 nm

is correlated to aromatic C and H in soil solution (Kalbitz et al. 2003, Scheel et al. 2007), this supports the
assumption of a selective change in DOM composition pasbmgoil profile, due to the preferential
retention of aromatic moieties by Al and Fe (hydr)oxides and a selective enrichment of carbehydrate
derived moieties in solution (Kaiser et al. 2004). This also underlines the larger importance of retention
proceses over microbial processes because mineralization by microorganisms preferentially alters non
aromatic compounds like sugars (Kalbitz et al. 2003). The differences between observatory 1 and
observatory 3 were not significant-yplue > 0.05). For obsersaay 2 the differences to the other
observatories were significant-galue < 0.001), but this was only due to higher values at 10 cm depth

(mean difference of 12 %) and was not apparent in the subsoil.

In the subsoil we observed a significant positiveraation of SUVA and water flux, which was not
observed in the topsoil (Fig. 5¢). This indicates that under larger water fluxes, i.e., higher flow rates,

aromatic compounds were relatively less retained or microbial processed during their transpohiedown t
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profile. The positive relation of water flux and SUVA was detectable even at small water fluxes. This
shows that the water flux does not only have an influence on the composition of DOM transport under
extreme hydrological conditions as was reporteaiger and Guggenberger (20@GB)dHagedorn et al.

(2019, but also under normal flow conditions. The change in SUVA confirms thatgeanved aromatic
components are preferentially retained in the upper soil. Between 50 and 150 cm, constant SUVA values,
however, indicate a proportional retention of ddetive and non UVactive DOM components. Together,

with the insignificant changes in DOC concentrationsdjue > 0.1) and DOC fluxes{mlue > 0.1) this
indicates that in the deeper subsoil the intepastiof DOM with the solid soil phase are small and/or not

detectable by the used analytical approach.

I n contrast to the small Asite heterogeneityod bet
heterogeneityo (I DCptandgdsebtyischBE) swasi af maj
variance of the dataset (Fig. 2d). In the topsail, like with the water flux and the DOC concentration, the

IDC was distinctly higher than the ISC, pointing again towards the major importance @iaedsanges

for the SUVA in the first 10 cm (Fig. 2d). In the subsoil the differences between the segments became
more important showing that the change of DOM composition was sensitive to small scale sampling,

which is likewise consistent to concentrasaand fluxes of DOC.

2.5Conclusions

The soil observatories were well suited to follow the temporal behaviour of DOC concentrations and
fluxes in different soil depths down to 150 cm. A negative correlation of DOC concentration and water
flux suggests dition effects of DOM in the topsoil, which was also mirrored at greater soil depth. In the
subsoil the SUVA was positively correlated to the water fluxes even at small water fluxes, thus indicating
a kinetic control on the preferential sorption of arom&0OM compounds. Hence our results show that
small scale differences in flow regimes decisively affect processes of carbon transport in the subsoil. This
also implies that in a given substrate hydrological processes rather than physicochemical pracesses ar

crucial for the sorptive retention of DOMhe higher heterogeneity in substrate and the longer exposure
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time of water in the subsoil compared to the topsoil increases the decoupling of water flow and liquid

solid interaction processes from meteorologicac ondi t i ons . Consequently, <caj
spati al variabilityo of DOM transport and water
uncertainty of DOC flux estimati on. Fur t patat mor e,
variabilityo of soi l OM distribution in the subs
variabilityo of DOC fluxes hints to an i mportant

hotspots in the subsoil.
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2.7Tables

Table 1: Annual water flux, mean annual dissolved organic carbon (DOC) concentration and flux in the
three depths per observatory. Batere obtained by the individual segments of the suction plates, values

+ standard deviation are given. Annual values are calculated as the sum of 53 weekly samplings from

October 2014 to October 2015.

Observatory 1
Depth Water flux DOC DOC flux

(cm) (g m? year
(mmyear) (mgL?) h

10 24058 72.0+x26.4 13.0x3.8

50 164+87 209+238 37zx24

150 211 +£223 12.46+23.0 15%x1.3

Observatory 2

Depth Water flux DOC DOC flux

(cm) (g m? year
(mm year) (mg LY h

10 481 +128 66.7x254 27.6+5.6

50 33+40 30.0+x164 0.7x0.7
150 - - -

Observatory 3
Depth Water flux DOC DOC flux

(cm) (g nm? year
(mm year) (mg L) h

10 305+65 51.8+18.0 149+29

50 112+96 134+10.1 14+16

150 407 +301 6.9+6.2 21+13

35



2. Study |

Table2: Results of the regression models (Fig. 5) using water flux and DOC concentration, DOC flux, and

SUVA. Equations are in the form of: y=b+mx

depth (cm) equation sample size (n standard error of fr p-value
10 log(DOC) = 6.2- 0.10 x log(Flux) 1092 0.03 <0.001
50 log(DOC) = 5.4- 0.31 x log(Flux) 178 0.04 <0.001
150 log(DOC) = 4.3 0.26 x log(Flux) 346 0.03 <0.001
10 log(DOC flux) =- 3.9 + 0.93 x log(Flux 1092 0.04 <0.001
50 log(DOC flux)=-4.5 + 0.77 x log(Flux 178 0.05 <0.001
150 log(DOC flux) =-5.9 + 0.79 x log(Flux 346 0.05 <0.001
10 log(SUVA) =- 5.3+ 0.08 x log(Flux) 1083 0.03 <0.01
50 log(SUVA) =- 8.8 + 0.34 x log(Flux) 178 0.05 <0.001
150 log(SUVA) =- 8.6 + 0.27 Xog(Flux) 320 0.04 <0.001

adenotes the standard error of the slope parameter m, derived from the model fit
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Fig. 1: Relationship of (a) the mean water flux and the variance of the water flux, (b) the mean dissolved
organic carbon (DOCgoncentration and the variance of the DOC concentration, and (c) the mean DOC
flux and the variance of the DOC flux, calculated for the sixteen different values from each segmented

plate at each sampling time.
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Fig. 2 Intra-date correlation (IDC) anithtra-segment correlation (ISC) of (a) the water flux, (b) dissolved
organic carbon (DOC) concentration, (c) DOC flux, and (d) specific UV absorbance (SUVA) at 280 nm at
all three depths of the three observatories. The median is shown as the soliddir@s ¥hquartile is

shown by the bottom of the box while the 75 % quatrtile is represented by the top of the box. The lower
limit of the whisker represents the 25 % quartile minus 1.5 times the difference between the 75 % quartile
and the 25 % quartile. Thepper limit of the whisker represents the 75 % quartile plus the difference of

1.5 times the difference between the 75 % quartile and the 25 % quatrtile.
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Fig. 5 Relaionship between water flux and (a) dissolved organic carbon (DOC) concentration, (b) DOC
flux, and (c) specific UV absorbance (SUVA) at 280 nm. Both axes are logarithmical. The correlations are
calculated with linear mixed effects models using the R ppeckaed. For equations, standard error and

p-values see Table 2.
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Fig. 6: Total dissolved organic carbon (DOC) flux (¢?ryear') of the individual segments in the subsoil
of the three observatories (obs). Green colored segments show values lowbe theerall mean value,
white colored segments show values near the overall mean value and blue colored segments show vales

higher than the overall mean value. Depth is given in cm.
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2.9 Supplement

Supplemeni: Soil horizonsand general soil parameters at the three observatories

Horizon  Depth (cm) N (%) OC (%) pH (CaC}) Clay (%) Silt (%) Sand (%)
Observatory 1
EA 0-9 0.07 1.49 3.03 1.94 33.07 64.99
Bsw 9-15 0.05 1.13 3.33 1.77 32.63 65.60
Bw 1574 0.03 0.44 3.98 2.99 35.52 61.49
C 74-117 0.01 0.06 4.01 4.85 36.21 58.94
2C 117165 0.00 0.02 4.09 1.67 7.77 90.57
3C 117165 0.00 0.04 4.04 1.32 6.73 91.95
4C 190+ 0.00 0.02 4.03 2.47 15.55 81.98
Observatory 2
EA 0-9 0.06 1.70 3.09 1.71 27.82 70.47
Bsw 9-20 0.04 1.08 3.29 2.74 30.86 66.40
Bw 20-58 0.03 0.67 3.95 2.35 33.77 63.88
C 5881 0.01 0.12 3.97 1.93 22.50 75.57
2C 81-110 0.00 0.03 4.01 1.74 10.21 88.05
3C 110140 0.02 0.26 3.63 6.32 47.56 46.12
4C 140188 0.00 0.02 3.71 1.93 5.17 92.90
5C 188+ 0.00 0.01 4.14 9.65 27.41 62.94
Observatory 3
EA 0-12 0.05 1.36 3.45 2.73 32.21 65.06
Bsw 12-35 0.03 0.67 3.94 3.84 34.64 61.52
Bw 3570 0.02 0.28 3.87 3.03 36.11 60.87
C 70-100 0.01 0.15 3.58 4.92 41.14 53.94
2C 100140 0.02 0.05 4.09 3.64 16.65 79.71
3C 140195 0.01 0.01 4.19 1.53 3.61 94.85
4C 195+ 0.01 0.05 4.08 2.46 14.55 82.99
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Supplement 2: Throughfall (mm) and mean water flux per sampling for the three observatories at the three

depths (mm) over the sampling period of 63 weeks.
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