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Summary

Climate models predict an increase in the interaity frequency of extreme meteorological
climate events like extended summer droughts, heawyall or intensive frost periods with
largely unknown effects on microbial activity angsjzo-chemical soil properties and their
impact on availability of soil organic matter. Theluence of drying/rewetting (A/W) and
freezing/thawing (G/A) events on solution chemistrnyd leaching losses of soils is barely
known.

This thesis aimed to study the effects of A/W arléd @vents on soil solution chemistry
and solute fluxes, in particular, of dissolved arigacarbon (DOC) and inorganic nitrogen
(NH4", NO3) in a podzol soil under a Norway spruce foresfiedd experiment was designed
to study the effects of (i) summer drought by eg@a of natural throughfall and subsequent
rewetting and of (ii) soil frost by removal of nesisnow cover. In complementary laboratory
experiments with undisturbed soil columns, (i) dgfrewetting cycles were simulated with
different rewetting intensities and (ii) freezidgtving cycles were induced using different
freezing temperatures. In the second part ofhiik, total C and N stocks as well as radio-
carbon signatures of soil organic carbon (SOC) fdifierent soil horizons and density frac-
tions were investigated. Based aH'C signatures of bulk SOC and SOC fractions, turnove
times (TT), input and accumulation rates of SOCeneiculated using a non-steady or steady
state model. Specific UV absorbance and emissitordscence (lab experiment) and radio-
carbon signatures (field experiment) of DOC werteined to identify sources and dynam-
ics of DOC. The N net mineralisation was definedhm®in situ coring method.

TT of 3-10 years in the Oi and Oe horizon highleghthe potential of rapid changes in the
mineralisation of SOC in case of climate changesstvf the SOC of the Oa horizon was
accumulated in the free particulate organic mdtsation (FPOM, 59-84 %) with slow TT of
90- 160 years. Accumulation rates of 3.8- 7.8 g €ahduring the past decade indicated the
organic layer as a net GQink. Mineral associated organic matter (MAOM) whe most
abundant fraction in the B horizon with over 40%tloé total SOC and TT of 390- 2170
years. Recalcitrance of soil organic matter (SOMJ/aor stabilization processes slowed
down the turnover times (130- 880 years) of the MH@ction in the mineral horizons.

A/W increased the DOC concentrations in the orgéyer and upper mineral soil. More

DOC was released from the organic layer to the ralreoil. However, the effects on total



DOC leaching were smaller due to reduced watereBupecific UV absorbance and emis-
sion fluorescence detected a switch in the reledsasily decomposable DOC to hardly de-
composable DOC during the wetting phase. Prolorsgedmer drought and incomplete re-
wetting due to hydrophobicity of SOM in the orgatayer and upper mineral horizon re-
duced net N mineralisation as well as concentratimd fluxes of the NA and NQ'. The
net nitrification rate in the organic layer was maegatively influenced than net ammonifica-
tion, indicating that nitrifiers are more sensitteedrought stress than ammonifiers.

The effect of soil frost strongly depended on $akzing temperature. Only soil frost at
temperature below -8°C led to short periods of @mitl DOC production in the organic
layer. Spectroscopic properties afC signatures of DOC implied a disruption of soil ag
gregates and desorption of older DOC from the nain@ssociated organic matter fraction of
the Oa horizons by G/A events. Severe soil frogive8°C inhibited the activity of nitrifiers
and ammonifiers with decreased Nrand NQ' concentrations and fluxes in the mesocosm
experiment. A delayed (by 4 months) increase i MOncentration in the upper soil horizon
by moderate soil frost (-5°C) was attributed tousztl Immobilisation by heterotrophic mi-
croorganisms.

Summarised, drying and the effect of hydrophobitety to long-term, severe soil frost to
short-term reduction in N mineralisation and N laag. The effect of increased NQon-
centrations as delayed response to G/A needs fuglearch in case of potentially changes in
the N balance. Drying as well as freezing indudeaihges in the soil structure and properties
and led to increased DOC concentrations. Moderatéesnperature had much less effects on
C and N in this temperate forest soil.

The results of this thesis demonstrated the patieafiextreme meteorological events on
the quality and availability of dissolved C andBath, A/W and G/A cycles decreased C and
N mineralisation, increased the sink strength efgbil by the accumulation of SOC and N,
considering constant C and N litter input. Howesgtimal temperature and moisture condi-
tions in other seasons could compensate the siakgth of soils. This work underpins the
need for holistic and long-term investigations tmerstand and model the impact of extreme

meteorological conditions on the dynamics of digsdIC and N.



Zusammenfassung

Aktuelle Klimaprognosen gehen von einer zunehmertd@&uafigkeit extremer Wetter-
bedingungen aus. Solche Ereignisse, wie etwa Sodimen, Starkregen und das Auf-
tauen und Gefrieren von Béden beeinflussen dieahiktle Aktivitat und die physico-
chemischen Eigenschaften des Bodens und diesAtilveranderungen in der Verfug-
barkeit bodenorganischer Substanz (SOM). Die Aldawigen von Austrocknungs-
/Wiederbefeuchtungs- (A/W) und Gefrier-/Auftauereggen (G/A) auf die Zusammen-
setzung der Bodenlésung und den Austrag bzw. diayerung von Mineralstoffen aus
der organischen Auflage in den Mineralboden wuiidady kaum untersucht.

Ein Schwerpunkt dieser Arbeit lag in der Untersughuon Kohlenstoff (DOC) und
Stickstoff (NH;*, NO3) in der gelésten Phase sowie deren StofffliisseAibéi- und
G/A in einem Podzolboden eines Fichtenwaldes. lideesuch wurde (i) Sommertro-
ckenheit durch Ausschluss des Niederschlages undefi Bodenfrost durch Entfernen
der natirlichen Schneedecke experimentell herb@hgefZusatzlich wurden im Labor
an ungestorten Bodensaulen A/W und G/A Ereigniszéeti nachgestellt. Dabei wurde
(i) wiederholtes A/W mit unterschiedlichen Inte@sén, sowie (ii) wiederholtes G/A bei
unterschiedlichen Temperaturen betrachtet. Derteweil dieser Arbeit bestand in der
Bewertung der C und N Vorrate, sowie in der BestimgderA'“C Signatur der ein-
zelnen Bodenhorizonte und deren Dichtefraktionenwkrden Umsatzzeiten (TT), Ein-
trag und Akkumulationsraten des organischen Koléfssmit Hilfe dera’*C Signatur
unter Verwendung von non- steady und steady statgeNen ermittelt. Veranderungen
des DOC wurden mit Hilfe der UV-Absorptions- undidileszenzspektren im Labor-
versuch und Radiokarbonbestimmung (@ Altersdatierung) im Freiland erfasst. Die
Nitrifikations- bzw. Ammonifikationsrate wurde nets in situ Coring-Methode be-
stimmit.

Der organische Kohlenstoff (SOC) der Oi and Oe ttmie zeigte mit TT von 3- 10
Jahren ein Potential fir erh6hte MineralisationKenatischen Veranderungen. Der Oa
Horizont war gekennzeichnet durch einen hohen Aateiungebundenen partikularen
organischen Materials (FPOM, 59-84 %) und langsem€&T (90- 160 Jahre). Die be-
rechnete Akkumulationsrate von 3.8- 7.8 g € &t in den letzten 10 Jahren weist die

organische Auflage als Kohlenstoffsenke aus. Daseralisch assoziierte organische



Material (MAOM) Uberwog im B Horizont mit Gber 40 éles gesamten SOC und zeig-
te TT von 390- 2170 Jahren. Verschlechterte Abbdinlgeingen und/ oder Stabilisie-
rungsprozesse im Mineralboden fuhrten zu langsaméne (130- 880 a) der FPOM
Fraktion (1-3 kg C M) im Vergleich zur organischen Auflage.

A/W-Ereignisse erhdhten die DOC Konzentrationeden organischen Auflage und
den oberen Mineralbodenhorizonten. Wéahrend derrddshiung kam es nur zu gerin-
gen Wasserflissen, dennoch konnte eine VerlagevangDOC aus der organischen
Auflage in den Mineralboden festgestellt werdereilnd: K 5-8 g/rfa’, AW 5-17
g/n’a?’). Die Analyse der UV-Absorptions- und Fluoreszemeidren ergab eine Ande-
rung der DOC Qualitat von leicht verfligbarem Sudistlirekt nach Wiederberegnung
hin zu aromatischen und komplexeren VerbindungenEamde der Beregnung. An-
dauernde Trockenheit und eine unvollstdndige Wleefeuchtung nach Austrocknung
(aufgrund von Hydrophobizitat von SOM der organestlAuflage) verursachte eine
geringere N- Mineralisation mit abnehmenden ,Nidnd NQ™ Konzentrationen und
Fliisse in den oberen Bodenhorizonten. Die Netttrifikation der organischen Aufla-
ge verminderte sich starker als die Netto- Ammikatfon und verdeutlichte damit die
hohere Empfindlichkeit der Nitrifikanten gegenubeockenstress.

Der G/A Effekt ist sehr stark von der Bodenfrostpematur abhéngig. Bodenfrost
unterhalb einer Temperatur von -8°C fuhrte zu eidemezeitigen Anstieg der DOC
Konzentrationen in der organischen Auflage. Spekipische und DHC- Analysen
lieBen dabei auf das Aufbrechen von Bodenaggregdterreilegung und Desorption
von &lterem DOC aus der MAOM Fraktion des Oa Harige unter Bodenfrostbedin-
gungen schlieen. Bodenfrost unterhalb -8°C henthetéAktivitdt der Ammonifikan-
ten und Nitrifikanten und fiihrte zu verringerten NHind NQ~ Konzentrationen und
Flisse im Laborversuch. Erhéhte N®onzentrationen, die in den oberen 20cm Bo-
denschichten vier Monate nach Bodenfrost (-5°C}ratén, sind wahrscheinlich auf
eine geringere N© Immobilisierung durch heterotrophe Mikroorganismamickzu-
fuhren.

Zusammenfassend kann man festhalten, dass Austnogkeinschliel3lich Hydro-
phobizitat langerfristig und intensiver Bodenfrésitrzfristig die N- Mineralisation, N-
Verfugbarkeit und den N Austrag in N-gesattigterd&d reduzieren. Die drei Monate

nach dem G/A Ereignis beobachtete erhohtg MOnzentration, bedarf weiterer Unter-



suchungen. Austrocknung und Frost fiihrten zu Anugen in der Bodenstruktur und
der Bodeneigenschaften mit einer erhdhten Verfigitaan DOC. Moderate Boden-
temperaturen haben dabei nur einen sehr geringeftugs auf C und N in diesem
Waldokosystem.

Die Ergebnisse dieser Arbeit unterstreichen deemgmllen Einfluss extremer Wet-
terereignisse auf die qualitative ZusammensetzumagBioverfligbarkeit von geldsten C
und N. Eine reduzierte C- und N- Mineralisation Rksaktion des Okosystems auf A/W
und G/A wirde zu einer erhohten SenkenfunktionBlesens durch Akkumulation an
SOC und N fuhren, sofern die C- und N- Eintrdgeskant bleiben. Dagegen kdnnen
optimalere Temperatur- und Bodenwasserbedingungenderen Jahreszeiten den Ab-
bau an C und N forcieren und damit die Senkenfonkéiusgleichen. Diese Arbeit ver-
deutlicht den Bedarf an ganzheitlichen und langfi&n Forschungsansatzen um die
Einflisse von extremen Wetterbedingungen auf dier@ N- Dynamik in Boden ver-

stehen und modellieren zu kdnnen.
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1.1. Introduction

Background

Climate models predict that present greenhousesgassion will cause further warm-
ing and other changes in the global climate sygt®@C 2007). Global air temperature
is likely to rise between 1.8°C and 4.0°C duringg ttentury. With this increase, an in-
creasing frequency of extended summer droughtspandds of intense precipitation
are expected. Frequency and intensity of soil famstexpected to change in the future
due to widespread reduction of snow covers thatepriesoil frost (Hosaka et al., 2005;
IPCC 2007).

Drying/rewetting and freezing/thawing is anticight® affect C and N mineralisa-
tion and nutrient fluxes in soils. Large quantitedscarbon and nitrogen can be seques-
tered, released to the atmosphere and leachedilbgnsiobiota. There is a growing in-
terest in the future role of soils as sink or seuar C and N in view of climate change
(reviewed by Matzner and Borken 2007, Borken andzitr 2008). Small changes in
the soil organic carbon (SOC) and nitrogen (N) pael expected to affect the global C
and N budget and atmospheric concentration. Thd faeestimation of SOC and N
stock and understanding of net terrestrial C arsbdjuestration has become essential to

understand the cumulative effects of these climmh#anges.

Soil carbon
Forest soils are of special interest for C stoliagde global carbon cycle, as they pro-
vide a significant sink for atmospheric @O’he organic horizon plays an important
role in the dynamic of carbon fluxes. It is consetkto be a source for plants and mi-
croorganism as well as a reservoir for carbonetrestrial ecosystems, 1500 PgC (1Pg=
10%g) are stored in soils and 500 PgC in plants. ®islightly more than twice the
amount of carbon (C) present in the atmosphereq 130 PgC) (Schlesinger 1990).
The amounts of soil organic carbon (SOC) and theirover times vary with depth,
litter quality and climate (Schimel et al., 199#).the forest floor, soil C sequestration
range from less than a year to a few decades (Totenét al., 1996; Quideau et al.,
2001). Stabilisation mechanisms like chemical mtaince, formation of aggregates
and interaction with soil minerals lead to carbawlp with different turnover times

(van Lutzow et al., 2006). The various functionghie soil and the global C cycle (ac-
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tive, passive pool, sink/source for trace gasesjlram exact differentiation of SOM in
functional pools (van Lutzow et al., 2007). Dendiigctionation allows the separation
in free (FPOM), occluded particulate organic maftePOM) and mineral associated
organic matter (MAOM) pools. The use of radiocartzmalysis helps to describe the
dynamics of accumulation and turnover of SOC pd@dlsimbore 2000; Gaudinski et
al., 2000).

Dissolved organic carbon (DOC) is important for th@nsport of carbon into the
mineral soil (Michalzik et al. 2003). DOC is a lbaawy product from plants (canopy and
roots), litter and humus and it is generated byroti@l activity. The measured DOC
concentration is the net effect of production, mafisation and sorption-desorption
processes. In temperate forest soils, the flux ©CCfrom the organic layer to the min-
eral soil is substantial (115- 398 kgha®), whereas the C fluxes leaving the mineral
soil are smaller (5- 66 kg Ha') (Kalbitz et al., 2000; Michalzik et al., 2001)alora-
tory experiments have indicated that most minesds $1ave a high capacity to adsorb
and stabilize DOC (Qualls and Haines 1992a; Kasat., 1996; 2005). DOC collected
in the mineral soil is chemically much more simitarsoil organic matter than to fresh
litter leachates reconfirm the suggestion of sigaiit sorption and exchange processes
(Karltun et al., 2005; Froberg et al., 2006; Kabgt al., 2007, Sandermann and Ar-
mundson 2009). Also the decomposition of DOC hanlstown to be slow and partial
(Qualls and Haines 1992b) which limit the transpafrfDOC to deeper soil horizons
(Nelson et al., 1994). The fact of high sorption atabilization of C in the mineral soll
has questioned the importance of DOC fluxes irb#dewground C cycle.

A¥C asatracer for soil organic dynamics

Radiocarbon formed in the atmosphere is rapidlyweded to CQ and enters the vege-
tation via photosynthesis. Aboveground thermonucle@apon tests from 1945- 1963
resulted in the enrichment 5C in the atmosphere (Fig. 1.1a). Interaction betwsass,
vegetation and atmospheric €@d to distinctA**C values in different soil horizons
(Fig. 1.1a).AC measurements are a useful tool for studying mgaif C in terrestrial
ecosystems. Old and stable soil organic carbon §S@fsists of a lowA'“C signature
compared to young and recent SOC. The creatiorewf substrate via impact of ex-

treme meterological conditions results thereformaasurable changes in BO.
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The calculation of the mean turnover time (TT) @G from its radiocarbon signature
has been carried out by steady-state or non-steiatly-models (Gaudinski et al., 2000;
Trumbore 2000). In some instances, two differentwiére found to yield identical val-

ues of**C (Fig. 1.1b). Turnover time, the average timehef tarbon entering to the soil,
Is increased with increasing stability and densityhe soil, which increased with soil
depth.
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Figure 1.1 (a) The time record of'C signature of the atmosphere and soil organicoraib
organic layer and mineral horizon from 1940- 20%CGatimated from a non-steady and steady
model (Chapter 2). (b) Values B and estimated turnover times (TT) (steady statdat) of

C for samples collected in 2006 (Chapter 2).

Sail nitrogen

The average global pool of N in the upper 1m deptiges between 133- 140 Pg N
(Batjes, 1996). The amount of N is depending orcgsees, which add or remove N
from the ecosystem, e.g. N deposition, N fertil@at biological fixation, denitrification
and N leaching.

The production of ammonium (NB and nitrate (N@) in the organic layer by mi-
crobial processes of gross ammonification and gnas§ication forms accessible min-
erals for plants. In temperate forest soils, ndaifion is regulated by intensive competi-
tion for NH;™ between plants, heterotrophic microbes and rétsfiAber et al., 1989).
However, net nitrifications, which include grosdrification and NQ consuming
processes is important for the regulation of Ndgssom the ecosystems along hydro-
logical and gaseous flow paths. The balance betweess nitrification, inorganic N
uptake by plants and inorganic Immobilisation byrbes can differ by changed at-
mosperhic N deposition, anthropogenic managemeshtchmate change, thus leading

to enhanced nitrate concentration and N loss fraosywstem (Borken and Matzner
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2004, Callesen 2007). Nitrogen losses have beemdféa reduce nutrient stocks, but
also affect groundwater and streamwater qualityN@g leaching and atmospheric
chemistry by MO losses.

The average fluxes from the organic layer to theeral soil range between 1- 13 kg
NH," ha' a* and 2- 68 kg N@ha* a*, whereas the NH and NQ' losses in the miner-
al soil are lower with 0.1- 5 kg Haa* and 0.1- 40 kg hha® (Gundersen et al., 1998;
Fitzhugh et al., 2001; Solinger et al., 2001; Galeet al., 2007).

I mpact of extreme meteorlogical conditionson DOC, NOz', NH,4" via soil solution
Temperature and water are the main drivers for niéoipgical and chemical processes
and thus ecosystem functioning. Drying/rewetting &neezing/thawing of soil are im-
portant events, which affect C and N mineralisataord C and N trace gas emission
from soils (Matzner and Borken 2008, Borken and 2vlat 2009). While studies on
effects of changes of dry periods and rewettingnisities as well as freeze intensities
have been mainly focused on &@nd NO-emissionsthe impact of extreme weather
on soil solution chemistry are still uncertain.
Effects of drying/rewetting: In general, drought limits the water and substeatalabil-
ity, which directly restricts the activity of sathicroorganisms, and therefore reduces
the amount of C and N cycled in the ecosystem {kKiehl., 1987; Goebel et al., 2005;
Ford et al., 2007). Borken et al. (2006) postulatext temperate forest soil works as a
transient C sink during extended drought, whicreduced by rewetting events. Rewet-
ting of dry soil results in sudden increases oin@ B Mineralisation due to several rea-
sons (summarised in Borken and Matzner, 2008adq@tumulation of organic material
by reduced Mineralisation (van Gestel et al, 198&gth of microorganisms (van Gestel
et al., 1993) and fine roots (Gaul et al., 2008a) iacreased release of organic material
via (ii) desorption from the soil matrix and (id)sruption of soil aggregates (Lundquist
et al., 1999). In laboratory experiments, rewettifigcts were detectable inbetween 2-6
days (Franzluebbers et al., 2000; Fierer and SdH0@2), whereas in the field remois-
tering of topsoils and resulting effects were oledrover weeks or months depending
on the hydrophobicity, intensity and duration oé@pitation (Borken et al., 1999).
Laboratory and field experiments have shown in@eaSOC concentrations (La-
mersdorf et al., 1998; Lundquist et al., 1999ardfiand Schimel 2002) and a change in
the quantity and chemical properties of DOC (Chaisti David 1996b; Kalbitz et al.,
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2000; Schmitt et al., 2009) after soils were exdasedrying/ rewetting. The effects of
drought on inorganic N in temperate forest soillass clear. A short ammonium peak
followed by elevated nitrate concentration was fbafter rewetting (Lamersdorf et al.,
1998). N fluxes were either increased (Xu et &98 De Visser and van Bremen 1995)
or unaffected (O’Neill et al., 2003) with decreagsoil moisture.

Effects of freezing/thawing: C and N Mineralisation are temperature sensitivacpr
esses, which decrease at lower temperature, howeetrand microbial processes con-
tinue in cold and frozen soil (Edwards and Cre4882, Clein and Schimel 1995). Fol-
lowing soil freezing, the rates of Mineralisationdadecomposition of SOM are in-
creased as a result of inputs of labile OM vigofiysical disruption of aggregates (van
Bochove et al., 2000; Freppaz et al., 2008) (icreased fine root and microbial mor-
tality (Christensen and Christensen 1991; Tierrtegl.e 2001; Gaul et al., 2009b) and
(iif) decreased uptake by roots (Fitzhugh et @00D). Soil freezing therefore results in
increased C and N concentrations in soil solution.

Additional C losses via C£do not or just marginally occur after freezingitinag
events (Larsen et al., 2002; Grogan et al., 200dff@ann et al., 2006; Goldberg et al.,
2008; Muhr et al., 2009b). In two laboratory stsdae positive effect of soil frost on
DOC production was observed (Wang and Bettany 1B83hugh et al 2001). An in-
crease of DOC conentrations in soil solution infibéd and at deeper soil after freez-
ing/thawing has not been reported yet. Decreasimgoinial C and elevated fine root
mortality is leading to additional input of carbimto the soil (Tierney et al., 2001; Gro-
gan et al., 2004; Gaul et al., 2009b).

Observations in N Mineralisation after soil frosé @ontradictory. Some studies re-
ported higher N@ concentrations in soil solution during the follogiyear after soll
frost (Boutin and Robitaille 1995; Mitchell et 1996itzhugh et al., 2001; Callesen et
al., 2007). Other studies found less affecteds NOncentrations (Fitzhugh et al., 2001;
Neilson et al., 2001; Mdiller et al., 2002; Frepgaal., 2007; Kaste et al., 2008). It is
possible that the kind of tree species, soil comaliand N soil status influence the re-
spond to soil frost (Fitzhugh et al., 2001; Matzaed Borken 2008).
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1.2. Objectives

The interdisciplinary Research Group 562 ‘Dynano€soil processes under extreme

meterological boundary conditions’ of the Germarsé¥ch Foundation (DFG) com-

prising soil scientists, hydrologists, plant ecasb@nd microbiologists was established

in 2005 to illuminate consequences of drying/reingtt(A/W) and freezing/thawing

(G/A) on element turnover and fluxes, structurethed soil microbial community and

biogeochemical processes in a Norway spruce fambtThis thesis focused on C and

N in case of stock, element transport in soil solutand related Mineralisation proc-

esses.

The objectives of this thesis were follows:

(1) to quantify the stock and heterogeneity of SOCMathd to determine the turn-

over rates of SOC in a forest soil.
Nine randomly distributed soil pits were dug foeabased determination of
rock volume, bulk density, SOC and N contents. éngity fractions (free-, oc-
cluded particulate, mineral associated organic enatif the Oa, EA, Bsh, Bs
and Bv horizons, the carbon and nitrogen conteri®e wietermined. Radiocar-
bon ¢“C) measurements in SOC were used to assess tlwveurimes, the C

input rate and C accumulation in organic layer amgderal soil horizons.

(2) to study the temporal and spatial pattern of the@M&ncentrations and DEC
signature in throughfall and soil solution in ord&r improve our understanding
of DOC sources and dynamics in a Norway sprucedstan
During a two-years study, seasonal changes in D&@antrations anad’'C
signatures of DOC in throughfall and soil solutlmeneath the organic layer and
at 90 cm soil depth were determined. A comparisiba**C signatures of DOC

and SOC allowed identifying the potential sourc®GrC.
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(3) to quantify the effects of drying/rewetting on caemtcations and fluxes of DOC,
NH;" and NQ as well as net- N Mineralisation at different vimgtintensities.
To study drying/rewetting effects, a temporary roofistruction was installed on
three experimental plots to prevent infiltrationtbfoughfall, followed by con-
trolled rewetting in the field. Additionally, a dng/rewetting experiment with
undisturbed soil columns was performed in the latoyy with a control and
three wetting intensities of 8, 20 and 50 mm (n34je hypothesis stated that
drying/rewetting decrease solute fluxes of Nnd NQ" as well as N net Min-
eralisation and increase DOC fluxes. It was expkthat increasing wetting in-
tensity will result in decreased N and DOC fluxesduse of hydrophobic sur-

faces in the topsoil after desiccation.

(4) to quantify the effect of freezing/thawing on caricgions and fluxes of DOC,
NH;" and NQ™ as well as the dynamics of N net Mineralisatiotesain organic
and mineral soil horizons
To investigate the effects of freezing/thawing) saist was induced by removal
of snow cover under field conditions from Dezemb@d5 to February 2006. In
a complementary approach the effect of repeatexkifig/thawing experiments
with undisturbed soil columns in the laboratoryeahperature of -3°C, -8°C and
-13°C was studied. It anticipated that freezing gradving would increase solute
fluxes of DOC, NH" and NQ" as well as N net Mineralisation and that low

freezing temperature increase this effect.
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1.3. Experimental set up

Site description

The Coulissenhieb Il site was a mature Norway spfiocest Picea abies].) in the
Fichtelgebirge, Germany (50°8'N, 11°52’E; 770mlg,scompletely covered by ground
vegetation, mainlypeschampsia flexuogé.) Trin. andCallamagrostis villosgChaix.)

J.F.Gmel. The soil was classified as _ i

Haplic Podzol according to the ‘*l;' :

soil classification (IUSS, 2006) with 3 2 O
well stratified mor-like organic layer off§ z gz
7-10 cm thickness comprising Oi, O 5 EA
and Oa horizons (Fig. 1.2). The mes 10 Bsh
annual precipitation was about 116 22 Bs
mm and the mean annual air tempe

ture is 5.3 °C. 52 Byl Cv

Soil properties are detailed in Chag
ter 2. The SOC and N content of th S
soil decreased with increasing deDtr.|:igure 1.2 Soil profile of Coulissenhieb II: Haplic
from 35.8 % C in the Oi horizon to 2.4 Podzol with mor-like organic layer
% in the Bv horizon, and from 1.7 % N
to 0.2 % N. The soil stored 3.8 kg C”*mand 0.09 kg N f in the organic layer and
11.4 kg C nif and 0.6 kg N A in the mineral soil.

Design of thelaboratory experiments
Two laboratory experiments with undisturbed soluoans were conducted to study the
effects of sequential drying/rewetting and free#imawing with focus on trace gases,
the transport in soil solution and changes in oigamatter quality. This thesis concen-
trated on soil solution chemistry and fluxes of DO," and NQ'". The soil columns
were taken in April 2005 using polyacrylic cylindewith a diameter of 17.1 cm. Two
types of soil columns, one including Oi, Oe and Hdaizons, and the other including
organic horizons plus mineral soil (Oi, Oe, Oa, BAh and Bs horizons), were used.

In the first experiment, three cycles were perfairfa the drying-rewetting experi-

ment (Fig. 1.3). The two types of columns weredkd into four treatments, i.e. a con-
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trol and three wetting intensities of 8, 20 andnd@®, each with four replications. The
soil columns, except the control columns were isitegly desiccated at temperatures
between 20 and 25°C by ventilation with dry airnfraop and bottom over 42 days
(drought period). The controls were wetted with trday* for 25 days, the 8 mm
treatment with 8 mm dayfor 12.5 days, the 20 mm treatment with 20 mmi 'dfay 5
days and the 50 mm treatment with 50 mm™dfny 2 days during the wetting intensive
phase. Subsequently, irrigation continued withta tf 4 mm day for 2 weeks (wet-
ting phase) in all treatments. After further 33 sldlye columns were repeatedly desic-

cated for 42 days.

drought period
Il \wetting intensity phase
/. wetting
® collection of soil solution

AW 1

-~ = - K-

0 20 40 60 80 100 140 160 180 200 220 240
Days of treatment

Figure 1.3 Drying-rewetting (A/W) experiment: Each cycle cated of drying period over 42
days at 20-25°C, wetting intensive phase of 8mm5d)2 20mm (5d) and 50 mm (2d) and a
wetting of 4mm for 20days. The control was not dested but wetted with 4 mmi*dor 45
days.

In the second experiment, three freezing/thawinf\J@ycles were executed. An over-
view of this experiment is shown in Fig. 1.4; tleél sores were allocated randomly to
four different temperature regimes: 5°C, -3°C, -&@ -13°C (n=4). The frost treat-
ments were frozen for 14 days in the freezer dewiht temperature regimes. After
seven days of thawing at +5°C, all columns werigated with 4 mm d for 20 days

and percolates were sampled every 4-5 days. Aftdrdr 20 days, the frost treatments

were frozen again.
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freezing

thawing
- wetting
® collection of soil solution
GIAl GIA2 GIA3
7
control %o /%o /%c )
7 7
-8°C //?t//ad//o -8°C j//?//o -8°C 7/ //(. °
W7 N~ W7
-13°C -13°C -13°C °
A //é'
(0] 2'0 4‘0 6v0 8v0 1 E)O 1 éO 1 1'10 1 éO 1 éO 2(')0 220

Days of treatment

Figure 1.4 Freezing/thawing (G/A) experiment: Each cycle cstesl of freezing for two weeks
at -3, -8 or —13°C. After a thawing phase of 7 daisolumns were wetted with 4mm artificial
throughfall solution per day for 20 days.

The irrigation solution was similar to the longfteaverage throughfall in the Norway
spruce stand at the Fichtelgebirge (Matzner eR@D4). We applied artificial through-
fall with the following components (mg): Na' 0.69, K 2.8, C&* 1.4, Md* 0.2, NH; -

N 1.4, NQ-N 1.4, SQ-S 2.3, PQ P 0.06, Cl1.4 and a pH of 4.4.

Design of thefield experiments

The experiment was carried out in a mature Norwauyce forestRicea abiesL.) of
an age of 140 years at the Coulissenhieb Il rekesate, located in the Fichtelgebirge in
southern Germany. Three control plots, three fregthawing plots (G/A) and three
drying/rewetting plots (A/W) were established inetsummer of 2005 (Fig. 1.5).
Leachates from the forest floor were collected Wwetbe Oa horizon by three plate
lysimeters and three ceramic suction cups eacl atr2soil depth and below the root-
ing zone at 90 cm soil depth were installed pet. @il solutions were collected bi-
weekly, filtered with 0.4um cellulose-acetate filters and stored at +2 °Gl chemical
analysis. Additionally, N net mineralisation wastetenined by the in situ coring
method.

At each G/A plot, plastic nets (mesh width 1cm)evesed to cover the organic layer
to avoid disturbance of the soil surface duringvsmemoval Snow was manually re-
moved to induce soil frost, between the end of Ddm and the beginning of February
2006. In total, the removed snow was equal to 14vohthroughfall.
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At each A/W plots, 400fmwoody roof constructions were installed about 3rove the
organic layer. The roofs were covered from 24.08662 09.08.2006 (47 days) with
transparent polyvinylchloride (PVC) panels to domah the soil. A 0.4m deep plastic
sheet was installed around the A/W plots to redateral movement of soil water and
water uptake by roots from outside the A/W plotsb&quent to the throughfall exclu-
sion (67mm), the soil was rewetted for 2 days wjphingwater in 150m distance with
the following composition (mg%): Na' 3.07, K 1.58, C&" 5.35, Md" 1.3, NH N
0.02, NQ™-N 2.43, SQ-S 5.5, P@Q P <0.05, Cl2.85 and a pH of 5.0. After rewetting,
the roofs were removed.

The results of the drying/rewetting-experiment waoeincluded in a publication but
are part of the synopsis.

Coulissenhieb Il

Figure 1.5 Design of the field experiments at the Coulissemhiesite: three control (C), three
freezing/thawing (G/A) and three drying/rewettidgtp (A/W), each of an area of 20m x 20m.
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1.4. Synopsis

Soil organic carbon and total nitrogen under non- manipulated conditions
(Chapter 2 and Chapter 3)

The Coulissenhieb Il study site was characterisgavell stratified mor-like organic
horizon. It consisted of heterogen organic cart®8-(4.9 kg C nf) and nitrogen (0.05-
0.16 kg N nf) stock in the organic layer (Fig. 1.6), attribigtito thickness levels be-
tween 7 cm and 10 cm. The low C/N ratio of 18 ia @®a horizon as well as high at-
mospheric N deposition rates and leaching lossestzhdr et al., 2004) indicated N
saturation of this forest site. Based on a noradtestate model, soil carbon pools (leaf
and root litter) in the Oi and Oe horizons has fastover times (TT) with 3-10 years
and small accumulation rates of <0.1 and 0.3 g €ah(Table 2.3). Based on this re-
sult the carbon pools in the Oi and Oe horizonseaell steady-state since 40- 60 years.
In contrast, the Oa horizon acted as a small sinlksdil organic carbon (SOC). Most of
the Oa horizon was in form of free particulate miganatter (FPOM) and not associ-
ated with minerals. The rate of turnover was slowugh (90- 160 years) that the an-
nual C input (20 g C iha®, Fig. 1.6) led to annual accumulation rates ofg® m? a*
during the past decade.

The mineral horizon provided valuable C and N nesierwith 8.6- 16.2 kg C
and 0.5- 0.9 kg N fidown to 62 cm soil depth. The TT of SOC (Table) 2lécreased
with increasing depth and bulk density. The largeefogeneity was attributable to the
varying thickness (43- 60 cm), rock fraction (18 % by volume) and the amount of
fine earth (312- 512 kg R). The TTs of the FPOM fraction were slow (70- Q3@ars)
and it showed that recalcitrance of SOM, aggref@mtaation and interaction with soil
minerals were important processes in this forest(Boirier, 2005; Kogel-Knabner et
al., 2008).

However, decomposition of soil organic matter (SO8ffemperature sensitive proc-
esses and implies a high susceptibility to chamyeseterological condition (Trumbore
et al., 1996). About 25% of the SOC pool and 10%hef N pool was held in the top
10cm, the layer which was most prone to changésmperature and soil moisture. At
that time, the organic layer was a small sink figamic carbon, but the turnover of non-
stabilized SOM decreased with increasing tempesgatund might turn the soil from a
small sink to a transient C source. Provided thatRPOM fraction of 0.7- 1.1 kg C'm



Chapter 1 15

(9- 16 %) and 0.02- 0.04 kg N'7{5- 8 %) in the B horizons is accessible for miiab
attack, the soil has a large potential for C anth$ées. With increasing depth the TT
increase, the C input rates decreased and thensspo changes in meterological con-
dition decreased too. The need for better undeatstgrof C and N cycling in the min-
eral soil became essential to understand cumulafifeets in view of climate change.
AYC revealed no answer of the question “Acts the rainieorizon as a net C sink or

source?”.

Control Drying/ rewetting Freezing/thawing
DOC flux
Rainfall
1.5
l S:nil CO; flux 3
Throughtall DR: 670 Th.mughfa.ll. Throughfall .
12 FT 620 12 12
Oi 720 |4m| 150 | ' b
[0c 1420 || 120 | ' | R“f;“f“t
[02 1980 || 20 |
[E22570 || 14 | 233
—
B:h2380 |4m| 6 | | l l
e ] e
s A—
| | |
241 241

& Muhr and Borken (2009), Muhr et al. (2009)
b Gaul et al. (2008a, b)

Figure 1.6 Carbon budget (g % and annual carbon input rates (¢ @') (see Chapter 2),
DOC and CQfluxes as affected by drying/rewetting and fregéimawing at the study site Cou-
lissenhieb Il. Annual carbon input was calculatethwa non-steady state model (organic layer)
and steady state model (mineral soil horizons). CDE was calculated from May 2006 to
April 2007, because the water fluxes are similaalatreatments from 1. May 2006 on. €0
fluxes, which include heterotrophic and autotroplespiration, were calculated for 2006 by
Muhr and Borken (2009) and Muhr et al. (2009). ,G@easurements were simultaneously
measured on control vs. drying/rewetting and comsofreezing/thawing plot at different days
and intensity. These differences in the designamyhe different CQfluxes for 2006. The
effect of C input to the soil via root death followy drying/rewetting and freezing/thawing were
determined by Gaul et al. (2008a, b).
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Dissolved organic carbon (DOC) and their natural variation (Chapter 3)

The DOC release from the organic horizon is depgndn atmospheric deposition of
organic substances (Avery et al., 2006), biologa=dradation of plant residues (Gug-
genberger and Zech 1994) and leaching of substaridessh litter (Qualls and Haines
1991). These processes are controlled by temperatoil moisture, pH and leaching
rate (Christ and David 1996b, Michalzik and Matzh@99).

The throughfall DOC followed no seasonal trend (B¢). The observed indepen-
dence of DOC concentrations from air temperatuik amount of throughfall contra-
dicted other findings on regulating factors (Lindscet al., 2008). Nevertheless, differ-
ent DOC concentrations but identical DOC fluxe2@®6 and 2007 pointed out that the
amount of precipitation was an important factorutating the DOC fluxes in through-
fall (Starr and Ukonmaanaho 2007). BO signature from -52 %o to 41 %o indicated
that throughfall DOC was influenced by depositidrfassil C originating from com-
bustion of fossil fuel (Fig. 3.4). A mass balanppmach revealed that fossil DOC con-
tributed 8- 10 % to total throughfall DOC in th& quarter of 2006 and 2007. The posi-
tive values in the summer month resulted mainlynfithe release of recently synthe-
sized DOC in case of higher biological activity. O@om throughfall was available C
for microorganisms and decompose rapidly in thewoig layer, therefore did not con-
tribute to the DOC leaching from the organic lagdichalzik et al., 2001; 2003). Oth-
erwise, the older carbon would have acted as awrnapt long- term carbon sink be-
cause its turnover is probably slower.

Seasonal variations in DOC concentrations of oxgdawer percolates have been
found in several studies (e.g. Michalzik and MatzZt@99; Solinger et al., 2001; Kaiser
et al., 2002; Froberg et al., 2006). At the Coeligseb 1l site, a pronounced seasonality
with low concentrations after snowmelt and higheshcentrations in summer was
found (Fig. 1.7). Increased substrate availabildy DOC production via fresh litter
input (Qualls and Haines 1991) had no effect of@I@&C concentration in the Oa hori-
zon. DOC concentrations followed slightly the pattef soil temperature. Similar
maxima DOC concentrations in both years at differgml moisture condition and
changed seasonal pattern indicated that physicmiché processes (sorption-
desorption) dominated the actual concentrationstiaddlly to the strong temperature

dependence (Froberg et al., 2006). FurthermoreP®¥C measurements at different
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times suggested that leached DOC comes out frofareift carbon pools (Fig. 3.3).

Disruption of soil aggregates due to intensive myyiincomplete remoistering due to

hydrophobicity of organic matter and preferentlairf (Bogner et al., 2008) led to de-
sorption of DOC (Lundquist

20 2 et al, 1999a) from the
100 -
L 15 MAOM fraction (from -26 %o
80 - b 5
B ﬁ‘ ﬁ i § B to 38 %o). It contributed to the
"= 60 A F10g B )
S %{ ¢ } 2 5 leaching of older DOC and
O 40 L g E .
° e o i § £ was the responsible mecha-
20 A 3
ro? nism for the occurrence of the
0_
A, | negative DG'C beneath the
01/06 04/06 07/06 10/06 01/07 04/07 07/07 10/07 01/08 . .
Time monttyear] - Litter input organic layer in 2006. It was
—— Soil temperature -5cm
® Dpoc assumed, that the Oa horizon
Figure 1.7 DOC concentrations in soil leachates itself was the main source for
from the forest floor and daily litter (needles,
cones and branches) input. the leached. Another potential

source effecting the DYC
signature of organic layer might be the input dsib DOC, but the fate of infiltrating
fossil DOC in the soil remains unknown. Under cansmmoisture conditions, decompo-
sition of organic matter from fresh litter or ro@sriched the DEC signature towards
more positive values, which explained the modern®0Qeached from the Oa horizon
in 2007.

Annual DOC fluxes, C®fluxes and C input rates are summarised in Fig.Ii&
DOC fluxes in throughfall represented a large Quinpith an annual flux of 12 g C'fn
a’(2006) to the organic layer. Additional C of 9 gr a* was mobilized through the
organic layer, whereas the upper 10cm mineral moidined 15 g i a' of leached
DOC. Assuming steady state, i.e. C loss (heterbtoogespiration, DOC leaching) was
equal to C input (root litter, DOC), DOC input cohtited 8 % (=15 g i a?) in O-
10 cm and 14 % (=21 g fal) in 0- 90 cm mineral soil to the annual C inpuhisT
estimate was lower compared to a field study ofddeamann and Amundson (2009),
where DOC movement and retention were responsibl2d % of the total mineral soil
C stock. This drought induced isotopic shift inc® soil depth (like beneath the Oa

horizon) indicated that different SOM fractionstbé Bv horizon and overlaying hori-
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zons acted as potential DOC source that dependbwnpaths of soil water and the
amount of infiltrating water. Nevertheless, smalhcentrations of DOC in 20 cm and
90 cm soil depth implied that the mineral soil iseffective DOC sink. Al and Fe ox-
ides/hydroxides and clay minerals retain large amhafi DOC in Podzols (Kalbitz et
al., 2000). Thus, annual net C losses were dondriateespiratory losses as €O

DOC, NH," and NO3 as affected by drying/rewetting (Chapter 4)

Soil drying in laboratory and field experiment leda strong reduction in the soil water
content and causes in changes in the soil struetndeinduces hydrophobicity of soil
surfaces (Muhr and Borken, 2008). Rewetting or megation of matric potential took
several weeks back to the level of the control.ekplaination could be water repel-
lency and preferential flow patterns in the orgdaier (Bogner et al., 2008). As long
as matric potential does not recovered microbigivig remain slower. However, it
was found that A/W effectively increased DOC cortigions and strongly reduced the
NH;" and NQ concentrations of the organic layer independeintgn wetting intensi-
ties (Figs. 4.2, 4.3, 4.4). The effects on enhari@®€ fluxes were smaller due to re-
duced water fluxes during the time period consideatthough the experiment showed
a small amount of additional DOC input from theamig layer to the mineral soil (e.g.
field experiment: K 5-8 g fia!, AW 5-17 g nfa?).

Drying and rewetting resulted in an increase of D&@centrations during the labo-
ratory and field experiment. Additionally decrease@, emission (Muhr et al., 2008;
2009) suggested a decrease in C Mineralisatioa.well known that during drying mi-
croorgani sm becomes inactive or die (e.g. Mikhalet2005; Xiang et al., 2008). The
shift of more plant to microbial sugar as less pkugar was transformed to microbial
sugars (Schmitt et al., 2010) corroborate the befigzveaker adaptation of the microbial
population to drought. It seemed that drought strest only affected the organic hori-
zon but also the mineral horizon down to 20cm depth. In the laboratory experiment,
A/W led to increased DOC concentrations by mora @ 90 % and the field experi-
ment induced increased DOC concentrations soilhdegt factor 2- 3 in the three-
months after rewetting (10/06- 1/07) in 20 cm. Resed soil respiration (Fig. 1.6;
Muhr et al., 2008; Froitzheim personal communiagtias well less production of mi-
crobial sugar (Schmitt et al., 2010) in the minesail indicated decreasing microbial

activity during drying/rewetting. Physiological autritional stress, i.e. decrease plant
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sugar was most pronounced in the EA horizon (Se¢heh#l., 2010). Decreased C Min-
eralisation and thus less C Immobilisation explditiee increase of DOC concentra-
tions in 20cm soil depth (Fig. 1.9). Neverthelasss assumed that the adsorption of
DOM to mineral surfaces is far more important tiha decomposition of DOM in

mineral soils (Kalbitz et al., 2000). The aspecirareasing DOC concentrations and
fluxes in the upper soil horizons implied that gtabilization of DOC by adsorption and
precipitation with dissolved aluminium (Scheel et 2007) and might affect the storage

of mineral soil (Fig. 1.6).

Table 1.1 Soil N stocks (n=9), annual NCand NH' fluxes (n=3) in throughfall and different
depths down to the Bv horizon in the control, dgyiewetting and freezing/thawing plots from
May 2006 to April 2007.

Horizon N Stock NG-N NH,*-N
Control Drym_g/ Freez_mg/ Control Drym_g/ Freez_lng/
rewetting thawing rewetting thawing
g m? g m?at — g m’at
Throughfall 1.0 1.0 1.0 1.0 0.9 1.0
Oi 27 (3)
Oe 62 (33)
Oa 158 (120) 2.4 (0.3) 2.7(0.7)2.9(0.3) 0.1(0.1) 0.1(0.1) 0.1(0.2)
EA 134 (81)
Bsh 106 (49)
3.0(1.1) 23(0.4) 3.6(1.7) 0 0.1(0.2) 0
Bs 131 (60)
Bv 302 (123)
90cm 25(0.2) 19(0.6) 2.0(0.6) 0 0 0

The production of N and NQ™ by microbial processes was strongly reduced due to
drying/rewetting. The laboratory and field expermsindicated that drying/rewetting
decrease then situ N net Mineralisation and the NOconcentrations (Figs. 1.8, 1.9,
4.2, 4.3). Increasing NAto NO; ratios and diminished 40 and NO production (Muhr
et al., 2008a; Goldberg and Gebauer 2009a) indlcateeduction of nitrification rate
during drought. Incomplete remoistering have ctted to long- lasting reduced mi-

crobial activity due to water stress and low swdistafter rewetting. Increased fine root
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biomass and necromass after drying/rewetting (@awll., 2008a) possible decreased
NOjs availability in the field due to an increased rbbtiptake.
Decreased NI availability was also a factor which influenceck thet nitrification
(Muhr et al., 2010). Ni concentrations in the field were always extreniely (<2mg
Iy due to microbial immobilisation,
. o plant uptake and abiotic sinks as con-

~ Throughfall exclusion m sumptive processes (Hart et al., 1994).
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w500 ome oo 1 osoe omos ooos 106 reduced nitrification rate and implied
Time (rontiyean also a high sensitivity of nitrifiers in the
et s et o crTinral 010 crought siess (Tetemna
(a) and mineral (b) horizon. Error bars indicateet al., 1992; Smolander et al., 2005).
standard errors (n=3) The effects on C and N leaching in the
form of DOC, NQ and NH' were low and showed only small variations based on
large differences among the soil pits. Due to timeaased fine root mortality (Gaul et
al., 2008a) and decreased L£émission (Muhr et al., 2009a) during drying/re\wejt
organic C accumulated and enhanced the C storatsispruce forest (Fig. 1.6). Pro-
longed summer drought likely increased C sequéstram the subsoil via small addi-
tional transport of DOC to greater soil depth. Hoere the fate of subsoil DOC on lar-
ger time scale remains unknown. In case of higlptgature dependence, higher max-
imal temperature might led to an increased C mlisatgon in the upper soil horizons.
A/W showed a tendency to decrease;N{Dxes (Table 1.1). In agreement with another
manipulation study in a N saturated forest (Xulgtl®98) and the resuls from the field
and laboratory experiment (Figs. 1.8, 4.4), redudellineralisation in the uppermost
mineral soil conserved soil organic nitrogen arduoed N losses via leaching as a re-

sult of prolonged summer drought, considering camst and N litter input.
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DOC, NH," and NOs as affected by freezing/thawing (Chapter 5 and Chapter 6)
In the laboratory experiment, DOC concentrationd fuxes substantially increased in
the organic layer of soil columns, which were froz¢ —8°C and —13°C. Nevertheless,
the enhanced release of DOC was a strong singbetedind the relevance for DOC
fluxes remained low. The -3°C treatment, which wise to the condition of the field
experiment with lowest soil temperature of -5°Csvess affected. These results con-
firmed the findings from the snow removal experimehFitzhugh et al. (2001), where
a response of DOC concentrations to soil freezingbdC was also not apparent. The
higher DOC concentrations at freezing temperatonest than —8°C were attributed to
stronger physical disruption of SOM. These implmas were often discussed through-
out the literature (Soulides and Allison 1961; Gtamsen and Christensen 1991; Ed-
wars and Cresser 1992; van Bochove et al., 200@®.ré@lease of less humified material
at the beginning of thawing (Fig. 5.1) as well Btlg enhanced lignin solubility
(Schmitt et al., 2008) supported the assumption dlging freezing a proportion of
DOM became available through physical disruptiomgdregated soil. The exposure of
new soil surfaces enhanced both the release of BYDQercolating water and the de-
composition of exposed organic matter. | suggestatia major source of extra DOC
during thawing was due to lysis of microbial biomasduced by soil frost. DEC sig-
nature as a tracer for the origin of DOC would @ase by lysis of microbial biomass as
it comprises relatively young carbon. Unchangedaspscopic properties (Fig. 5.1) and
DOMC signatures (Fig. 6.5) did not confirm enhancedtatity of microorganisms dur-
ing soil frost. These findings were in accordandth wesults of high microbial resis-
tance to freezing/thawing from Lipson and Monso®9@) and Grogan et al., (2004) for
tundra and alpine soils, but contradicted the tesfudignificant mortality of microbes at
temperatures below —5°C by Edwards and CresseR}199

In contrast to DOC, the Nfand NQ' losses were always lower after soil frost and
the effects were stronger with lower frost tempaeat The reason for decreased JAH
and NQ' losses might be reduced activity of microorganiswisch were integrated in
the N cycle. Decreasing concentrations of microbigjars with increasing frost inten-
sity indicated reduced microbial activity (Schndttal., 2008). The missing increase in
N.O emission compared to GQ@uring thawing in the same laboratory experiment

(Goldberg et al., 2008) indicated that the micrbpmpulation involved in the N cycle
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was much stronger disturbed by soil frost as coeghdo the C cycle. Additionally,
reduced N@/NH," ratios implied a higher sensitivity of net nitcition than net am-
monification to severe freezing temperatures. Harewgur results from the laboratory
experiment covered the initial response in-betw@@rmlays after frost. In the field ex-
periment, the Nif concentrations were relatively low compared tosN€dd no imme-
diate freezing/thawing effect on the release of,N&hd NQ" was detectable after thaw-
ing. The reason for the relative small effects weesconstant microbial activity due to
moderate freezing temperatures. Soil areas, whactain unfrozen, still possessed lig-
uid water films with greater concentrations of dtdtes allowing the microbial popula-
tion to survive and to maintain their activity (Eanwls and Cresser 1992, Wang and
Bettany 1993). The missing response for N Mineadilis in the field (Fig. 6.3), cou-
pled with the moderate freezing event (< -5°C) ot by the snow manipulation ex-
periment, was consistent with the result of thetatory experiment. The latter demon-
strated that N Mineralisation decreased much mdrenvthe soil was subjected to se-
vere soil freezing lower than —8°C. As mentionetbi®e these results were confirmed
by Larson et al. (2002) and Schimel (2004), buttraalicted the more often observed
increased N Mineralisation after soil frost (Matzrand Borken 2008). The delayed
increase in N@ concentration in the organic layer and 20cm segth (Fig. 6.4) con-
firmed results from Fitzhugh et al. (2001) and €sdin et al. (2007). The higher NO
concentrations were caused by changes in the n@trobmmunity, namely funghi
were more negatively affected than bacteria dusotbfrost (Schmitt et al., 2008)?C
measurements revealed significant reduction inrbetghic respiration (Muhr et al.,
2009a), which implied a reduced immobilisation ddyNby growing heterotrophic mi-
croorganism. Increased nitrification or reducedittification as a cause of increasing
NOs concentrations were excluded, because soil emisgidlO and MO were similar
during this time (Goldberg et al., 2010). The agstiom of enhanced mortality of mi-
croorganisms was not confirmed of the basis of anged DA'C signature (Fig. 6.5).
Reduced N uptake by fine roots or increased firw¢ tornover (Tierney et al., 2001)
were unlikely because of similar fine root biomassl even higher root production on
the freezing/thawing plot (Gaul et al., 2008b).

The freezing/thawing in laboratory and field expent showed the need of a de-

fined soil temperature to increase the fluxes oftDé&ilter thawing of frozen soil. An
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increased leaching of DOC after thawing occurrely ah temperature lower than -8°.
At higher soil temperature the DOC fluxes were te@éd. Assuming the simulation of
long-term extreme soil frost due to reduction iowrcover (Hosaka et al., 2005; IPCC
2007) holds true, increasing leaching of DOC ad agh pronounced GQulse would
be possible in the field (Chapter 5; Goldberg et2008). Soil frost led to an increased
C sequestration in this forest soil. Nevertheldbs, long-term effects of reduced C
emission in the summer following the freezing/thagvivere more important to the an-
nual C balance in this forest soil than the timeiqoeof freezing/thawing (Fig. 1.6;
Muhr et al., 2009b). The laboratory experiment ssed, if soil frost was more inten-
sive and frequent, the availability and loss of ;NENd NQ  decreased after freez-
ing/thawing. The delayed effect of increasing ;N€oncentration in the field experi-
ment had only low effects on the annual leaching beecause of low water fluxes dur-
ing that time. However, this delayed effect courbuch more pronounced at severe
freezing temperature (Callesen et al., 2007; Kastal., 2008). The rate of short and

long-term effects of severe freezing on annualHewrlosses requires further research.

1.5. Conclusion

Both summer drought and severe soil frost increéisedvailability of DOC in the up-
per soil horizons. Whereas the fluxes of DOC wenafiected by soil frost, dry-
ing/rewetting induced a greater rate of DOC leagl@nh20cm and 90cm soil depth. The
4C signature of DOC was a useful indicator of seakand interannual variations in
terms of the C source. Physical disruption of agigjregates, and thus, exposure of pre-
viously inaccessible substrate, was likely the d@nt mechanism explaining the in-
creased availability of relatively old C in driezars. Considering the radiocarbon signa-
ture, there was no evidence for increased mohitizaif young DOC from dead micro-
bial biomass or increased fine root mortality. Therease ratio of plant to microbial
sugars indicated decreased microbial DOC produdiwh enhanced desorption. A/W
and G/A events resulted in a decreased availakifitMH,” and NQ'. The lack of re-
sponse to freezing/thawing in the field experimemfirmed earlier findings of a more
sensitive N net Mineralisation, which decreasedeatere soil frost than moderate soil
frost to -5°C. The long-term effect of soil frostcreasing N@ concentrations in 20cm
soil depth could be much more pronounced at sesafdrost causing additional leach-
ing losses of N@.
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In conclusion, the organic layer of the spruce $bsmil worked as a small net sink with
C accumulation mainly in the Oa horizon. The resolt laboratory and field experi-
ment indicated a decreased C and N Mineralisatidiorim of enhanced DOC and de-
creased N and NQ availability in the organic layer and upper mindrarizon due
to drying/ rewetting as well as freezing/thawing.

It is expected, that if the climate simulation ahanced drought periods and extreme
soil frost holds true (IPCC 2007), the C and N sstration and sink strength of this
Podzol soil will increase as long as litter inpoed not decrease. Moreover, the poten-
tial shift in the availability of DOC and inorganit due to drying/rewetting and freez-
ing/thawing could affect the microbial activity all as productivity and diversity of
forest ecosystems. Experimental manipulations whatic parameters provide useful
process information on hourly to annual time scdbes the response of forest ecosys-
tems on decadal time scales is highly uncertainhik context, the recovery of organ-
isms and processes following severe summer drowagidssoil frost is poorly under-
stood. Moreover, future changes in the vegetatpbemt productivity, forest manage-
ment or other driving factors could overcome insneg frequency of extreme meteoro-
logical events.
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Summary

Temperate forest soils store large amounts of ecgaatter and are considered as net
sinks for atmospheric carbon dioxide. Informatidroat the sink strength and the turn-
over time of soil organic carbon (SOC) is requitedassess the potential response of
soils to climate change. Here we report on statkapver times (TT) and accumulation
of SOC in bulk soil and density fractions from geméorizons of a Podzol in the Fich-
telgebirge, Germany. Stocks of SOC, total nitrogewl exchangeable cations deter-
mined in nine quantitative soil pits strongly varieith stone content and thickness of
horizons in both the organic layer and the minsadl On the basis of radiocarbon sig-
natures, mean turnover times of 4, 9 and 133 yeaspgectively, were calculated for O,
Oe and Oa horizons from three soil pits, using -$teady-state model. The Oa hori-
zons accumulated 4- 8 g Cha ' whereas the Oi and Oe horizons were close to
steady-state during the past decade. Free patgcalganic matter (FPOM) was the
most abundant fraction in the Oa and EA horizornh Wil of 70-480 years. In the B
horizons, mineral associated organic matter (MAQM@ninated with over 40% of total
SOC and had TT of 390-2170 years. In contrast herdiorizons, MAOM in the Bsh
and Bs horizon had generally faster TT than ocdugarticulate organic matter
(OPOM), possibly because of sorption of dissolveganic carbon by iron and alumi-
nium oxides/hydroxides. Our results suggest thgamic horizons with relatively short
turnover times could be particularly vulnerablecttanges in climate or other distur-

bances.

2.1. Introduction

The accumulation of soil organic matter (SOM) isharacteristic feature of temperate
and boreal forest ecosystems. Common among theypa$ of the temperate and bo-
real zone are Podzols covering 485 million ha tghmwt the world (IUSS Working
Group WRB, 2006). These soils developed under keathconiferous forests and store
large amounts of SOM as a result of slow decomiposgirocesses and accumulation of
SOM in organic and spodic horizons. Referring tm Foil depth, Batjes (2002) esti-
mated that Podzols had the second-largest soihmrgarbon (SOC) stocks in Europe
after Histosols. There is reason for concern thiatate change will turn these soils

from a net sink into a net source for atmosphearbaen dioxide (CQ).
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Soils contain different organic matter fractionshwvarying stability, turnover time
(TT) and temperature sensitivity (Trumbore, 2000g&l-Knabner et al., 2008). Specif-
ic SOM fractions are more vulnerable to climatengeand other disturbances than
others, but the characterization of SOM fractioepahds on the methodological ap-
proach. Physical fractionation techniques are tesstructive than chemical fractiona-
tion procedures and relate more directly to stmecand function of SOM (Christensen,
2001). Density fractionation allows the separatbfree particulate (FPOM), occluded
(OPOM) and mineral-associated organic matter (MAOM)e FPOM fraction mainly
contains recognizable plant material and fungahlagpand responds quickly to changes
in carbon (C) inputs and environmental conditicersd(represents an active pool), whe-
reas the OPOM and MAOM vary strongly with differesdn soil structure and mine-
ralogy (Baisden et al., 2002; von Lutzow et al.p@0Crow et al., 2007). Compared
with FPOM, slower turnover of OPOM is attributedcteemical recalcitrance, humifica-
tion and physical stabilization by occlusion (Peiret al., 2005; Kogel-Knabner et al.,
2008). MAOM is the dominating fraction in mineralilshorizons and has very slow
turnover rates because of stabilization by intévactwith mineral surfaces, and
iron/aluminium (Fe/Al) oxides and hydroxides (Tanal., 1997; Kdgel-Knabner et al.,
2008). However, a critical issue of the densitycti@ation is the removal of soluble
and less degraded substrate during density frattmm (Crow et al., 2007). This so-
luble fraction was generally discarded and theeefaot characterized and considered in
SOC models.

The mean TT of SOC in bulk soil or fractions canch&ulated from its radiocarbon
signature 4'“C), SOC stock or C input, and by using a steadi sinnon-steady-state
model (Gaudinski et al., 2000; Trumbore, 2000). THeof SOC generally increases
with increasing stability and density of the fracti Estimates of TTs based on bulk
mineral soil, however, may lead to misleading iptetations (Davidson et al., 2000).
The radiocarbon signature of bulk mineral soil awgrned by MAOM, but labile SOC
fractions of bulk soil with short TTs could rapidigspond to global warming.

While gaseous and solute C losses from soils haea mtensively investigated, lit-
tle is known about the C input and net accumulabb8OC in specific soil horizons. In
undisturbed coniferous forests, accumulation of 3aKés place mainly in the organic

layer whereas the mineral soil seems close to gistate and thus changes are barely



Chapter 2 37

detectable on a decadal time scale (Agren et @08:2Trumbore, 2000). When tree
biomass increases or remains at current levels, Si0¢ks will also increase, but the
accumulation rate is small in mature forests (Age¢ral., 2008). A chronosequence
study by Schlesinger (1990) suggests an averageimadation rate of 0.7-
12.0 g C m? a * for boreal and temperate soils developed duriegpést 10 000 years.
The C accumulation rate is relatively large inithigal period of soil genesis, but slows
down with increasing age.

The balance between litter input and losses by ahiat respiration and leaching
controls the build-up of organic horizons. Abovexgnd litterfall in coniferous forests
ranges between 735 and 8575 k@'l along a climatic gradient from north Scandi-
navia to Spain (Berg and Meentemeyer, 2001). Estisntor root litter input are less
reliable because of methodological difficulties. dler and Mund (2007) modelled root
litter production for spruce and estimated finetqm@duction of 890—-1830 kg Haa .

Area-based estimates of stocks and accumulatidoserrates of SOC and nitrogen
(N) in bulk soil and density fractions require regentative sampling procedures in the
field. The spatial variation in rock content, bu&nsity and thickness of soil horizons
cause large uncertainties in soil surveys. Estimafestocks of elements in soils are
based on fine earth (<2 mm), but large rock fragsmemake it difficult to assess the
amount of fine earth in genetic horizons on lasgles (Corti et al., 2002).

Only a few studies provide an area-based analys&O& and nutrient stocks or of
TTs of SOC in bulk or density fractions of gendtarizons. The objectives of our study
were: (i) to quantify the stocks and heterogeneftysOC and nutrients in a mountain
Podzol, (ii) to determine SOC and N stocks in défe density fractions, (iii) to calcu-
late the TT of bulk soil and SOM fractions from ith&“C signatures by a steady-state
or non-steady-state model, and (iv) to assesah& eand accumulation of C in the or-

ganic horizons.

2.2. Methods
Site description
The study was performed in a mature Norway spracest (Picea abies L.) at an eleva-
tion of 770 m above sea level in the FichtelgehiGE Germany (50°08'N, 11°52'E).
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The mean annual air temperature is 5.3°C with wanmmers and cold continental
winters. Mean annual precipitation is approximatelg0 mm (Foken, 2003).

The natural vegetation consists of bedehgus sylvaticd..) and silver fir Abies al-
ba Mill.) (Gerstberger et al., 2002). According t@tforest administration, the area was
almost completely cleared between the 16th and &8thuries in order to supply the
mining industry with construction wood and charcodie region was afforested with
spruce trees during the mid-19th century. Treesringicate a tree age of 140 years in
2008 for our study area. The patchy ground vegetas dominated bypeschampsia
flexuosa(L.) andCalamagrostis villosgChaix).

The Fichtelgebirge comprises large granite fornmatisurrounded by metamorphic
rock series of gneiss, mica schists and phylliEgesion and solifluction formed the
typical rock and boulder fields. Podzolic soils eeped from deeply weathered granite
and are overlain with a relatively thick humus lag@erstberger et al., 2002). Base sa-
turations between 52 % in the EA horizon and 4%e Bsh horizon indicate former
application of lime to counteract soil acidificatigHentschel et al., 2007). Carbonates,

however, were not chemically detectable in anylsoilzons.

Sampling

Within an area of 1 ha, nine soil pits of 0.7 m.% B were dug for area-based determi-
nation of rock volume, bulk density (BD) and elemneontents down to the Cv horizon.
The pits were randomly distributed, and limitedbetween-tree and between-boulder
areas. The organic (Oi, Oe, Oa) and mineral (EA, Bs, Bv) horizons were consecu-
tively removed and separately weighed. The volufreganes was estimated by measur-
ing the girth of the stones at different positicensd their total weight. A grid of
0.7 m x 0.7 m with 10 cm x 10 cm increments wasdixver the surface of the soil pit
to measure the height of each removed soil horizon.

For each horizon, large stones, coarse roots aifdnserial were separately
weighed in the field. Subsamples of each horizorevegeved (<2 mm) and then dried
at 105°C over 48 hours to determine the gravimewater content and the stone frac-
tion. The bulk density of fine earth (<2 mm) wascatated by dividing its mass by the
averaged volume of horizon minus the volume of soekd coarse roots. The rock
weight was converted to rock volume using a densit.45 g cm® for parent granite

at the site.
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Analyses
Soil pH was determined in a 0.01 M Ca®blution (soil:solution ratio 1:2.5). Exchan-
geable cations (NaK*, C&*, Mg*, AlI**, F€"") of the Oa and mineral soil horizons
were extracted with 1 M NI solution and then analysed by ICP-OES (Variastd/i
Pro, Mulgrave, Victoria, Australia). The amount efchangeable Hwas calculated
from the difference between the pH-value of J8Hsolution and the extracts. For C and
N analysis a CNS analyser (Heraeus Elementar \ErjdHanau, Germany) was used.
Radiocarbon signatures of above-ground litter, Isalik (including organic and min-
eral soil horizons) and density fractions were deibeed by accelerator mass spectro-
metry (AMS). Subsamples of 1 mg C were combustedinmm sealed quartz tubes with
60 mg CuO oxidizer and 1 cm silver wire for 2 hoat®900°C. The resulting GQvas
purified from water and non-condensable compouAfierwards, CQ was reduced to
graphite using the zinc reduction method where,dhd Zn with Fe act as catalysts at
550°C for 7.5 hours (Xu et al., 2007). All prepaas took place at the Department of
Soil Ecology at the University of Bayreuth. The gnde targets were analysed by the
Keck-CCAMS facility of the University of Californjalrvine, with a precision of 2—
3 %o. Radiocarbon data are expressed’d€ (%o deviation is from th&'C/**C ratio of
oxalic acid standard in 1950). The samples wereected to &'°C value of —25 %o to

account for any mass-dependent fractionation effgtiuiver and Polach, 1977).

Density fractionation of soil

Soil samples of the Oa and all mineral horizonsnfithree randomly chosen soil pits
were fractionated by density separation. Dry saihgles were dispersed in sodium po-
lytungstate solution (SPT, Sometu, Berlin, Germamipg a similar procedure to that
described in detail by John et al. (2005). Dry sainples (<2 mm, 60°C) were fractio-
nated at densities of 1.6 g chand 2.0 g cit. For the Oa and EA horizons, 10 g soil
and 40 ml of SPT with a density of 1.6 g @nwere gently shaken. After sedimentation,
the solution was centrifuged at 5085 g for 1 hodariffuge 3.2RS). The supernatant
was filtered through a 0.48m pre-washed cellulose acetate filter (Schleicier Schu-
ell, Dassel, Germany) and the FPOM fraction < 106ng° was washed with 200 ml de-
ionized water. Then the pellet was dispersed withgemi® SPT and 10 glass beads
and was shaken for 16 hours and then centrifug&0&t g for 1 hour. The supernatant
with particles < 2.0 g cil (OPOM) was filtered and washed (200 ml water) digio
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0.45um cellulose acetate filters. The pellet thus comdithe mineral-associated organ-
ic matter fraction > 2.0 g cm (MAOM). To remove the salt, the pellet was washed
three times with deionized water. For the Bsh, Bd Bv horizons, 20 g soil and 80 ml
of SPT were used. The FPOM, OPOM and MAOM fractiand the used SPT solution
were freeze-dried and then finely ground with d ball for analyses of SOC and N
contents.

Turnover time (TT) of organic carbon
The TT SOC in each fraction was calculated fronratsiocarbon signature. Following
Gaudinski et al. (2000), we used a non-steady staidel for the Oi, Oe and Oa hori-
zons. We assumed that the buildup of the orgager lprimarily started after reforesta-
tion in 1867, but we cannot ignore the possibiiitst older organic matter is included in
the present Oa horizon (see below). TéC signature of fresh spruce litter from the
year 2006 (86 + 1%0) was close to th&'CO, signature in the atmosphere (88.5%o) in
the year 2000 (Levin et al., 2008), indicating aerage age of six years. Hence, this
shift in theAC was included in the calculation of TT.

The C input (1) in kg C if a* added by litter production in each year t (sin867,
time of reforestation) is represented in a signemdation (e.g. Béttcher and Springob,
2001; Agren et al., 2008):

| =_ 2006
t _t-190(a -

1+e 15 (2.1)

The term '1900a’ in Equation 2.1 is the year ofimakincrease of litter production and
the value '15' describes the slope of the graph.

The SOC stock and th&"*C of each organic horizon in 2006 were then catedla
using Equations 2.2 and 2.3 (modified after Gaudies al., 2000). We assumed zero
initial SOC in 1867 in the Oi and Oe horizons. Bwe Oa horizon the model revealed
an existing SOC stock between 0.5 and 0.9 kg €im1867 differing within the three
soil pits.
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t=2006
t=1867 (2.2)

where C is the SOC stock in a specific year (kg®,m is the annual input rate
(kg C m?a?), k is the decay constant of organic matter aniprecally proportional to

TT, and t is the calander year.

t=2006

Z (Fatm(t—G) [Ct )

F — 1=1867
m (2006 1=2006

ZC‘ (2.3)

t=1867

where F, is the'*C/**C ratio in the fraction pool per year normalizedotalic acid
standard and 4, is the **C/**C ratio of the atmosphere normalized to an oxatid a
standard £*CO, signature of litter input in year t is equivaléntm six years before).
For the existing C pool of the Oa horizon in theury@&867 we assumed & [ises7) Of
0.996 which is equivalent to the averagféC signature of tree rings between 1852 and
1867.

From Equations 2.1 and 2.2 and the measured C stoelich organic horizon, we
estimated the turnover time (1/k) and C input (§tef the organic layer. Modera**C
has two possible TTs for eadfi*C value (Trumbore, 2000). The"*C of the Oa hori-
zons (107-132%o) corresponds to TTs of either 4-108~160 years. Given the type
and thickness of the organic layer we expect lodger for the Oa horizons to be more
realistic.

For the mineral soil horizons, we used a time-ddpat steady state model as pre-
sented in Gaudinski et al. (2000):

Fr () [C() = I IF (1) + A-k = A) OF, (t -1 [C(t - 1), (2.4)

wherel is the radioactive decay constant &€, and equal to 1/8267 year.
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If the pool of SOC is at steady-state, then | =tk@(d C(t) = C(t—1) reduce Equation
2.4 to:

Fr(t) =k () + A-k=A)OF, (t 1), (2.5)

For the values of &, we used radiocarbon data from dendrochronoldgicidted
wood samples (1844 to 1958) published by Stuiverlet(1998) and atmospheric
AYCO, contents after 1959 (Levin et al., 2008). A stestiye model was also used for
the MAOM fraction of the Oa horizon because we as=iithat the MAOM fraction in
the Oa horizon is partly a result of biotic or dlmanixing processes with mineral soil.
Statistics

The soil characterization was made with nine repdis and the data are presented as the
mean and standard deviation (Table 2.1). STATISTIEA was used to display the
heterogeneity of SOC and N stocks between the swilepits (Fig. 2.1). The density
fractionation and determination af“C were made on three of the nine pits (Table 2.2,
Fig. 2.2).

2.3. Results

Variation of physical and chemical propertiesin soil pits

The 7— 10 cm thick organic layer consisted of fi{tei), fermented (Oe) and humified
(Oa) horizons, whereas the 43— 60 cm thick minevdlcomprised EA, Bsh, Bs and Bv
horizons. The mean bulk density increased from 6.6@° in the Oi horizon to
1.17 g cm® in the Bv horizon (Table 2.1). Mean volumetric kocontents increased
from 7 % in the Oa horizon to 25 % in the Bv honzweith large variations among indi-
vidual soll pits.

The SOC and N contents of the soil decreased witeasing depth from 45.8 % C
in the Oi horizon to 1.4 % C in the Bv horizon dmoim 1.7 % N to 0.2 % N, respec-
tively (Table 2.1). The C/N ratio ranged betweerahfl 27 in the organic layer whereas
C/N ratios (21— 22) were almost constant in the Bsh and Bs horizons. SOC stocks
increased from 2.8— 4.9 kg C frin the organic layer (sum of Oi, Oe and Oa hor&lon
to 2.2— 7.9 kg C if in the Bv horizon (Fig. 2.1a). Nitrogen stocksreased from 0.05—
0.16 kg N m? in the organic layer to 0.17-0.51 kg NFin the Bv horizon (Fig. 2.1b).



Table2.1 Mean thickness, bulk density of fine earth (BD)lwoetric rock fraction (RF), amount of fine earfi] (CaCl2), organic C and total N contents,
ratio, and stocks of exchangeable cations in gemetiizons of a Norway spruce soil at the Fichteiligge. Numbers in parentheses are standard dewsatibth
means (n = 9)

Stock /g nif

Horizon Thickness

BD RF Fine earth pH C N C/N + . + + + + +
fem lgen®  Nol%  Jkg m? 1% 1% H Na© KT MgT o cET AT RE
o 21 0.07 458 17 27
(0.3) (0.01) @7 (02 (23)
00 2.2 0.15 421 18 22
0.7) (0.05) (189) (0.6) (20)
on 4.9 0.25 7 113 33 212 11 19 05 09 19 13 412 64 11
(1.5) (0.09) @) (2.9) 02 (69 (03 (L7) (07 (L1 (L1 (07) (448 (43)  (L0)
A 5.2 0.60 11 28.8 34 83 04 21 04 10 21 14 504 154 14
2.3) (0.05) 7) (13.1) 02 (26) (02 (34 (03) (08 (13) (L1) (531 (1) (0.7)
- 5.3 0.75 15 40.1 36 60 03 22 04 14 20 13 481 327 46
(1.8) (0.04) ) (17.1) 02 (12) (1) (22 (03) (0.8 (0.6) (L1) (37.24) (19.3) (3.1)
e 11.4 0.79 18 78.5 38 36 02 21 02 16 28 10 428 594 30
(4.6) (0.06) 7) (32.6) ©01) (08 (0.0) (12) (01 (0.8 (L0) (0.6) (39.0) (27.2) (2.4)
5 30.5 1.17 25 292.0 42 14 02 8 02 181 108 08 217 1149 07
9.1) (0.09) ©) (102.3) 01 (5 (03) (1.2) (01) (17.7) (46) (0.5) (145 (56.3) (0.5)
oum 598 16 249 196 52 1985 2260 10.2
(5.7) 11) (17.2) (5.0) (L9) (1583) (71.0) (4.5)
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The total amounts of SOC and N stored in the naiepits were 13.1- 20.3 kg Ch
and 0.7— 1.1 kg N M, where the organic layer contributed 19— 35% taltSOC and
5— 14% to total N.

a b

oi § Oi b
Oe )—E’—{ Oe }'EH
Oa E—{ Oa B—{
EA H s EA H =

Bsh }-H-—{ Bsh H%—{
B H= H Bs He H

Total }—Ev—{ Total B—-—{
) 4 8 12 16 20 ) 0 0.2 0.4 0.6 08 10

SOC stock / kg m N stock / kg m?

Figure 2.1 Box plots representing soil heterogeneity of (a)CS&nhd (b) N stocks in different
genetic horizons of nine soil pits. The open squétkin the box marks the median, the black
circle the mean and the boundaries of the box atdithe 25th and 75th percentile. Whiskers
indicate the minimum and maximum SOC and N stocks.

C and N in density fractions

The mean recovery of total soil mass after derfsigtionation varied between 92 % in
the Oa and 98 % in the Bv horizon (data not showhgse losses coincided with the
mean recovery of SOC between 90 and 96 % (Fig).2tame SOC was lost in the
particulate fraction during density fractionatiouat 2— 6% of SOC was dissolved in the
SPT solution. The mean recovery of N was smaller ramged between 84 and 99 %
(Fig. 2.2b).

Consistently throughout the three soil pits, SO@tents ranged between 17 and 38
% C in the FPOM and OPOM fractions, whereas the NA@action contained no
more than 2.7 % C (data not shown). In the Oa ahdd&izons, the major part of SOC
was associated with FPOM (Oa=1.6 kg Cnand EA=1.1kgC i), whereas
MAOM dominated the Bsh, Bs and Bv horizons with-22 kg C m® (Fig. 2.2). The
SOC stock of the OPOM fraction was the largeshaEA horizon (0.8 kg C ) fol-
lowed by Bv (0.6 kg C if), Bsh (0.6 kg C 1f), Oa (0.4 kg C if) and Bs horizons
(0.3 kg C m?. Overall, the soil stored 2.7— 5.2 kg Cm2.3—-3.3 kg C fif and 4.0—
4.9 kg C m? in the FPOM, OPOM and MAOM fractions, respectively

The N stock in the FPOM fraction decreased withtlémm 0.09 kg N rif in the
Oa horizon to 0.01 kg NTh in the Bv horizon (Fig. 2.2b). In the B horizorthe
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MAOM fraction yielded the largest N stocks, contting 74 to 83 % to total N in the
respective horizon. The amount of N stored in tiRO®I fraction varied between 0.01
and 0.04 kg N Af with 9— 16% of the total N in the soil.

a b
Oa ; Z 1 v AN
EA | 4 ] v
Bsh /] | ] |
Bs /N il
2 FPOM
ov 1] (]| T | | = oo
3 Loss
0 1 2 3 4 0.05 010 0.15 0.20 0.25 0.30

Stock / kg m?
Figure 2.2 Stocks of SOC (a) and total N (b) in the three dgrfsactions (FPOM, OPOM,
MAOM) in genetic soil horizons from three soil pitkoss' indicates the amount of organic
matter lost during density fractionation.

AYC signatures and turnover times of soil organic C

Mean radiocarbon signatures indicate modern C tierfiall (87 + 1%0), in the Oi
(114 + 8%0) and Oe (161 + 16%o) horizons, but a mtaf modern and pre-bomb C in
the Oa horizon (119 * 12%0) (Fig. 2.3). The EA horihad a large range it“C signa-
ture from -45 to 92 %o, indicating that consideradeounts of modern C were incorpo-
rated in some EA horizons. Within the B horizote 4C signature continuously de-
creased from -14 %o to -145 %o. The vertical decréastie A¥C signature below the
Oi horizon coincides with the decrease in the SO@ent.

In Pits 1 and 2, the TT of SOC in bulk soil incrediconsistently with soil depth
from the organic horizons to the Bv horizon (Tabl2). By contrast, Pit 3 had a less
negativeA™C signature in Bsh (-28.7 %.) compared with the Egkizon (-45.0 %o),
resulting in a difference of 110 years in TT. Therser TT of bulk SOC indicates that
the Bsh horizon accumulated more 'young' C tharkthborizon.

Similar to the bulk soilA**C signatures of density fractions generally de@eagith
soil depth in the order FPOM > OPOM > MAOM (Tabl2)2 One exception is the
FPOM fraction of the Bv horizon that had considiepounger SOC (6.8 to -66.8 %o)



Table 2.2 Radiocarbon signature of bulk soil and densitytioas of three pits expressed in %.. The turnovees expressed in years (given in parenthes
were calculated based on the radiocarbon signaititinea steady-state or non-steady-state model (i@skidlet al. 2000). Two turnover times were cahted
for bulk soil and density fractions with modernitagrbon signature.

Horizon Pit 1 Pit 2 Pit 3
Bulk FPOM OPOM  MAOM Bulk FPOM OPOM  MAOM Bulk FPOM OPOM  MAOM
o 105.1 121.0 115.2
| 3y (5) (5)
o 157.8 179.0 147.6
° (9/90) (10/50§ (8/120§
o 132.0  150.9 70.4 38.0 117.8 108.0 28.4 -25.9 107.1 124.5 48.8 28.1
: (7/100y  (9/90)  (120) (180) (6/140y  (4/160)  (240) (400) (4/160y  (6/140 (170 (210)
EA 91.6 119.8 43.7 12.1 225 34.7 25 -13.4 -45 -31.9 -64.3 -48.0
(100)  (6/70)  (170) (260) (230) (190) (320) (370) (570) (480)  (710) (590)
Beh 7.9 25.3 -41.0 -28.4 -4.9 13.8 -27.6 -16.9 -28.7 -26.9 1.2 -20.4
S
(350) (220)  (540) (460) (330) (250) (450) (390) (460) (450)  (300) (410)
5 -56.9 952  -138.9 -48.1 -75.3 -31.0 -149.3 -63.9 -57.3 -120.0 -124.4  -43.8
S
(650) (970)  (1390)  (590) (800) (480) (1500) (710) (660) (1200)  (1250)  (560)
-156.2  -66.8  -182.9  -207.2 -155.6 6.8 -130.7 -180.2 -124.4 -30.2  -106.7  -141.5
(1580)  (730)  (1880)  (2170) (1570) (280) (1310) (1850) (1250)  (470)  (1080)  (1420)

14
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with faster TT than the respective FPOM fractiorira overlaying Bs horizon (-31 to -
120 %o). There was either an input of 'young' SOGheFPOM fraction of the Bv hori-

zon or reversely an input of 'old" SOC or stabila@a mechanisms in the FPOM fraction
of the Bs horizon. Another exception is the revemster ofAC signatures and TT in

the OPOM and MAOM fractions of the Bsh (except ih 3 and the Bs horizon. In

these horizons, MAOM had faster TT (390- 710 yeashpared with the OPOM frac-
tion (450- 1500 years). The shift in the TT of MM &OM fraction from the Bs horizon

to the Bv horizon was relatively large in all thissl pits.

The isotopic balance approach revealed a

AYC /% wide spectrum for the lost fraction, rang-
B A S S ing from modern SOC with meax“C of
Liter { ~—-O— SOC 0 477 %o to relatively old SOC (201 %o)

—— A14C

oi - (data not shown). There was no systematic

Oe pattern with soil depth or for specific

. C input and storagein organic horizon

e The annual C input to organic horizons

Bsh -

and the FPOM fractions of the Oa horizon

=] were calculated from the non-steady-state

™ model (Equation 2.2) and using the re-

0 10 20 30 40 50 60 spective SOC stock and TT (Table 2.3).
SOC /% Assuming a sigmoid increase of litter in-

Figure 2.3 Vertical pattern oA"C (%) and put (Equation 2.1), the estimated C input
total SOC (%) in litter, organic and mineral
soil horizons. Error bars represent the starin the Oi horizon by above-ground litter
dard deviation of the mean (n = 3) varied between 130 and 180 g C*ra* in
2006. C input rates in the Oe (80 g C*m*) and Oa (20 and 21 g C fre’Y) horizons
were similar in Pits 1 and 2. For the Oe horizorPdf3, we calculated (with a TT of
8a) a much larger C input of 200 g C’a*, which reflects the large C stock of
1.7 kg C m% Here, the C input in the Oe horizon is greatemtin the Oi horizon
(150 g C m?aY). Again, Pit 3 differs with respect to the C inmit9 g C m?a ™ in the
Oa horizon.

The modelled accumulation of SOC indicates that@hend Oe horizons are ap-

proaching a steady-state with C accumulation smeiln 0.3 g C iaf a *in the last



Table 2.3 SOC stock, turnover time and annual C input catedl®dy a non-steady-state model of the organia laf/ghree soil pits. SOC accumulatior
was calculated by difference of modelled SOC steitkin last 10 years (see Fig. 4b). For the OaZworj the model revealed an existing carbon pc
of 0.5-0.9 kg C M in 1867. Turnover time and C input given in pahests result from eithéfCO, of the atmosphere fixed before or after @
bomb peak in 1965 by the forest ecosystem (see2Hg).

Horizon SOC stock Turnover time C input SOC accumulation
/kg C mi® la /g C nmi* a* /g C mi*a*
Pit 1 Pit 2 Pit 3 Pit 1 Pit 2 Pit 3 Pit 1 Pit 2 it 8 Pit 1 Pit 2 Pit 3
O 0.68 0.77 0.78 3 5 5 180 130 150 <0.1 <0.1 <0.]
Oe 0.78 1.09 1.72 9/(90)  10/(50)  8/(120) 80/(10) 0/(80)  200/(30) 0.2 0.3 0.3
Oa 1.48 1.89 0.90 (7)/100  (5)/140  (4)/160 (210)/2(270)/21  (220)/9 55 75 35
0,(FPOM)  0.87 1.60 0.61 (9)/90  (4)/160  (6)/140  OQW14 (380)/16  (97)/7 4.7 6.2 3.0

114
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10 years (e.g. Pit 2, Fig. 2.4). The Oa horizoruaadated small amounts of SOC be-
tween 3.5 and 7.5 g Cha * (Table 2.3), where most of that SOC was accumdilizte
the FPOM fraction (3.0- 6.2 g Cfa ).

2.4. Discussion

Heterogeneity of soil chemical properties

The Podzol at our study site contained 13.1- 2@& %g m? and 0.7- 1.1 N kg M
down to a mean mineral soil depth of 60 cm (Fi@).2These values are smaller than
the mean SOC (29.6 kg A and N stock (1.96 kg N in the top 1 m of European
Podzol soils (Batjes, 2002). Even small SOC andhtents in the subsoil may consi-
derably contribute to total stocks. Several autlferg. Canary et al., 2000; Harrison et
al., 2003) have emphasized that soils should belsaihto a maximum depth for accu-
rate estimates of total SOC and N stocks. Howevigrrocks made it impossible to in-
crease the depth of the soil pits, and thus taDaC &nd N stocks are relatively small at
our study site.

Large amounts of SOC (19- 35% of the total) andbN14% of the total) highlight
the importance of the organic layer as SOC andsdrweirs in Podzols. Under conifer-
ous forests, Podzols may accumulate large amo@it8©MWI in the organic layer within
decades, making them vulnerable to climate changeother disturbances. An accu-
rate, area-based estimate to detect changes of @0\ stocks is hampered by the
enormous spatial heterogeneity. In our study, varyhickness (7- 10 cm) was the main
reason for the large heterogeneity in C and N stddke organic layer, whereas bulk
density, SOC and N contents were less variable.

The mineral soil down to 60 cm stores more SOCMrad our site than the organic
layer. Because of slow TTs (see below), changélserSOC stocks are generally small
unless strong disturbances of the soil structucelacate the decay of SOM. Changes in
the N stock, however, could possibly be much fastéorests with large atmospheric N
deposition. In view of climatic or other environni@nchanges, SOC and N stocks of
mineral horizons are required for better understandf C and N cycling in soils. At
our site, the Bv horizon stored approximately twasemuch SOC and N than the EA,
Bsh and Bs horizons. The large heterogeneity of 8@€CN stocks in the whole miner-
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al soil is attributed to differences in the thickag43- 60 cm), rock fraction (12- 29 %
by volume) and the amount of fine earth (312- 54.2rk?) among the soil pits.

SOC and N in density fractions

The portion of the FPOM fraction decreased andpthréion of the MAOM fraction to
total SOC stock increased with soil depth, wheriees OPOM fraction was almost
evenly distributed throughout the soil pits (FigR)2 Large FPOM fractions in the Oa
and EA horizons point to low rates of degradabitifyspruce litter and reduced micro-
bial activity compared with other litter types aeds acid soils (John et al., 2005). Pro-
vided that the FPOM fraction of 0.7- 1.1 kg C*rt9- 16%) and 0.02- 0.04 kg N m(5-
8%) in the B horizons is accessible for microbithek, the soil has a large potential for
C and N losses. However, the slow TT of FPOM suiggibst it contains not only fresh
and undecomposed material, but also charred pklmisd(black carbon) as identified
by Marschner et al. (2008). 'Recalcitrant’ compausdch as lignin, lipids and their
derivatives could constitute a considerable proporof the FPOM fraction, although
their TTs are much faster than previously thougharéchner et al., 2008). Another
mechanism, the stabilization of DOC by precipitatwth dissolved aluminium (Scheel
et al., 2007), could possibly contribute to thewslbT of the FPOM fraction from the
mineral soil. Our results contradict the conceptt tthe FPOM fraction corresponds to
the active SOC pool with TT <10 years.

The N content and C/N ratio of SOM fractions magyp&n important role in their
stability. Decreasing C/N ratios in the order OPGMPOM > MAOM (not shown) are
in accordance with the observation by Golchin et(B#94). The large N content of
MAOM is primarily related to the advanced degramiatiof organic C compounds.
However, an N fertilization experiment suggestg thewly' added N is partly retained
in slow SOM pools, enhancing thereby its stabifigainst microbial decay (Hagedorn
et al., 2003). If this stabilization mechanism edevant, then the size and TT of SOM
fractions should have been altered under the IBrgkeposition rate at our study site
during recent decades.

The Oa horizon is generally not considered for dgfiactionation although this ho-
rizon often contains a mineral fraction. Here, MAQ@uhtributes 33 % to total mass in
the Oa horizon, but the SOC stock of 2.3 % wagively small. Despite the small SOC
stock in the OPOM and MAOM fractions, theit*C signatures influence the TT of the
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Oa horizon (Table 2.2). In the case of Pit 2, haaveall three density fractions had
smallerA'“C signatures than the bulk Oa horizon. A non-charaed fraction of SOC
and N was lost by the density fractionation eitheparticulate or as dissolved forms in
SPT solution. The mass balance approach impligditieamissing fraction varied from
modern SOC with a meai™C signature of 477 %o to relatively old SOC (-201,%o)
representing a SOC stock of approximately 0.9-k).8 ni? down to 60 cm depth.
Crow et al. (2007) found extractable young organatter in deciduous forest soil and
assumed that less degraded substrates were renuwed density fractionation.
Hence, the lost fraction seems to play an impontaletin the turnover of SOM in forest

soils.

Turnover time (TT), input and accumulation of SOC in organic horizons

The estimated annual C input in the Oi horizon bgwv&-ground litterfall varied be-
tween 130 and 180 g Cfa* in 2006. A mean annual litter input of 107 g Cri*
(assuming a C content of 50%) was measured in jaced Norway spruce stand of the
same age (Berg, 2004). This input rate, howevers amt include branches, twigs, con-
es and ground vegetation, which may contribute idenably to total above-ground
litter input.

The C input in the Oe and Oa horizons comprisedrtresfer of partly decomposed
and humified above-ground litter from the Oi or Rwizon, respectively, and the input
of root litter. In case of the Oe and Oa horizanst litter input probably increased with
the build-up of these horizons. The present inp@00 g C m? a* in the Oe horizon of
Pit 3 can be explained by the contribution fromtrdter, cones or twigs to the buildup
of this relatively large SOC stock. In fact, théatamass of live coarse roots and cones
was 2.5 to 4.5 times greater in Pit 3 than in Rihd 2.

In the first decades of afforestration, SOC staokseased rapidly in the Oi and Oe
horizons and reached nearly steady-state afted@0-a (Fig. 2.4). In the past decade,
the rate of SOC accumulation was smaller than @Ing® & for the Oi horizon and
approximately 0.3 g Cia™ for the Oe horizon. The fast TT of SOC (3- 10 gar
highlights the potential of these horizons to respoapidly to an increase in tempera-
ture. It has been demonstrated that along an é@evgtadient, the TT of SOC in the
topsoil is controlled by temperature (Trumboreletl®96).



52 Stock, turnover time and accumulation of soil oiganatter

The radiocarbon signature indicates that the O@&dwrwas partly formed from SOC
before afforestration. In our model, the SOC stdak not increase during the first
30 years after afforestation, which we attributéeh® delay in the production and trans-
fer of humified organic matter in the Oe horizamthe present Oa horizon, the turnover
rate (100- 160 years) is slow enough to allow theual C input to result in a SOC ac-
cumulation of 3.5- 7.5 g Ctha™. Almost all of this C input is accumulating in the
FPOM fraction whereas the OPOM and MAOM fractiorsdd/SOC close to a steady-
state condition.

Overall, SOC accumulation rate of the organic lg@e8- 7.8 g C nf a %) is in good
agreement with estimates of 2- 7 g Cri* for a mixed deciduous forest (Gaudinski et
al., 2000). Slightly larger accumulation rates @f 13 g C m*a* were estimated for
coniferous soils in Sweden (Agren et al., 2008)e @@ason for small accumulation
rates at our study site could be the applicatiolinod to the soil surface, which is often
reported to improve soil conditions and thus to@ase the mineralization of SOM (e.g.
Persson et al., 1989; Fuentes et al., 2006).

Turnover time (TT) of SOC in mineral soil fractions

The TT of SOC in bulk samples increased with septd and exhibited little variation

among the three solil pits. As with Pits 1 and 2nynstudies have found increasing TT
with increasing soil depth and density (e.g. Bolakt 1999; Gaudinski et al., 2000;
Trumbore, 2000; Certini et al., 2004; Eusterhueslgt2007), pointing to increasing
stabilization of SOC by minerals at greater depth.

The FPOM, OPOM and MAOM fractions indicate the exige of C pools with dif-
ferent turnover times that are associated withdibgree of degradation and humifica-
tion (Baisden et al., 2002; John et al., 2005).tRerEA and Bv horizons, TT followed
a typical pattern in the order FPOM < OPOM < MAOM.the Bsh and Bs horizons,
however, the MAOM fraction had faster TT than the@M fraction. We attribute this
finding to the sorption of DOC with a less negatt&C signature by Fe and Al
oxides/hydroxides in the MAOM fraction. Sorption@OC in spodic horizons is a typ-
ical process in Podzols and largely contributethéoSOC stock of the Bsh and Bs hori-
zons in the long run. The intrinsic TT of the MACKAction in these spodic horizons is
probably much faster, as predicted by our modetaggh. Hentschel et al. (2009) re-
ported radiocarbon signatures of -65 to +38%. forMi@® the soil solution below the Oa
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horizon at our study site. The radiocarbon sigrestwf DOC decreased to between -25
and -265%. at 90 cm mineral soil depth and thesewatten the range of the FPOM
fraction. The time span between the formation of@f@m 'old" particulate SOM and

sorption by the soil matrix in the Bsh and Bs honig could be relatively short.
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Figure 2.4 Carbon inputs from litter (a), SOC stocks (b), af@ signature of the atmosphere

and of SOC (Pit 2 only) (c) in organic horizonsnfrd867 to 2006 as estimated from a non-
steady-state model.
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A substantial shift in tha'*C signature and TT of the MAOM fraction was observe
from the Bs to the Bv horizon in all three soilspifgain, this shift supports the sorption
of DOC in the MAOM fraction of the Bsh and Bs hans. Turnover times of 1080-
2170 years in the OPOM and MAOM fractions of the®rizon may be explained by
small input of particulate and dissolved organidtaraand strong physical and chemical

stabilization.

2.5. Conclusion

The present soil was a small sink for atmosphefis @ the order of 4- 8 g C tha*
during the past 10 years and might be a net §idk of similar order in the near future
at similar boundary conditions. Most of the SOCumculated in the FPOM fraction of
the Oa horizon whereas other organic and mineralhsoizons were in, or close to,
steady-state. Sorption of DOC in the Bsh and B&bns seems to affect the radiocar-
bon signature of the MAOM fraction, but turnovamés of 390- 710 years mask the
true contribution to accumulation of SOC in thegedic horizons.

The C and N stocks of the organic layer are vulslerto changes in climate condi-
tions or other disturbances. The turnover timeai-stabilized SOM will probably de-
crease with increasing temperature and turn thlefreon a small sink to a transient
source.

The density fractionation method revealed some m@cgies. Firstly, a portion of
SOM was either lost as particulate or dissolved S@Nhe order of up to 10 % (SOC)
and 16 % (N). This lost fraction is generally nbaracterized, but might participate in
the C and N cycles of soils. Secondly, the FPOMtioa, often associated with the
active pool of SOC, had slow turnover times ondbeadal-centennial time scale in all
soil horizons. It seems that recalcitrance of SQMtabilization processes cause a slow
turnover of the FPOM fraction in this forest soil.

The spatial variation of SOC and total N stockg@metic horizons and density frac-
tions was relatively large in this rocky forestlsbighlighting the importance of repre-
sentative sampling approaches. The radiocarbomtiges of bulk soil and density frac-
tions exhibited a small variation among the thriégg, gxcept the EA horizon where dif-

ferences in bioturbation have apparently affededspatial heterogeneity. Even in hete-
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rogeneous soils, measurements of M& signature provide a powerful tool for the

assessment of C accumulation in forest soils.
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Summary

Dissolved organic carbon (DOC) is an important congnt of the C cycle in forest
ecosystems, but dynamics and origin of DOC in tghdall and soil solution are yet
poorly understood. In a 2-year study, we analybedradiocarbon signature of DOC in
throughfall and soil solution beneath the Oa hariand at 90 cm depth in a Norway
spruce forest on a Podzol soil. A two-pool mixingdal revealed that throughfall DOC
comprised mainly biogenic C, i.e. recently fixedf@m canopy leaching and possibly
other sources. The contribution of fossil DOC fratmospheric deposition to through-
fall DOC was on average 6% with maxima of 8—11%rdyuthe dormant season. In soil
solution from the Oa horizon, D&C signature was highly dynamic (range from -8% to
+103%), but not correlated with DOC concentratiBadiocarbon signatures suggest
that DOC beneath the Oa horizon originated mairdynfoccluded and mineral asso-
ciated organic matter fractions of the Oa horizather than from the Oi or Oe horizon.
Relatively old C was released in the rewetting pifaowing a drought period in the
late summer of 2006. In contrast, the BO signature indicated the release of younger
C throughout the humid year 2007. In soil solutifresn 90 cm depth, DEC signa-
tures were also highly dynamic (-127%o to +3%o) desgonstantly low DOC concen-
trations. Similar to the Oa horizon, the lowest B signature at 90 cm depth was
found after the rewetting phase in the late sumoh&006. Because of the variation in
the DOMC signatures at this depth, we conclude that DOE e equilibrated with the
surrounding soil, but also originated from ovenyisoil horizons. The dynamics of
DOMC in throughfall and soil solution suggest that sberces of DOC are highly vari-
able in time. Extended drought periods likely havetrong influence on release and
translocation of DOC from relatively old and pos$gibtabilized soil organic matter
fractions. Temporal variations as well as the ingfufossil DOC needs to be considered

when calibrating DOC models based on'f@signatures.

3.1. Introduction

Dissolved organic carbon (DOC) plays an importaé iin the carbon cycle of terre-
strial ecosystems and for the transfer of organitofh terrestrial to aquatic systems
(Neff and Asner 2001; Cole et al., 2007). The pobdun and leaching of DOC in terre-

strial ecosystems affects the concentration, commippsand age of DOC in aquatic sys-
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tems (Raymond and Bauer 2001; Sickman et al., Z0ipping et al., 2010). The origin
and quality of DOC as well as the dynamics of DQ@Qaentrations in terrestrial eco-
systems have therefore an impact on DOC concemtsatn rivers and lakes (Evans et
al., 2007; Roulet and Moore 2006).

As other land use systems, forests are relevarthéoquantity and quality of surface
water and groundwater. Pronounced seasonal andaimteial variations of DOC con-
centrations and fluxes have been reported for riffiecompartments of forest ecosys-
tems (Buckingham et al., 2008; Michalzik and Matz©@899; Solinger et al., 2001).
Leaching of DOC from forest canopies representfluxCto the soil that is mainly used
as C and energy source by microorganisms (Michatzi&l., 2001). Besides precipita-
tion, seasonal pattern of temperature could infleeconcentration and composition of
throughfall DOC since biological, temperature-defet processes (e.g., budding, pest
infection, pollination) affect the production of [@Oin the canopy. Fluxes of DOC in
organic layers are often larger than throughfgluindue to net production of DOC in
organic horizons. In contrast, only small concerdres and fluxes of DOC are observed
in deeper mineral soil horizons (Michalzik et @001; Hentschel et al., 2007).

The origin, composition and function of DOC in difént compartments of forest
ecosystems are still a matter of debate. In thrfaliglbOC may result from the leach-
ing of organic substances from plant tissues as$ agefrom atmospheric deposition of
organic substances. The latter may include marmoeterrestrial organic C emissions as
well as emissions from the combustion of fossilduand biomass (Avery et al., 2006).
However, systematic analyses on the origin of D@@hroughfall are not available to
our knowledge.

Concentrations and fluxes of DOC in forest soils #re result of multiple factors
and processes. Water fluxes are considered asradnaer of DOC fluxes among soil
horizons and of DOC output by leaching. DOC coneiun, which determines DOC
flux resulting from water transport, is partly canited by sorption/desorption processes
(Guggenberger and Kaiser 2003). Further factordroing DOC concentrations and
fluxes are leaching from plant litter, productiammobilization and mineralization of

DOC by microorganisms (Kalbitz et al., 2000; NafflaAsner 2001). Recent studies
suggest that a large fraction of DOC is sorbedstalilized by mineral surfaces rather

than mineralized by soil organisms (Kaiser and @uipgrger 2000; Sanderman and
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Amundson 2009). The residence time of sorbed DQO®eler, is rather short, i.e.
years-decades, unless it is sorbed by juvenile raliserfaces (Guggenberger and Kais-
er 2003).

In soil solution from B and C horizons, the concation of DOC is relatively low
and constant throughout the year (e.g., Borken.etl@99; Froberg et al., 2006). An
unsolved question is to what extent DOC in thesezbps originates from vertical
translocation or desorption and production in tegpective soil depth. Isotopic signa-
ture of DOC can be helpful to answer this questlora field study withi:C labelled
spruce litter, the analysis of D& revealed only a minor proportion of litter DOC in
percolates below the Oe and Oa horizon of a PadzoNorway spruce forest (Froberg
et al., 2007a). Hence, most of the DOC was produtéuke respective organic horizons
themselves. In the same and another Norway sptaned sn Podzol, the D¢C signa-
ture of soil solution below the B horizon was sanito the*C signature of bulk soil
from the B horizon (Fréberg et al., 2006). Despitmilar *C signatures, DOC is not
necessarily desorbed from the B horizon alone. BDIBC and soil organic matter
(SOM) comprise a mixture of different constitueafs/arying*“C signatures. Different
results were reported for a Podzol in a forestetesshed (Trumbore et al., 1992), and
for Mediterranean forest and grassland soils (Samae and Amundson 2009). In both
studies, DOC from different mineral soil horizoncibited much younget’C signa-
tures than the respective bulk soil. In additiovéetical translocation, the difference in
the *C signature of DOC and bulk soil could be causeedpilibration between DOC
and specific SOM fractions.

The few studies on DYC in forest ecosystems have not considered dynamhi¢€
signature, but used tHéC signature from single sampling events or evemfigater
extracts. Seasonal and interannual changes df@§ignatures, however, are of relev-
ance for tracing the origin of DOC and for predigtDOC dynamics in soils by simula-
tion models (Michalzik et al., 2003). The goal biststudy was to use the temporal pat-
tern of DG*C signatures, concentrations and fluxes of DOGinughfall and soil so-
lutions in order to improve our understanding of ®8ources and dynamics in a Nor-

way spruce site.
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3.2. Methods

Site description

The Coulissenhieb Il site is a mature Norway sprfiocest (Picea abies L.) in the Ger-
man Fichtelgebirge, adjacent to the Coulissenh&telwhich has been subject of long-
term biogeochemical studies (Matzner 2004). Thermaaual precipitation is about

1,160 mm and the mean annual air temperature {€5The soil has a sandy to loamy
texture and is classified as Haplic Podzol accgrtiinthe FAO soil classification (IUSS

2006). The well stratified, morlike organic layersha thickness of 7-10 cm, comprising
Oi, Oe and Oa horizons (Table 3.1). The organieday almost completely covered by
ground vegetation, mainly Deschampsia flexuosa @ng Callamagrostis villosa

(Chaix). Soil properties are described by Schutza.e(2009). In short, organic C con-
tent of the soil decreases with increasing demfd6.6% C in the Oi horizon to 1.3%
C in the Bv horizon. The soil stores 3.8 kg Gimthe organic layer and 11.4 kg C’m

in the mineral soil down to 62 cm depth (Table 3.1)

Table3.1 Thickness of soil horizons, bulk density (BD), angaC content, organic C stock
and radiocarbon signatura{C) of a Podzol at the Fichtelgebirge after Schelzal. (2009).
Error bars represent the standard deviation ofrthan (n=9A'C n=3).

Thickness BD C Cstock A'C
Horizon
[cm] [g cm¥] [%] [kg Cmi?  [%]
oi 2.1 0.07 45.8 0.7 114
(0.1) (0.00) (0.9) (0.1) (8)
O 2.2 0.15 42.1 1.4 162
(0.2) (0.02) (6.3) (0.9) (16)
- 4.9 0.25 21.2 2.0 119
(0.5) (0.03) (2.3) (0.6) (13)
EA 5.2 0.60 8.3 2.6 23
(0.8) (0.02) (0.9) (1.3) (68)
Bsh 5.3 0.75 6.0 2.4 -14
(0.6) (0.01) (0.4) (1.2) (13)
Bs 11.4 0.79 3.6 2.7 -63
(1.5) (0.02) (0.3) (1.2) (11)
By 30.5 1.17 1.4 4.4 -145

(3.0) (0.03)  (0.2) (1.9 (18)
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About one-third of trees were removed from the gtsite in 2007 after a partial dam-
age of trees by a storm event in January 2007.gExXoe threethroughfall samplers, the
soil and installations (see below) were not damdgethe hurricane. The three dam-
aged throughfall samplers were replaced and iestat similar locations about 1 week
after the hurricane. Aboveground litter input waswlarge (562 g if) due to this dis-
turbance. Afterwards, litter fall was reduced bhird from April to December 2007

(329 g n¥) compared to the respective period in 2006.

Sampling

Three plots each of 400%were established and equipped on an area of abbatat
the Coulissenhieb | site in the summer of 2005.otighfall and soil solutions were
sampled between January 2006 and January 2008udifedl was continuously col-
lected in 1 m height with three conical funnelsgepdiameter of 20.2 cm) per plot.
Each funnel was connected with a 5 | sampling flasét equipped with fine polyethy-
lene fibre to exclude litter input into throughfalblution. Funnels and sampling flasks
were replaced every second week. Throughfall smudf each 2-week sampling inter-
val was used for chemical analyses. Prior to chahaoalyses, throughfall solution
from all nine samplers was merged to one mixed &ampgr sampling period (i.e., 25
and 23 mixed samples in 2006 and 2007, respec}ivEiye amount of throughfall of all
sampling flasks was used for calculation of 4-wgekid annual fluxes of throughfall
volume and DOC.

Solution from the organic layer was collected betbes Oa horizon using three plate
lysimeters per plot. The plate lysimeter was maida plastic bowlwith a 50 Im pore-
size polyethylene membrane on top. Each plate Btgnmhad a surface area of 176.cm
that was connected to a vacuum pump. A suctionl0fkPa was applied for 1 min
every 5 min throughout the whole experimental meridolution of three plate lysime-
ters was continuously collected in one 2 | plaB#isk per plot that was stored in an un-
derground container. Water volume of each flask maasured biweekly and was used
for calculation of water fluxes. We cannot exclutiat water fluxes were underesti-
mated at few occasions when the 2 | flasks weledfibefore the 2-week sampling in-
terval. Total solution of the first 2-week samplingerval was stored in a climate
chamber at 5°C and then mixed with total solutibthe second 2-week sampling in-

terval for chemical analyses. Apart from this schesolutions were biweekly analyzed
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during the snowmelt in April 2006 and after the wdybt period in 2006. Four-weekly
DOC fluxes were calculated from water fluxes argpeetive DOC concentrations.
Three ceramic suction cups per plot were instabeldw the rooting zone at 90 cm
soil depth. These suction cups were operated anancous suction of -25 kPa. The
sampling procedure and sampling intervals for sollition from suction cups and plate
lysimeters were identical. Samples from three sactups per plot were merged to one
mixed sample using the same 2 | flasks. In Mardb82@roundwater from a well at 10
m depth and spring water were sampled at threesmota The well was located about
50 m east from the study site and the spring ah00tm west from the study site. All
water samples including throughfall and soil santwere filtered with prewashed 0.45

um cellulose-acetate filters and stored at 2°C whi@mical analysis.

Chemical analyses

DOC was determined by high temperature combustighsabsequent determination of
CO; (Elementar, high-TOC). Prior tHC analyses, volume-weighted subsamples of soil
solution were merged to 2-3 months samples per (plot 3) whereas volume-
weighted subsamples of throughfall were mergedn® @presentative sample of the
study site per quarter. TH&C signature of groundwater was determined at tHeges.
Radiocarbon signature of DOC was determined by laater mass spectrometry
(AMS). Subsamples (1 mg C) of freeze-dried DOC wexalized in 6 mm sealed
guartz tubes with 60 mg CuO and 1 cm silver wireZdn at 900°C. The resulting GO
was purified from water and noncondensable compauAfierwards, C@was reduced
to graphite using the zinc reduction method (Xwaket 2007). All preparations took
place at the Department of Soil Ecology at the ©rsity of Bayreuth. The graphite
targets were analyzed by the Keck-CCAMS facilitylbfiversity of California, Irvine
with a precision of 2—3%.. Radiocarbon data are essed aa’C (%o deviation from
the **C/**C ratio of oxalic acid standard in 1950). The samspilave been corrected for a
d**C value of -25%o to account for any mass dependantibnation effects (Stuiver and
Polach 1977). Tests of thermonuclear weapons betthee 1950s and the early 1960s
have almost doubled tH&C content (835%o) of the atmosphere (Levin et &85). The
atmospheri¢“C level has steadily decreased after a moratorinratmospheric testing
mainly due to combustion of fossil fuels. BoMf is still present in the atmosphere as
indicated by a\'“C signature of 47%o in 2007 (Levin et al., 2008)e#imospheric pre-
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bombAC level since the industrialization in 1750 as reas by tree-ring analyses
varied between 4.1 and -22.8%o (Stuiver et al., 1998

Biogenic and fossil DOC in throughfall

Throughfall may contain DOC from leaching of plaissues in the canopy (hereafter
‘biogenic DOC’) and DOC from deposition of soot amtther organic particles (hereaf-
ter ‘fossil DOC’). We assume a mean residence wing years for C in plant tissues
after photosynthetic fixation before it is releasedbiogenic DOC in throughfall. This
assumption is based on half live of Norway sprueedtes of about 3 years at our study
site (Schulze et al., 2009). Consequently, biog&@C had"“C signatures of 70%o in
2006 and of 64%. in 2007 equivalent to the averd@esignature of C@n the atmos-
phere at the Jungfraujoch, Switzerland, in 2003 20@# (Levin et al., 2008). Provided
that biogenic and fossil DOC have differéf@ signatures a two-pool mixing model can
be used to separate their portion to total DOC.

14 — 14 14
A Csample_ XA Cfos;sil + (1_ X) A Cbiogenic (3-1)

where A Ceampieis the measured DIEC signature of throughfall, x the portion of fossil
DOC in throughfall, B*Cessi is the DG*C of fossil fuel carbon depleted MC (-
1,000%0). We cannot exclude that the portion of birog DOC is overestimated at de-
position of soluble non-fossil organic particleswi’C signatures >-1,000%o.

Temperature and matric potential

Air temperature was hourly recorded at 2 m aboweigu. At each plot, soil tempera-
ture was automatically recorded in 30 min interdad$ow the Oa horizon and the Bv
horizon using one sensor per horizon. Volumetricewaontents 6 cm below the Oa
horizon were measured every 30 min with a timedamaflectometer (TDR probe) and
converted into matric potentials using a calibmatfanction for this specific horizon

(Zuber 2007). Soil matric potential in 90 cm minesail depth was simultaneously rec-

orded using self-constructed and calibrated tensiers.

Statistical analysis

Statistical analyses were performed using STATISVEO. Linear regressions were
made between DOC concentrations of throughfallsmildsolution and throughfall, soil
moisture and air temperature. Relationships wenthédu tested by the Spearman corre-

lation.
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3.3 Results

Throughfall and air temperature

DOC concentration in throughfall was 18.0 + 2.2 én 2006 with a maximum of 60
mg tin July (Fig. 1). In 2007, average DOC concentratid throughfall was smaller
by 11.5 + 1.8 mgt. As the year 2006 had much less precipitation (@68throughfall)
than 2007 (1,152 mm throughfall) (Fig. 2a), anfid@IC fluxes were almost identical in
2006 (129.5 kg C haa?) and 2007 (132.5 kg C tha) (Fig. 3.2b).

Mean annual air temperature was similar in 2006°@) and in 2007 (7.5°C), how-
ever, the seasonal pattern of air temperature Vaseht between the years (Fig. 3.2a).
Mean winter air temperature was considerably lomeR005/2006 (-3.8°C) than in
2006/2007 (1.2°C) whereas the summer of 2006 wasnera(14.1°C) compared to
2007 (12.6°C). DOC concentration in throughfall diok correlate with the amount of
throughfall or air temperature (not shown).
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Figure 3.1 Concentrations of DOC in throughfall from biweeklgmpling intervals during 2006
and 2007.

DOYC signatures of throughfall varied between -52 4héh throughout the study pe-
riod (Fig. 3.2c), indicating a strong variationtire origin of DOC. Negativa®'C signa-

tures occurred only during the dormant season f@utober to March and for the pe-
riod from October to December 2006, representiregdbminance of pre-bomb C in
throughfall DOC. In contrast, throughfall DOC cantd bomb C during growing sea-

sons. Based on Eqg. 3.1, the portion of fossil D@@roughfall varied between 2 and
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Figure 3.2 (a) Daily means of air temperature and throughfalume, (b) four-weekly DOC
fluxes, (c) mean quarterly radiocarbon signaturel @) quarterly proportion of biogenic and
fossil DOC in throughfall during 2006 and 2007. Tdwtted line indicates th¥éC signature of
atmospheric C@at the Jungfraujoch (Levin et al., 2008). n.d ot aeetermined.
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11% (Fig. 3.2d). Largest fluxes of fossil DOC weomsequently found for the quarters
from October to December 2007 (4.3 kg C'hdrom January to March in 2006 (2.3 kg
C ha') and 2007 (3.0 kg C Ha On a 2-year average, throughfall DOC comprised
about 124 kg biogenic C Ha'and 7 kg fossil C higa’. The concentration of DOC had

no clear influence on it8*'C signature (Figs. 3.1, 3.2c).

Oahorizon

Soil temperature exhibited a strong seasonal patteéh lowest values during soil frost
in the cold winterof 2005/2006. Mean annual samperatures were 6.5°C in 2006 and
7.4°C in 2007 (Fig. 3.3a). The matric potentiathe O horizon varied between -22 and
-310 kPa throughout the study period, except duainigy period between June and Oc-
tober 2006 where it decreased to a minimum of 2}8¥a in early August (Fig. 3.3a).

Mean concentrations of DOC below the organic 1498:4—79.8 mg1) were above
those of throughfall concentration (Figs. 3.2b,b3.3n the cold winter of 2006, DOC
concentration decreased from 50-57 idol a minimum of 28 mgin April after
melting of about 40-50 cm snow cover. In the dmpser of 2006, mean DOC concen-
tration increased and peaked at 80 mig IAugust 2006, but then decreased during au-
tumn and winter to a minimum in March 2007 (32 rity IA similar seasonality was
visible in 2007 although matric potential exhibited seasonal trend (Fig. 3.2a). A
weak correlation was found between DOC concentraditd soil temperature (y = 1.8x
+ 44, £= 0.43, p=0.001) (not shown).

Annual DOC flux was greater in 2006 (455 kg'h#han in 2007 (322 kg Ha de-
spite smaller throughfall volume in 2006 (Figs.c3.3.2a). The DOC flux peaked in
April 2006 after the snowmelt when the soil was exataturated. Small DOC fluxes
occurred during the drought periods in July 2008 april/May 2007 and during the
frost period in December 2007/January 2008.

With one exception, positive D€L signatures indicate bomb C in the range from 15
to 103%o (Fig. 3.3d). The only mean negative ‘f®signature (-8%) occurred in the
late summer/early autumn of 2006 after rewettingrgfsoil. Prior to this minimum, the
second lowest DEC signature (15%0) was found in the dry and warniqgokfrom July
to September 2006. In the wet year 2007, thé’D@ignatures were consistently higher
compared to 2006 and partly above @ signature of atmospheric Gandicating the
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release younger DOC in 2007 than in 2008. Again*DGignature was not correlated

with DOC concentration.
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Figure 3.3 (a) Daily means of soil temperature and matrieptél, (b) four-weekly mean DOC
concentrations, (c) four-weekly means DOC fluxesl &) mean bimonthly radiocarbon signa-
tures of DOC in the soil solution beneath the Odzba during 2006 and 2007. The dotted line
indicates the“C signature of atmospheric @t the Jungfraujoch (Levin et al., 2008). Error
bars represent the standard error of the mear8jn =
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Water samplesfrom 90 cm soil depth, well and spring

Because of the snow cover in the cold winter of32P006 soil temperature reached its
minimum of 1.5°C in early April 2006 shortly aftsnowmelt (Fig. 3.4a). In the mild
winter of 2006/2007, minimum soil temperature &°Z occurred in February of 2007.
Mean annual soil temperatures were 6.4°C in 20@b67a4°C in 2007. Soil matric po-
tential in 90 cm depth ranged between 6 and -20afiawas not significantly reduced
during the dry summer of 2006.

Mean DOC concentration (3.0 + 0.1 m}) Was generally small and showed little
variation among the three plots (Fig. 3.4b). NatadbOC concentrations were measured
in August 2006 after rewetting of dry soil. Thisgilar peak coincided with the maxi-
mum DOC concentration in the solution from the omigdayer. The enhanced spatial
variation is attributed to the large DOC conceitra{20.2—41.6 mg1) of one plot. No
correlations were found between DOC concentratin@0 cm soil with soil tempera-
ture, matric potential and amount of throughfadt(shown).

DOCin 90 cm depth consisted of much olderCwfth signatures ranging between -
127 and 12%. with no clear seasonal trend (Fig.)3Rasitive*‘C signatures were ana-
lyzed at two periods from May and July 2006 ananfrBeptember to December 2007,
pointing to the presence of bomb C below the rgptione. Consistent with solution
from the organic layer, lowest D@Tsignatures were detected after the dry and warm
summer of 2006. However, the lowest value occulagg in the last quarter of 2006.
DOMC signature from one plot (-277%0) was mainly resglole for this minimum val-
ue and the pronounced spatial variability in 20DGe other two plots had DOC signa-
tures between -53%. and -21%. from July to Decemb@62Both, spatial and seasonal
variability of DO"C signatures were much smaller in 2007.'f@signatures were
positively correlated with In-transformed DOCcontcations (y = 86.4 In(x) - 136;+
0.29, p = 0.009) in 90 cm soil depth (not showmdlicating that the portion of ‘younger
C’ increased with DOC concentration.

Groundwater at 10 m depth had a mean DOC conciemtrait 0.79 + 0.03 mgiand
a mean’C signature of -133 + 34%. (data not shown). Théediihce between the mean
DOYC signature of groundwater and soil solution ac80(-41%. from 2006 to 2007,

Fig. 3.4c) indicate either input of older DOC frather sources than soil solution or
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Figure 3.4 (a) Daily means of soil temperature and matriecpoal, (b) four-weekly means of
DOC concentrations, and (c) bimonthly means ofaealibon signatures of DOC in the solution
from the mineral soil at 90 cm depth during 2008 2007. The dotted line indicates tHe
signature of atmospheric G@t the Jungfraujoch (Levin et al., 2008). Errorsb@epresent the
standard error of the mean (n = 3).

preferential decay/sorption of younger soil solat@OC along the pathway below 90
cm. The relevanceof DOC decay/sorption during artation is supported by the dif-
ference in DOC concentration between groundwat&9(& 0.03 mg1) and soil solu-
tion (3.0 + 0.1 mg¥).

Spring water had a similar DOC concentration 050:80.09 mg tto groundwater
(data not shown). The me#iC signature of -226 + 52%. indicates that DOC resiide

some thousands years in the soil-groundwater sylsédare it is released by the spring.
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3.4. Discussion
DOC in throughfall
Our results suggest that the seasonal pattern & Bdncentration in throughfall is not
controlled by air temperature or the amount of digtdall. Both, low and high DOC
concentrations may occur after periods of lighheavy rainfall. The difference in mean
annualDOCconcentration between 2006 and 2007 caattbluted to the removal of
one-third of all trees after the hurricane in Japu2007. Canopy coverage is a main
factor of concentrations and fluxes of DOC in tigbiall. Clarke et al., (2007) found a
decrease of DOC concentrations and fluxes withedestng litterfall as a proxy for ca-
nopy coverage along a chronosequence of Norwaysmtands. Despite consistently
lower DOC concentrations in 2007, elevated throaljwater volume in 2007 resulted
in annual DOC fluxes being similar between the ge@he annual DOC flux of 133 kg
C ha'a'at our study site is on the upper range of throalfjfifixes (40-160 kg C Hea
Y reported for various temperate forests (Michakilal., 2001). The DOC flux at our
site was relatively large as conifers seem to sgleaore DOC than deciduous trees
under same climatic conditions (Borken et al., 2004

The radiocarbon signatures of DOC in thequarter of 2006 (-13%0) and 2007 (-
35%) as well as in the 4th quarter of 2007 (-52%play relatively old carbon that was
not alone released by the canopy. We assume tpasitien of DOC from combustion
of fossil fuels altered the radiocarbon signatr®OC in winter throughfall. Accord-
ing to the mass balance approach, between 5 anddt1%# and 4.3 kg C hhof
throughfall DOC originated from combustion of fddsels during the dormant seasons
in 2006 and 2007. The contribution of fossil fuelsassmaller in the 2nd to 3rd quarters,
although relevant for annual DOC fluxes. Our estenare likely biased because depo-
sition of C with a different“C signature as from the combustion of firewood rnigh
represent an additional and unaccounted sourceéd& i throughfall. Firewood is in-
creasingly used in Germany as an alternative ensoggce during recent years. Conse-
quently, the amount of biogenic DOC from the cano@s overestimated by the two
pool mixing model. The contribution of ‘firewood @) could be estimated by a three-
pool mixing model using the isotopic signhaturescahopy DOC’ and of soot particles

released by combustion of firewood.
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In samples of single rain events, fossil DOC ctwotied between 4 and 24%. to total
DOC based on &°C signature of contemporary living material for ggmic DOC
(Avery et al., 2006). According to Avery et al. () the proximity of anthropogenic
combustion sources and the wind direction influetheecontent of fossil fuel DOC in
rainwater. The relative portion of fossil DOC is ahar in our quarterly throughfall
samples because of the input of biogenic DOC frbendanopy that was not reduced
after the hurricane in 2007. Total input of foddIDC, however, is likely greater in
throughfall than in rainwater due to dry and wepakation of organic particles and so-
lutes in the canopy. The change of the'fisignature in throughfall is possibly not
only affected by the input of fossil DOC via rairtes but also by the leaching of bio-
genic DOC with different’C signature. A seasonal shift in tHE signature could re-
sult from predominantly leaching of recently syrsised C during growing season and
enhanced leaching of older DOC during dormant seadowever, varying biogenic
DOC sources and D¢C signatures would have had limited influence am phrtition-
ing of DOC fluxes as fossil DOC is depleted'f&. For example, the portion of fossil
DOC would be less than 27% as long as biogenic D@E™C signatures <300%o.
Based on thé“C signature of atmospheric Gbiogenic DO*C signatures of 300—
1,000%0 could only occur if DOC is released fromnplassues that were synthesized
between 1962 and 1980 (Levin et al., 1985).

The fate of infiltrating fossil DOC in the soil remms unknown. Despite its age it is
not necessarily recalcitrant or accumulates insthié However, even small inputs of
fossil DOC could potentially affect théC signature of DOC in the organic layer or

mineral soil.

DOC below the Oa horizon

In agreement with other studies (e.g., Michalzild adatzner 1999; Solinger et al.,
2001; Dawson et al., 2002) DOC concentration belmvorganic layer exhibited a sea-
sonal pattern with maximum in summer/autumn andimum in early spring. DOC
concentration followed slightly the seasonal patiafr soil temperature, suggesting that
temperature has a small effect on the productioD@€C. Even soil moisture seems to
play a minor role in the control of DOC concentrati The seasonal pattern and level of
DOC concentration were similar in both years altffowater availability in the organic

layer was different during the growing season @&@and 2007. Release of DOC from



Table3.1 Thickness of soil horizons, bulk density (BD), angaC content, organic C stock and radiocarbonatignes 4'“C) of bulk soil
and density fractions (FPOM = free particulate aiganatter, OPOM = occluded organic matter, MAOMnineral associated organic
matter) of a Podzol at the Fichtelgebirge afterubshet al. (2009). Error bars represent the stahdaviation of the mean (n=9, n=3 for

radiocarbon analyses, n.d. = not determined).

) Thickness BD C C stock A14CBU||< A14C|:po[v| A14Copo|\/| A14CMAQ|\/|
Horizon
[cm] [g cm] [%0] [kg C m?] [%0]

Oi 2.1+0.1 0.07+0.00 458+0.9 0.7+£0.1 114 + n.d. n.d. n.d.
Oe 2.2+0.2 0.15+0.02 42.1+6.3 1.4+0.9 1685+ n.d. n.d. n.d.
Oa 49+0.5 0.25+£0.03 21.2%x23 2.0x0.6 1NB+ 128 + 22 49+ 21 13+ 34
EA 52x+0.8 0.60 £ 0.02 8.3x0.9 2613 238t 6 41+ 76 -8+54 -16 £ 30
Bsh 53+£0.6 0.75+0.01 6.0+£04 24+1.2 -143+ 4+ 27 -22 +22 -22+6
Bs 114+15 0.79%+0.02 3.6+0.3 2.7+1.2 -6B1+ -82 + 46 -138 £ 13 -50+11
Bv 305+3.0 1.17+0.03 1.4+0.2 44+1.9 -#488 -30 + 37 -140 + 39 -176 + 33

8.

pjueblo panjossip Jo solweuiq
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particulate soil organic matter by physicochempralcesses likely controls the concen-
tration of DOC at different water contents (Frobetcal., 2006). The amount of water
extractable DOC from the organic layer of our stwilg increased with increasing
amount of water (Schulze, unpublished data). Heweger flux is an important driver

of DOC fluxes from the organic layer into the malesoil. We assume that the hydro-
logical conditions after the snowmelt in 2006 digpa specific situation. The DOC flux

was much greater in 2006 than in 2007 althoughutjirtall volume was opposite in

these years.

The seasonal and interannual variation of'f@signature demonstrates that DOC
originated from different carbon pools. In the latenmer of 2006, the DEC signature
decreased to -8 + 30% after some rainfall eventtwis below the*’C signature of
bulk organic C in the Oa horizon (Table 3.1). Agydtal source with a considerable
effect on the D&'C signature of the organic layer is fossil DOC frémoughfall. Ac-
cording to a mass balance approach as given irBHg.fossil DOC input of 1% (is
equivalent to 3 kg C haa') would reduce thé*C signature of total DOC by -10%o.
However, the fate of fossil DOC in the soil is uolum and the D&C signatures of
throughfall and the Oa horizon were seasonally deleal.

Another source of DOC is old C associated with maheoil. Because of varying
thickness of the Oa and Ea horizon it was imposdiblseparate completely these hori-
zons at the installation of the lysimeter platese #ésume that DOC originated partly
from the EA horizon although the amount of the E#iron should have been small
compared to the amount of the organic layer. Degrisdictionation of the Oa horizon
revealed only a negativVEC signature for mineral associated OM in one oé¢hsoil
pits whereas lighter density fractions as well @&semal associated OM of the two other
pits had positivé“C signatures (Schulze et al., 2009). The portiof éf the mineral
associated fraction of the Oa horizon was small)(88mnpared to C in free particulate
(72%) and occluded OM (25%). Nevertheless, it settrasthis small fraction or very
old occluded organic matter contributed to DOC mlyrthe re-wetting period in the
summer of 2006. Disruption of soil aggregates audrying and wetting and add-on
desorption of DOC (Lundquist et al., 1999) from thaeral associated organic matter
might be the responsible mechanisms for the ocooeref the negative DEC signa-

ture. Isotopic fractionation by microbial decompimsi of ‘young’ organic matter or
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other processes would have enriched fi@& signature towards more positive values.
Carbon that was photosynthetically fixed during st 50 years has more positiie
values as presently fixed C because of the deofiféCO:in the atmosphere since ter-
minating atmospheric nuclear bomb tests. Radiocadignature of respired G@lso
provides in some cases evidence of enhanced ali&yland release of ‘old carbon’
during the natural summer drought in 2006 at oudtsite (Muhr and Borken 2009)
and following artificial re-wetting of a dry foresbil under laboratory conditions (Bor-
ken et al., 2006).

One would expect leaching of DOC from the wholeanig layer into the mineral
soil after some intensive rain events. Soil moestof the O horizon, however, was not
recovered during autumn 2006 despite of 345 mmbatween August and November.
Remoistening of the organic layer was incompletthiatsite, most likely due to hydro-
phobicity of organic matter and preferential floBo@ner, personal communication).
These transient changes of physicochemical sopesties have possibly contributed to
the leaching of ‘old DOC’ in 2006. Soil drought d¢dutrigger the mobiliza-
tion/desorption of old, i.e. protected organic matiecause of the new spatial orienta-
tion of organic molecules under hydrophobic coodis.

Constant soil moisture promotes microbial actidtyd C mineralization of younger
C pools (Christ and David 1996) and perhaps theasa of young DOC from live roots.
The improved conditions for microbial activity anobt turnover in 2007 may explain
the rather consistent D&C signatures (83—-103%) which were closer to*fi@signa-
ture of the bulk Oa horizon. Froberg et al. (20@8p found bomb C in DOC from or-
ganic horizons of a Norway spruce stand, wheré4Besignatures of DOC were small-
er than those of the respective bulk soil. Fresérlas well as Oi and Oe horizons con-
tribute a minor portion to DOC leached from the R@izon (Froberg et al., 2005;
2007b). Thus, the Oa horizon itself is the mainrsewf DOC beneath the Oa horizon.
Specifically, **C signatures of free particulate and occluded degaratter correspond
to the DG“C signatures in 2007.

DOC in 90 cm soil depth

The DOC concentrations in 90 cm soil depth weratnagdly small and constant
throughout the entire study period. In Podzols, D&6trongly adsorbed by Al and Fe
oxides/hydroxides and clay minerals which resuitéoiv DOC outputs (Kalbitz et al.,
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2000). An exceptional increase of DOC concentrati@as observed after a dry period
and some rain events in August 2006. This increasgd be an indication of rapid
movement of water and DOC from upper soil horizibmeugh the soil profile.

Like the Oa horizon, the DIUC signature in 90 cm depth decreased during the-gro
ing season of 2006, indicating the exposure of ‘DI®@C. However, in contrast to the
Oa horizon, this drought induced isotopic shift mainbe attributed to a specific soil
horizon. Besides the drought/rewetting period if@MO*“C signatures of -68 to 13%
suggest that different OM fractions of the Bv anertaying horizons could have acted
as potential source for DOC. Given the dynamicsDaGf*’C signatures the source
strength of specific soil horizons and OM fractimasied seasonally and inter-annually.
The intensity of summer drought is possibly a factinter-annual variations as flow
paths of soil water change with soil moisture. &meftial flow along roots and rock
surfaces has been identified as a relevant and tegnsport of soil water at our site
(Bogner et al., 2008). According to Bundt et alOq2) roots generate organic com-
pounds and thereby change the composition of D@Ggapreferential flow paths. Pro-
vided that these compounds had{@ signatures similar to fresh litter, roots migfiui-
ence the D&C signature in the Bv horizon. Microbial decompiositof dead roots is
possibly another source of ‘young’ DOC in the sulbso

The small concentration of groundwater DOC indisateat the soil below 90 cm
depth is an effective net DOC sink. If tHE signature (-133%) of groundwater DOC is
consistent throughout the year and representativeéhis forest stand then there is a
substantial change of DOC composition during thespge from the subsoil to the well.
Microbial decay and sorption/desorption of DOC noagur down to the well since the

bedrock is partly weathered up to 30 m depth is &nea.

3.5 Conclusion

Combustion of fossil fuels contributed between 8 @Pfo to annual throughfall DOC,
but the fate of fossil DOC in the soil remains uokmn. The temporal variation of the
DO™C signature in soil solution beneath the Oa horiand at 90 cm depth points to
different sources within a year and between yd2@C beneath the organic layer origi-
nated mainly from the Oa horizon whereas DOC franoughfall, Oi and Oe horizon
was quickly decomposed and/or sorbed by the OadriDOC at 90 cm depth likely
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represented a mixture of DOC from the surroundioiy and overlaying soil horizons
including the Oa horizon. The seasonal and inteuahvariation of the DEC signa-
ture may be attributed to water movement and dowahwvansport of DOC along prefe-
rential flow paths. The shift in the D& signature beneath the Oa horizon and at 90
cm depth after the dry summer of 2006 providesexnad for desorption of very old C
following re-wetting of dry soil. Alternatively, ging preferential sorption or decay of
young DOC could also affect the BAQ signature in the deep mineral soil following
summer droughts. In conclusion, repeated measutsnoser longer time periods are
required when D&C is usedto calibrate soil C models. Sorption aedodption of
DOC with varying DOC signatures could alter thé&C signature of particulate organic

matter, and thus, challenge our understandinggdroc C turnover in forest soils.
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Summary

Forest soils are frequently subjected to dry-welesy; but little is known about the ef-
fects of repeated drying and wetting and wettirtgrisity on fluxes of Ni, NO; and
DOC. Here, undisturbed soil columns consisting @fanic horizons (O columns) and
organic horizons plus mineral soil M columns) from a mature Norway spruce stand
at the Fichtelgebirge; Germany, were repeatedlycdated and subsequently wetted by
applying different amounts of water (8, 20 and 5@ uiay") during the initial wetting
phase. The constantly moist controls were not datéd and received 4 mm dagur-

ing the entire wetting periods. Cumulative inorgaNifluxes of the control were 12.4 g
N m2 (O columns) and 11.4 g Nh(O+M columns) over 225 days. Repeated drying
and wetting reduced cumulative bfldnd NQfluxes of the O columns by 47- 60 and
76- 85%, respectively. Increasing WHO0.6- 1.1 g N i) and decreasing N@luxes
(7.6- 9.6 g N n7) indicate a reduction in net nitrification in ti&+M columns. The
negative effect of dry-wet cycles was attributeddduced net N mineralisation during
both the desiccation and wetting periods. The sailsjected to dry-wet cycles were
considerably drier at the final wetting period, gesting that hydrophobicity of soil
organic matter may persist for weeks or even morghsed on results from this study
and from the literature we hypothesise that N nah&ation is mostly constrained by
hydrophobicity in spruce forests during the growssgson. Wetting intensity did most-
ly not alter N and DOC concentrations and fluxegall DOC concentrations increased
by the treatment from 45 mg'lto 61- 77 mgT in the O tisbba columns and from 12
mg ! to 21- 25 mg T in the O+ M columns. Spectroscopic properties of DOC from
the O columns markedly differed within each wettpeyiod, pointing to enhanced re-
lease of rather easily decomposable substratdseimttial wetting phases and the re-
lease of more hardly decomposable substrates ifirtaewetting phases. Our results
suggest a small additional DOC input from orgarocizons to the mineral soil owing

to drying and wetting.

4.1. Introduction
Climate models have projected changes in the glaaéér cycle as a result of rising
surface temperature on the earth (IPPC 2001).dxeected that an increasing frequen-

cy of extreme weather periods attend the long-telimatic changes during this cen-
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tury. Extended summer droughts and periods of s&gmecipitation may have dramatic
implications not only for the vegetation but al&w biogeochemical processes and nu-
trient fluxes in soils. In the summer of 2003, aceptional heat wave and rain deficit
had a strong impact on plant productivity in manydpean regions. Ciais et al. (2005)
stressed that such extreme drought events coudsevorest ecosystems from carbon
sinks to net carbon sources because of strongectieds in gross primary productivity
than in ecosystem respiration. Under less extreomglitons, many plants have a li-
mited ability to sustain their metabolism duringuight periods through water uptake
from groundwater or moist soil horizons while mesil microorganisms are directly
exposed to water stress in the top soil. A reducgdent availability and mineralisation
of soil organic matter due to water stress maymahy limit plant growth since pho-
tosynthetic carbon assimilation of plants is lemsstrained by drought (Kérner 2006).

In addition to the effect on vegetation, droughtyrtragger changes in microbial ac-
tivity, physical and chemical soil properties, whican be still effective in terms of mi-
neralisation of soil organic matter and leachingsés during the wetting period. The
death or inactivity of microorganisms due to waiess is one reason for low or inhi-
bited N mineralisation in soils during drought (Kiet al., 1987). Repeated drying may
severely reduce the size, activity or compositibmarobial community, and thus, the
N mineralisation and nitrate losses in sandy swith low nitrifier population (Fran-
Zluebbers et al., 1994). Another reason for low iNaralisation is the decreasing acces-
sibility of organic matter for microorganisms ataevater content through hydrophobic-
ity and encapsulation of soil organic matter andoggtion of hydrophobic substances
on mineral surfaces (Lutzow et al., 2006). Thesgsiglal effects may persist, particular
in organic soil horizons, for weeks or even moriti®wing wetting of dry soil. Water
repellent soils resist water infiltration into teeil matrix and can lead to the develop-
ment of irregular wetting and preferential flow Ipator runoff (Dekker and Ritsema
2000). In this context, little attention has beedpto wetting intensity, which is here
defined as the amount of added water per day. Bwhyy rainstorms and moderate
rainfalls occur after long drought periods and daafifect the hydrophobicity of soils as
well as the transport of dissolved compounds ihvgater.

Wetting of dry soil generally enhances the N mihsa#ion, but the extent varies

with soil properties, soil treatment, intensity dnelquency of drying and wetting. Sev-
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eral mechanisms have been discussed in order faiexpe mineralisation pulse fol-
lowing wetting. Increasing N mineralisation hasedtributed to the exposure of easi-
ly decomposable compounds from the death of miatabiganisms and fine roots, ag-
gregate disruption and desorption of surfaces (Rot1985; Denef et al., 2001; Kieft et
al., 1987; Van Gestel et al., 1993). Some micraosyas might be adapted to water
stress by production of intercellular solute sudistiwhich can be catabolised and pro-
duce a pulse of C and N at increasing soil moidiiireft et al., 1987).

This wetting pulse, however, might have been ovedran some studies, considering
periods of reduced N mineralisation rates duringa@tion. On the contrary, the wet-
ting pulse cannot always compensate for the reslugti N mineralisation during dry
conditions as reported for the F layer from a Dasadir stand (Pulleman and Tietema
1999). Comparisons of continuously moist soils veitils subjected to repeated dry/wet
cycles indicate elevated N mineralisation ratesigist soils (Franzluebbers et al., 1994;
Fierer and Schimel 2002). In forest stands, siredlaummer droughts and subsequent
wetting did even not release a B@ulse, suggesting that nitrification was not selyere
stimulated by wetting (Tietema et al., 1997). Hemmeperties and treatment of soil as
well as the experimental design including the ctods during drying and wetting and
the definition of a control may largely affect teealuation of such effects on N minera-
lisation.

Fluxes of dissolved organic carbon (DOC) are munhbler than the release of GO
from soils, but DOC or dissolved organic matter (@Qmay play an important role in
many biochemical soil processes and sequestrafimrganic carbon. Although soil
drought is a frequent phenomenon only few studiesagailable on the effects of dry-
ing and wetting on DOC fluxes and properties. Labmy incubations suggest an in-
creasing DOC production with increasing soil maist(Christ and David 1996). How-
ever, despite lower water fluxes annual DOC flugréased or remained almost con-
stant in the top soil of a Norway spruce foreskof@wing wetting of dry soil (Borken et
al., 1999). The origin and quality of the additibneleased DOC was unclear in the
study. Lundquist et al. (1999) suggested that asirgg DOC concentrations in two
agricultural soils subjected to drying and wettmgy be partly ascribed to the release
of organic substrates from roots. Hence, the reledsadditional organic substrates as

described above might not only affect the fluxe®6IC but also the quality of DOC.
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A growing number of laboratory studies on dryingl avetting of soils have been pub-
lished during past years, but many studies usdadrlied soil samples, no controls and
varying wetting intensities. Little is known abdbe effect of wetting intensity on soil
processes although heavy precipitation irreguladgurs in nature and could affect soil
processes and translocation of solute compoundsniite soil. The aim of this study
was to assess the effect of repeated desiccatidnddferent wetting intensities on
NH,", NOs, total N and DOC fluxes and properties of undiséar soil columns from a
mature Norway spruce forest. In addition to a peremdly moist control with 4 mm
day?, three different wetting intensities of 8, 20 &@ mm day" were established in
order to simulate moderate to extreme precipitateents following soil drought. Two
types of soil columns, consisting of organic hongqO columns) and organic plus
mineral soil horizons (@ M columns), were investigated to evaluate the efbéary—
wet cycles on organic layer and mineral soil.

We hypothesised that (1) repeated drying and wetgduce the NI, NOsand total
N fluxes, enhance the DOC fluxes and alter theityuaf DOC, and that (2) the Nf,
NOjs, total N and DOC fluxes decrease with increasirating intensity. We expect
lower inorganic N and DOC fluxes with increasingttivig intensity at same total

amount of added water because of hydrophobic ssfafter desiccation.

4.2. Methods

Undisturbed soil columns were sampled in a 135-gédiNorway spruce foresP(cea
abieg at the Fichtelgebirge (870 m a.s.l.) in GermaMigan annual precipitation is
about 1.160 mm and mean annual air temperature3tC5Foken 2003). The forest
floor is almost completely covered by ground vetieta mainlyDeschampsia flexuosa
(L.) Trin. andCalamagrostis villosgChaix.) J. F. Gmel. The soil has a sandy loam tex
ture and is classified as a Haplic Podsol accortbnipe FAO soil classification (IUSS
2006) with a moder of 6-10 cm thickness consistih@i, Oe and Oa horizons. Nine
soil pits each of 0.5 fwere quantitatively sampled by horizon for deteration of soil
properties at this study site (Table 4.1). The @ Bncontents of the soil decrease with
increasing depth from 18 to 0.4 % at -55 cm anchfo0% to <0.05 % at -55 cm, re-
spectively. The C/N ratio of 18 in the Oa horizaweell as high atmospheric N deposi-
tion rates of 27.9 kg N hha* and leaching losses of 15.5 kg N'ha * in 2004 (Calle-
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sen et al., 2007) indicate N saturation of thigs$vrsite. The pH (30) follows a rather
small vertical gradient from 4.0 in the Oa horizon4.5 in the Bv/Cv horizon. Large
amounts of exchangeable Ca and Mg concentratioms do the Bs horizon point to
relatively favourable growth conditions for the eggfion. The base saturation decreas-
es from 52 % in the Oa horizon to 12-16 % in tHessu as a result of lime application.
The stand, however, was not directly limed, buenesd unknown doses of dolomite
(CaMgCQ) in 1994 and 1999 when a helicopter frequentlyflaver this stand (and
lost thereby part of the loading) in order to lim#jacent forest stands. Carbonate was
analytically not detectable in samples of the toibfsom nine soil pits.

The soil columns were taken in April 2005 usingyaetylic cylinders with a diame-
ter of 17.1 cm and heights of 15 or 30 cm. Thenclgrs were carefully driven by hand
into the soil by gradually removing of the surroungdforest floor and mineral soil to
avoid physical disturbances of the soil structdngo variants, Oi, Oe and Oa horizons
(hereafter O columns) and organic plus mineral Isorizons including the Oi, Oe, Oa,
Ea, Bsh and Bs horizons (hereaftet @ columns) were used in this experiment. The
thickness of the O horizons ranged between 8 araridnd the thickness of the O plus
mineral soil horizons ranged between 17 and 23 Tdme. soil columns were stored at
5°C at field moisture over 1-2 weeks before th& fiirying/wetting cycle.

Both, the O and @ M columns were divided into four treatments, i.ecatrol and
three wetting intensities of 8, 20 and 50 mm, each four replications (Table 4.2).
Three drying/wetting cycles were performed on tieated columns, whereas the con-
trols were not desiccated and remained withougatron in a cooling chamber at 15°C
during the drying intervals. All other soil column®re intensively desiccated at tem-
peratures between 20 and 25°C by ventilation withaik from top and bottom over 42
days. After each drying phase all O andé K columns were placed on polyethylene
plates or ceramic plates, respectively, and wetenaérds stored in the cooling cham-
ber at 15°C some hours before wetting. The contrele wetted with 4 mm da¥/for
25 days, the 8 mm treatment with 8 mm ddgr 12.5 days, the 20 mm treatment with
20 mm day" for 5 days and the 50 mm treatment with 50 mmi téor 2 days during
the intensive wetting phase. Subsequently, irmgatontinued with a rate of 4 mm

day ™ for 2 weeks (post irrigation) in all treatment&ieTsoil columns of the 8, 20 and



Table 4.1: Mean chemical properties of soil profiles in therNay spruce stand at the Fichtelgebirge (n=9).

Horizon Depth pH C N CIN Cca& Mg* Na° K" A®* H" CECy BS
(cm) cHO CaCh — (%) — (myga) (%)

Oa 5 40 33 182 1.0 177 944 76 14 34 741 16206 52
Ah 5 43 34 74 04 192 609 36 1.0 19 669 .515 152 44
Bsh 12 43 34 55 03 197 709 23 11 13 9783 190 40
Bs 18 46 37 34 02 205 301 11 09 1.0 87.8.0 3 126 26
Bv 55 46 41 13 01 123 37 02 11 1.0 413 6 0. 48 12
Bv/C <-55 45 40 04 <005 83 27 02 30 11 .335 05 43 16

v6

[10S fgaa ul Bumeamal/bullip pareaday
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50 mm treatments remained for 33 days in the cgalmamber and were then repeated-
ly desiccated for 42 days. All soil columns receiid6 mm during each drying/wetting

cycle adding in total 468 mm over 225 days.

Table 4.2 Experimental design of each drying/wetting cyclenfor the control, 8mm, 20mm
and 50mm treatments with different rewetting intées.

Paramete control  8mm 20mml 50mm
Number of drying days 0 42 42 42
Intensive wetting (mm dayy 4 8 20 50
Number of intensive wetting days 25 12.5 5 2
Post irrigation (mm day$) 4 4 4 4
Number of post irrigation days 14 14 14 14
Added water per cycle (mm) 156 156 156 156
Number of wetting days per cycle 39 26.5 19 16

The irrigation solution was similar to the longrfteaverage of throughfall in the Nor-
way spruce stand at the Fichtelgebirge (Matznealet2004). We applied artificial
throughfall with the following components (mg)t Na“ 0.69, K 2.8, C&" 1.4, Md¢"
0.2, NH*- N 1.4, NQ- N 1.4, SQ*-S 2.3, PG"-P 0.06, Cl1.4 and a pH of 4.4. The
water was applied in 2 mm portions to the soil atefusing a fine nozzle during the
intensive wetting and post irrigation phase. A tiegapressure of -450 mbar was ap-
plied for 5 s every hour to the polyethylene platesollect soil solution from the O
columns. A constant negative pressure of -400 miagrapplied to the ceramic plates to
collect soil solution from the ®M columns. In the first dry-wet cycle, two perc@st
were analysed after 50 and 100 mm wetting anddaung the post-irrigation phase. In
the second and third cycle, two percolates weréysed after 50 and 100 mm wetting
and two during the post-irrigation phase. The peates were completely collected and
comprise therefore the mean concentration of eaatpbng interval, which were de-
fined by the irrigation rate.

The percolates were stored at 2°C and measurgiHfand electric conductivity. Af-
ter filtering within 5 days using cellulose—acethliers <0,45 um (Schleicher and
Schuell) at a negative pressure of —450 mbar, ¢negtates were analysed for dissolved
organic carbon (DOC), total nitrogen (tN), ammoni(iH,;"-N) and nitrate (N@-N).
DOC and tN were determined by high temperatureyaeal(Elementar, high-TOC),
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NH,;" by flow injection analyser (MLE, FIA-LAB) and N{by an ion chromatograph
(DIONEX, DX500 Chromatography system). Concentratd dissolved organic nitro-
gen (DON) was calculated as the difference betvieth N and inorganic N. The flux-
es were calculated by multiplying the concentratb®OC, NH,"-N, NOs-N and tN in
the percolates with the measured water flux of eattmns.

The aromaticity and complexity of DOC from the Qurons was estimated by spe-
cific UV absorbance at 280 nm (UVIKON 930, BIOTEKstruments; (Chin et al.,
1994)). Further, emission fluorescence (SFM25, EH®TInstruments) was measured
to calculate the humification indices of DOC (Zsjret al., 1999).

All soil columns were finally separated into orgamA and B horizons for determi-
nation of gravimetric water content, water holdaapacity (WHC), organic C and total
N content. Subsamples of 50— 100 g were oven aiie®D°C (organic horizons) and
105°C (mineral horizons) over 48 hours to estinfatal gravimetric water contents.
Weighing of the soil columns during the experimalibwed to estimate the temporal
course of total water contents during the dryind aetting phases. Samples of the or-
ganic, A and B horizons were homogenised, sievedr(9, dried (40°C) and ground to
analyse organic C and total N contents using a €EM®ental analyser (Vario EL, ele-
mentar). The average C and N amounts were 5.5 kg°Gnd 0.3 kg N it in the O
columns and 10.6 kg C thand 0.5 kg N i in the O+M columns. C and N amounts
were not significantly different among the treatitsen

Data were analysed using STATISTICA 6.0. Differende NH;", NOs, tN and
DOC concentrations between the treatments (cor8;020 and 50 mm) were tested
using the non-parametric Kruskal-Wallis test beeanisthe skewed distribution of the
data. When the Kruskal-Wallis Test was significaht.=0.05, the Mann-Whitney U
Test was used as a post hoc test to compare ghadhbal differences between two
treatments. According to the Bonferroni-Hochberghud, a procedure for adjustment
of multiple independence significance tests, tigaificance level of the Mann-Whitney
U Test was compared and corrected witk, a/k-1 to o/k-5, where k is the number of
pairs (k=6) for each parameter. The lowest P value of tharM&hitney U Test was
adjusted by the lowest adjusted significance Iéu&) and the second lowest P value

was compared with the second lowest significaneel l@/k-1). The Tukey HSD test
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was performed to detect differences in cumulativ@@ tN, NH,'and NQ-fluxes

(normal distribution) among the treatments, forheeycle and the sum of all cycles.

4.3. Results

Gravimetric water contents

The gravimetric water contents of the controls wetatively constant in the O columns
(Fig. 4.1a) with 1.7 gd and in the G- M columns (Fig. 4.1b) with 0.8 g §throughout
the experiment as exemplarily shown for the thirg—det cycle. Based on day 0, the
drought treatment reduced the gravimetric watetergnn the O columns from about
1.1t0 0.1 g g and in the G-M columns from about 0.7 to 0.2 §*gindicating that the
mineral soil was moderately dry whereas the O lboszwere extremely dry. Wetting
increased the gravimetric water content of all soits, however, the moisture level of
the control columns was not reached in the treatsngespite the large amount of added
water (156 mm). On average, the final gravimetratexr contents of the 8, 20 and 50
mm treatments were about 50 and 30% lower thartanéols, respectively. In other
words, the WHC was severely reduced by the drotrghtments by 17- 33 % in the O
columns and by 30- 40 % in thet® columns (Table 4.3).

Concentrations of NH;"-N and NOs™- N in soil solution
NH," concentrations continuously increased from 2- 4Nmig* to 7- 12 mg N T in all
treatments of the O columns during the first c\ligy. 4.2). A significant, on average
higher NH;" concentration of 15 mg N'i (p <0.05) was observed in the control during
the second and third cycle whereas the 8, 20 anthrOreatments showed relatively
low concentrations of 6- 8 mg N'l

The O+M columns showed an opposite pattern than O colutinreighout the 3
cycles (Fig. 4.3). The mean NHoncentration of 0.1 mg N*lwas significantly lower
(p<0.05) in the control compared to the 8, 20 and B0 teatments (1.5- 2.0 mg N
during the first cycle. In the second and thirdley®NH," concentrations gradually in-
creased in the 8, 20 and 50 mm treatments, buingetitensity had only a significant
effect in the second cycle. Similarly, mean Nebncentrations of the control increased
in the second cycle (0.3 mg N) and third cycle (1.6 mg N').
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Figure 4.1 Temporal course of the mean gravimetric water auatduring the third drying and
wetting cycle of a O and b O+M columns. Error biaxdicate the standard error of the mean
(n=4).

In the control of the O columns, mean N@oncentrations markedly increased during
the first cycle and remained on a high level (2@-n8g N ') during the second and
third cycle (Fig. 4.2). Drying affected the N@oncentrations in the 8, 20 and 50 mm
treatments of both the O and +M columns (Figs. 4.2 and 4.3). Mean NO
concentrations of the O columns moderately incrbd@sen about 3 mg Nt (cycle 1)

to 4.5-6.0 mg N (cycle 2) and 4.1-7.0 mg N*I(cycle 3). NQ concentrations of the
treatments increased with each drying/wetting cyolé¢he O+ M columns and were
generally higher than in the O columns. Wettingemsity had little effect on NO
concentrations; only the 8 mm treatment of the ND columns (Fig. 4.3) had signifi-
cantly higher concentrations than the 20 mm (cy&land 3) and 50 mm treatment
(cycle 3).



Table 4.3 Mean net fluxes of DOC, DON, N NO;, total N, cumulative water fluxes and mean watgdimg capacity (WHC)
following three drying/wetting cycles of the O a@¢M columns. Potential net fluxes of the minerél @d) were calculated from
the differences between O and O+M columns. Negditives indicate a net sink of the mineral soil.thifi different rewetting in-
tensities, fluxes sharing the same letters araigatficantly different ati= 0.05.

Parameter O columns O+M columns (M)

control 8mm 20mm 50mm control 8mm 20mm 50mm control 8mm 20mm 50mm

YCO, (g C n?) 101 94 98 95 151 117 110 112 50 23 12 17
DOC (g C n?) 18.6° 23.9° 20.7% 25.9° 4.9° 7.6° 6.3% 6.7° -13.7° -16.37 -14.4° -19.2°
DON (g N m?) 04% 03° 0.3° 04° 01* 02° 01° 0.2 -03° -01° -02° -0.3°

Ammonium (gN rif) 4.9° 26° 20° 20° 02*® 13 10" 08" -47® 13> -10° -12°
Nitrate (g N n) 75° 18" 11" 12 112® 36" 18° 24° 37® 18" o7 12°
Total N (g N n?¥) 12.7° 4.8° 37° 38" 120° 52° 3.0° 34° -07° 04° -06° -04°

Total water flux (mm) 411 365 353 365 415 298 304 304

Y Cumulative CQ fluxes during the three wetting cycles were predidby J. Muhr (personal communication)

66

¥ Jlaideyd
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Fluxes of NH,", NO3 and total N

Except for NH" fluxes in the G- M columns, the highest net fluxes of lH NOsand
total N were observed in both the O and K columns of the control and increased
with each cycle (Fig. 4.4). The €M columns of the 8, 20 and 50 mm treatments had
significantly higher NH' fluxes (p<0.05) in the first and second cycle than the contro
The difference was not significant in the third leybecause the Nfiflux strongly in-
creased in the control. Overall, the net lfixes of the 8, 20 and 50 mm treatments
were reduced by 47-60% in the O columns, but wee @ times higher in the ®M
columns respective to the control (Table 4.3).

Under control conditions, the O and+®™ columns released large amounts of ;NO
while the net fluxes were significantly reduced®¢ 85% in the O columns and by 68-
84% in the O-M columns following drying and wetting. Moreovehet NGy fluxes in
the 8, 20 and 50 mm treatments of the O columng wealler (1.1- 1.8 g N 1) than
the NH," fluxes (2.0- 2.6 g N if). Total N fluxes were dominated by NHand NQ’
fluxes whereas dissolved organic nitrogen (DON) wolkess importance (0.2- 0.4 g N

m2) and not affected by the treatments.

Concentrations and fluxes of DOC in soil solution

In the first cycle, DOC concentration of the O aohs significantly increaseg € 0.05)

in the 8 and 50 mm treatment whereas the 20 mrtntezd was not significantly differ-
ent to the control (Fig. 4.2). Mean DOC concentrai of the 8 and 50 mm treatment
were 48 and 60% higher than the control (63 Mg A general decline was observed in
the second cycle with mean DOC concentration ofé&3mg I'* in the 8, 20 and 50 mm
treatments and 44 mg‘lin the control, but the differences were insigdfit. In the
third cycle, mean DOC concentrations further deswdan all treatments, except the 50
mm treatment, which had a similar concentratiomase second cycle. All treatments
were significantly different in the order: 50 mmi (g ™) >20 mm (49 mgT)>8 mm
(43 mg ') > control (27 mg 1.

Drying and wetting had a similar effect on DOC camications in the @M col-
umns as observed for the O columns (Fig. 4.3).8/H0 and 50 mm treatments had 60
to 90% higher DOC concentrations §0.05) than the control during the first cycle, but
wetting intensity had no effect on DOC concentrraioln contrast to the O columns,

mean DOC concentrations of all treatments graduatiyeased during the second and
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third cycle. However, the increase was strongehen8, 20 and 50 mm treatments than
in the control.

Neither drying and wetting nor the wetting intepdiad an effect on DOC fluxes in
the O and G M columns throughout the three cycles, excepttier30 mm treatment
of the O columns which had 52 to 124 % higher DQRés than the other treatments
in the third cycle (Fig. 4.4). Despite higher DOGtyut rates in the 8, 20 and 50 mm
treatments and smaller water fluxes than in therobrthe fluxes were not statistically

different because of large variation of DOC fluxgthin the treatments (Table 4.3).
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Figure 4.2 Mean concentrations of dissolved organic carbon@R®H," and NQ' in the soil
solution of the O columns during three drying/wegtcycles. Error bars indicate the standard
error of the mean (n=4).
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Spectroscopic properties of DOC

Specific UV absorbance of DOC from the O colummmigicantly decreased from 0.42
(control) to about 0.31 in the 8, 20 and 50 mmttreats after initial wetting in the first
cycle (Fig. 4.5). To the end of the first postgaiion a strong increase in specific UV
absorbance indicates substantial changes in theagi@ty and complexity of DOC.
Similar patterns were observed in the second aind tlycle, but the initial differences
to the control were smaller as compared with the iycle. Wetting intensity affected
the initial specific UV absorbance of the 8 mm (st and third cycle) and 20 mm
treatments (third cycle) while the 50 mm treatnremhained constant throughout three
cycles.

The initial and final humification index coincidedth the specific UV absorbance in
the first and second cycle. The largest differencdgle humification index between the
control and the other treatments were found inttivel cycle, indicating an increasing
mobilisation of humified substrates by repeatedrdyyand wetting. Overall, spectros-
copic analysis revealed an enhanced release dy easiilable substrates immediately
after wetting and an increasing release of lessrdposable compounds during the wet-

ting periods.

4.4. Discussion
Concentrations and fluxes of inorganic N
Net N mineralisation was strongly reduced by repearying and wetting in the O and
O+M columns. We have probably underestimated theefiett on net N mineralisa-
tion because the columns were dried 5- 10°C ablogaricubation temperature of the
controls (15°C). The reductions in net N minerdi@ma occurred in the O horizons
while the total N fluxes (Table 4.3) suggest thmeg mineral soil per se was not affected
by the treatments. It is likely that the drying/tireg effect was weaker in the mineral
soil than in the O horizons because of incomplattiaRhomogeneous desiccation of the
mineral soil. A stronger desiccation of the minesail could have reduced nitrification
whereas ammonification is almost completely locatetthe organic layer.

In agreement with our study, periodic drying andting reduced cumulative N mi-
neralisation of plant material (Franzluebbers gt194) and an agricultural soil (Mik-
ha et al., 2005). A flush or even an unchangedselof NH" or NO; relative to the



Chapter 4 103

control was not observed during the wetting periadsis described in other studies
(e.g., Cabrera 1993; Miller et al., 2005; Senewigaand Wild 1985; Van Gestel et al.,
1993). The reduction in N mineralisation cannotelgplained by gaseous N losses via
nitrification and denitrification because N@nd NO fluxes also declined as a result of
drying and wetting in our experiment (J. Muhr ef 2008). We attribute the differences
in N concentrations and fluxes between the contrald treatments not only to drying

and wetting effects but also to the optimised nuwéstonditions in the controls. A low-

er water content could have reduced the N minexadis rate in the controls, and thus,

the net effect of drying and wetting.
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Figure 4.3 Mean concentrations of DOC, NHand NQ' in the soil solution of the O+M col-
umns during three drying/wetting cycles. Error bardicate the standard error of the mean
(n=4).
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We discuss first the results of the O columns dtehwaards the G M columns because
(1) organic and mineral soil horizons respondetecghtly to drying and wetting and
(2) leaching losses of the O horizons affected eotrations and fluxes of the mineral
soil. The continuous increase in NHoncentrations could be the result of increasing
ammonification, decreasing nitrification or immasdtion during the first wetting pe-
riod in all treatments of the O columns. A smallraomifier population at the beginning
of the experiment is likely since the soil colunwere taken in early spring. It is well
known that ammonification is largely controlled teynperature during growing seasons
(Koerselmann et al., 1993).

The rather small differences in IiyHtoncentrations between the control versus the 8,
20 and 50 mm treatments suggest a small droughttediuring the first cycle. It is in-
teresting that the Nf concentrations remained relatively unchanged duthiegsecond
and third cycle whereas the control reached a higbiecentration level. These elevated
NH,;" concentrations may have been a result of both maintj growth of the ammonifi-
er population and accumulation of bHluring the second desiccation period mean-
while the control was constantly moist and nogaited. Under moist conditions, gross
N mineralisation, i.e. ammonification, is positiyalorrelated with C mineralisation in
forest soils (Hart et al., 1994). Cumulative £dxes of the O columns comprising the
three wetting cycles were statistically not difigréetween the treatments and the con-
trol (Table 4.3). Provided that gross N mineral@atand C mineralisation also coin-
cided during the wetting periods in the 8, 20 a®dnim treatments, the decrease in
NH4" fluxes could be attributed to increased microbi&,;Nimmobilisation in the O
horizons rather than to increasing gross nitrifaat In contrast, decreasing N@on-
centrations and fluxes suggest a decrease in grsggcation, considering that micro-
bial NOs” immobilisation was not observed in coniferous fofesor material (Tietema
1992).

We assume that reduced water availability durireggviletting periods diminished the
net N mineralisation in the O horizons. The meavignetric water content of the con-
trol (165 %) was not nearly reached at the endhefwetting periods due to hydropho-
bicity of soil organic matter. Tietema et al. (1998ported a linear increase in net N
mineralisation of coniferous litter with increasiggavimetric water content up to 140

%. If this relationship is transferable to our soNH,;" concentration should have in-
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creased in the 8, 20 and 50 mm treatments afteconweng the hydrophobicity. How-
ever, our results indicate that hydrophobicity ajamic horizons may persist for weeks

or even months after wetting.
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Figure 4.4 Leaching losses of DOC, NH NO; and total N of the O and O+M columns during
three drying/wetting cycles. Within each cycle xig sharing the same letter are not significant-
ly different ata= 0.05.

NOs concentrations in the O columns mainly followed fagtern in NH" concentra-
tions throughout the three cycles although theediifices in N@ concentrations were
much larger between the control and the other rtreats. Considering the reduced

NH," production, nitrification was apparently also dised by desiccation of the O
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horizon and reduced water availability becauser#ities of NQ to NH,;" were much
smaller in the 8, 20 and 50 mm treatments (0.6r @®ing the second and third cycle
as compared to the control (1.3 and 2.0). Nitrifara seems to be even more sensitive
to drought stress than ammonification (Smolandet.eR005; Tietema et al., 1992). An
explanation might be the slow growth rate of awolic nitrifiers while heterotrophic
organisms including heterotrophic nitrifiers maggend much faster to wetting.

In all treatments, high N concentrations and fluxes point to incomplete fidi
tion in the O horizons and to considerable Nidputs into the mineral soil. Although
large amounts of NH entered the mineral soil in the control, Nidoncentration were
extremely low in the percolates of thetr® columns during the first and second cycle.
Hence, NH" was almost completely removed by microbial immaihilion and nitrifica-
tion. The increase in NFiconcentration in soil solution during the third ypoint to a
reduced nitrification rate or to delayed growthamimonifiers. Ammonification plays
generally a minor role in mineral soils due to dnamhounts of easily decomposable
organic matter; however, clipped roots may hawghsly increased substrate availability
in the solls.

Both elevated Nif and reduced N@concentrations indicate disturbance of the ni-
trifier population in the mineral soil although paf the population survived repeated
desiccation. Constant ratios of Bi@ NH," concentrations suggest no increase in the
disturbance effect during the three cycles. Diffieess in NH' concentrations among
the wetting intensities are likely a result of didun because the concentrations de-
creased with increasing wetting intensity.

A precondition for elevated N mineralisation follmg drying and wetting is the
mobilisation of available organic N (Appel 1998heT availability of organic N was
obviously not enhanced in the O and-® columns provided that at least a part of
these organic N compounds are water-soluble. Flokaelissolved organic N (DON),
calculated from the difference between total anorganic N, were not significantly

altered by the treatments (Table 4.3).

Concentrations, fluxesand properties of DOC

Cumulative DOC fluxes of both the O and-® columns did not significantly increase
in the treatments (Fig. 4.4, Table 4.3), but beeaafsreduced water fluxes, DOC con-
centrations were mostly significant higher as comgdo the control. A similar result
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was reported by Borken et al. (1999) who foundneydase in annual DOC flux at 10
cm mineral soil depth due to a strong reductiomnnual water flux owing to drying
and wetting of a Norway spruce stand. One year, latevever, annual DOC flux sig-
nificantly increased by 29 % at only slightly reddowvater flux. Lundquist et al. (1999)
proposed several mechanisms for the increase in BICHD agricultural soil subjected
to frequent drying and wetting. Firstly, degradatad DOC declines because of reduced
microbial populations. Secondly, DOC productionr@gases as a result of enhanced
turnover of microbial biomass and condensation afrobial products. Thirdly, en-
hanced release of previously encapsulated orgaaitendue to disruption of soil struc-
ture. The latter mechanism would not explain theraase in DOC concentration in the
O horizons and contradicts the preferential sorptbDOC in many mineral soils. In-
creased disruption of the structure of particulgaaic matter and of microbial biomass
could explain the increase in DOC mobilisation um experiment.

In the first and second cycle, reduced specificalPgorbance and humification index
of DOC in the O columns give a hint that a largacfion of initially released DOC
originated from dead microbial biomass (Zsolnaglet1999). It is likely that microor-
ganisms mainly utilised this dead biomass durirgyithtial phase of wetting and that
only a small portion was released as DOC. Thisrapion is supported by slightly
increased Cfluxes following wetting of dry soils (Muhr et aR008). The preferential
consumption of dead biomass and other light commtsng@uring initial wetting would
explain the latter increase in specific UV absodeaand humification index of DOC. In
the third cycle, however, increased specific UVaabance and humification index in-
dicate a general reduction in dead microbial bi@resd other easily decomposable
compounds. Generally decreasing DOC concentratindsluxes suggest that this pool
was not fully renewed during repeated drying phasesit seems that stronger humi-
fied compounds dominated the composition of DOC.

The significant increase in DOC fluxes in the 50 mreatment of the O columns
during the third cycle remains unclear because DlOxes of all other treatments in-
cluding the control gradually declined from cyatectycle. We can only speculate that a
larger portion of DOC was consumed and not leaaghetthe control, 8 and 20 mm

treatments. The number of irrigation days was highethese treatments, suggesting
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improved moisture conditions for microbial consurmmptof DOC between the initial

wetting period and the post-irrigation period.
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Figure 5.5 Mean specific absorbance at 280nm and humificatidites of DOC in soil solu-
tion of differently treated O columns after 50mnd&a®8mm irrigation in three drying/wetting
cycles. Error bars indicate the standard errohefrhean (n=4).

4.5. Conclusion

Dry-wet cycles reduce net N mineralisation not ahlye to water stress during the dry-
ing phase, but also as a result of incomplete rst@oing during the wetting phase. Hy-
drophobicity of organic layers may reduce N minsedlon and N availability in many
temperate forests during growing seasons, whicldcaffiect the nutrition of trees. On
the other hand, dry-wet cycles could considerabtiuce leaching losses of N in N satu-
rated forests. It is still unclear whether the \atti or additionally the population of
ammonifiers and nitrifiers was severely affecteddbyught stress since the water con-
tent of the controls was never reached in the soilgected to drying and wetting. We
attribute the increase in DOC concentrations ndg tmmicrobial turnover but also to

physical-chemical processes following drying andtiwg. The switch in the release of
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relatively easily decomposable DOC during the ahitvetting phase to more hardly
decomposable DOC during the final wetting phas@esig a small pool of light C sub-
strates that becomes available in the spruce ®sasls following drying. In the long
run, even small increases in the mobilisation ofM@m O horizons might affect the
C storage of mineral soils in spruce forests, amrang the sorption capacity for DOC

in mineral soil horizons.
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Summary

Freezing and thawing may substantially influence ites of C and N cycling in soils
and soil frost was proposed to induce NI@sses with seepage from forest ecosystems.
Here we test the hypothesis that freezing/thawilggers N and dissolved organic mat-
ter release from a forest soil after thawing arett tw freezing temperatures enhance
the effect. Undisturbed soil columns were takemfi@ soil under a Norway spruce site
either comprising only O horizons or O horizons ienal soil horizons. The columns
were subjected to 3 cycles of freezing/thawingemgeratures of -3°C, -8°C, -13°C.
The control columns were kept at constant +5°Clokahg the frost events, the col-
umns were irrigated for 20 d at a rate of 4 mim Rlercolates were analyzed for total N,
mineral N and dissolved organic carbon (DOC). Toialtamount of mineral N ex-
tracted from the O horizons in the control amourt®8.6 g N nf during the experi-
mental period of 170 d. Frost reduced the amoumiokeral N leached from the soil
columns with -8°C and -13°C being most effectivetHese treatments only 3.1 and 4.0
g N m? were extracted from the O horizons. Net nitrificatwas more negatively af-
fected than net ammonification. Severe soil frosteased the release of DOC from the
O horizons, but the effect was only observed infitlsé freeze-thaw cycle. We found no
evidence for lysis of microorganisms after soilsttoOur experiment did not confirm
the hypothesis that soil frost increases N mineaéibbn after thawing. The total amount

of additionally released DOC was rather low intielato the expected annual fluxes.

5.1. Introduction

Freezing and thawing of soils is a common phenomeatohigher latitudes and in
mountainous regions, the frequency and intensitggodependent on regional climate
and the thickness of an insulating snow cover. Zngeand thawing may substantially
influence the rates of C and N cycling in soilreased soil emissions of gé@nd NO
after thawing of frozen soil are often reportedn(8Bochove et al., 2000; Koponen et al.,
2004; Ludwig et al., 2006). Reports on frost eech N mineralization and N solute
fluxes are contradicting. DelLuca et al. (1992) fandoubling of N net mineralization
in thawed arable soils, similar to the findingsHefrrmann and Witter (2002). In case of
forest soils, Neilsen et al. (2001) observed aneia®e of N mineralization in Oa layers

while N mineralization was unaffected in the Oe &nlorizons. Increased N minerali-
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zation as an effect of soil frost was also repoffiadan arctic soil by Grogan et al.
(2004) and for different alpine soils by Freppazlet(2007). In contrast, a number of
studies in forest or arctic soils reported N mifizedion to be unaffected or even lower
after soil frost (Groffman et al., 2001; Larserakt 2002; Schimel et al., 2004).

Freezing and thawing of soils might also induceldashing of N@ from the eco-
system. Mitchell et al. (1996) and Watmough e{2004) found soil frost to be a driver
of high N& concentrations in small streams. In a German Ngrsgauce site, N©
fluxes with seepage increased after an exceptisn#lfrost in the following year
(Callesen et al., 2007). An increase of soil solutN following soil frost was also sub-
stantial in other studies (Boutin and Robitaill@9%; Fitzhugh et al., 2001).

The freezing temperature should have an effecherCt and N turnover after thaw-
ing since the physical disruption of aggregatesukhincrease, while the amount of
remaining unfrozen water decreases (Edwards anss@rel992). Furthermore the mi-
crobial necromass might also increase with deangdseezing temperatures (Herrmann
and Witter, 2002) providing easily available suatdrafter thawing.

The availability of substrate for microorganismgghtilimit the effects of freezing
and thawing, if the latter occurs at higher frequyemhe observed effects of frost on C
and N mineralization were often highest in thetfingcles and decreased in later ones as
shown for arable soils by Herrmann and Witter (90&milar findings were reported
from tundra (Schimel and Clein, 1996) and forestss@Kurganova and Tipe, 2003;
Goldberg et al., in preparation).

Fluxes of dissolved organic carbon (DOC) with smlutions are generally much
smaller than the release of €@®om soils, but DOC plays an important role in man
soil processes and might be involved in the burst,® emissions observed after thaw-
ing (Sehy et al., 2004) as well as in the sequistraf soil organic carbon (Kalbitz and
Kaiser, submitted). While a large body of literation DOC has evolved in the past
years, effects of soil frost on DOC concentratiand fluxes have not been reported yet.

The objectives of this study were (1) to deternime effects of repeated freeze-thaw
events on NE, NOs, dissolved organic N (DON), and DOC concentratiand fluxes
in a forest soil and (2) to compare the effectslifferent frost temperatures. We hy-
pothesized that freezing/thawing (a) triggers N eratization and DOC release after

thawing and (b) that low freezing temperatures anbdhe effect.
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5.2. Methods

Undisturbed soil columns were taken in a 135 yMdiway spruceRicea abieyforest

at the Fichtelgebirge (770 m asl.) in Germany. Maanual precipitation is approx.
1160 mm and mean annual air temperature is 5.30Ketr; 2003). The soil has a sandy
to loamy texture and is classified as Haplic Podmalording to the FAO soil classifica-
tion (IUSS and WRB, 2006) with a well stratified rlike forest floor of 6-10 cm

thickness.

Table 5.1 Mean chemical properties of nine soil profileshie Norway spruce stand at the Fich-
telgebirge.

Depth pH C N  CIN CEGy BS

(cm) HO CaChb —(9kd)- (mmok kg %
Oa 5 40 33 182 103 177 197 54
EA 5 43 34 741 385 192 145 47
Bsh  -12 43 34 549 279 197 185 41
Bs  -18 46 37 340 166 205 124 27
Bv 55 46 41 127 103 123 48 12
Bv/C 45 40 403 048 83 43 16

CECG. = effective cation- exchange capacity ; BS = lszaration

For determination of soil properties, nine soikpt the site were sampled by horizon.
The C and N contents of the soil decrease witheasing depth from 18% in the Oa
horizon to 0.4% in the Bv horizon and from 1.0%d\<00.05% N, respectively (Table
5.1). The pH (HO) ranges from 4.0 in the Oa horizon to 4.5 inBléhorizon. The base
saturation decreases from 54% in the Oa horizob2td6% in the subsoil indicating
past lime applications to the surface during foreahagement.

The soil columns were taken in April 2005 usingyaetylic cylinders with a diame-
ter of 17.1 cm. The cylinders were carefully drivenhand into the soil by gradually
removing the surrounding forest floor and minel ® avoid physical disturbances of
the soil structure. Two types of soil columns, aneluding Oi, Oe and Oa horizons
(hereafter called O columns) and the other inclgdirganic horizons plus mineral soil

(Oi, Oe, Oa, EA, Bsh and Bs horizons, hereaftdedaD+M columns) were used in this
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experiment. In total 32 columns were taken andest@t 5°C for six weeks up to the
beginning of the experiment. The soil water conthiing the experiments was close to
field capacity, which is 39 vol % for the O horizand approx. 50 vol % for the mineral
soil.

The soil columns were subjected to four treatmezash with four replicates: frost at
-3°C, -8°C and -13°C and a control treatment kegtiqanently at +5°C. The soil col-
umns were frozen for 14 d in the freezer. Afteehiaeg, all columns were placed on
polyethylene plates or ceramic plates, respectivifier seven d of thawing at +5°C,
all columns were irrigated with 4 mm'dor 20 d. With this irrigation rate the water
filled pore space at field capacity was percolapdrox. 2 times (O columns) and once
(O+M columns) after each cycle. Percolates werepsainevery 4-5 d. In total, three
freeze-thaw cycles were performed. After irrigatenmd prior to the next freezing, the
columns were kept for 20 d at +5°C without furtlreigation and without collecting
percolates. The irrigation solution was similartihhe long-term average throughfall in
the Norway spruce stand at the Fichtelgebirge (Matzt al., 2004). A negative pres-
sure of -450 mbar was applied for 5 s every houh&opolyethylene plates to collect
soil solution from the O columns. A constant negagpressure of —400 mbar was ap-
plied to the ceramic plates to collect soil solntfmom the O+M columns.

After filtration within 5 d using cellulose-acetatitters <0.45um (Schleicher and
Schuell), the percolates were analysed for DO@J titrogen (tN), ammonium (Nf+
N) and nitrate (N@-N). Dissolved organic C and N were determined igy tempera-
ture combustion and subsequent determination gf&@ NQ (Elementar, high-TOC),
NH;" by flow injection analyzer (MLE, FIA-LAB) and N by an ion chromatograph
(DIONEX, DX500 Chromatography system). Dissolvegamric nitrogen (DON) was
calculated as difference between total N and mir¢rd he fluxes were calculated by
multiplying the concentrations in the percolatethwine measured volume of the perco-
lates for each column.

The aromaticity of DOC was estimated by specific @l@sorbance at 280 nm
(UVIKON 930, BIOTEK Instruments; (Chin et al., 1994Furthermore, emission fluo-
rescence (SFM25, BIOTEK Instruments) was measweathliculate humification indi-
ces of DOC (Zsolnay et al., 1999).
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Data were analysed using STATISTICA 6.0. Differenbetween the treatments were
tested using the non-parametric Kruskal-Wallis. téghen the Kruskal-Wallis Test was
significant ata=0.05, the Mann-Whitney U-Test was used as a postidst. According
to the sequential Bonferroni Method, the significahevel was adjusted hyk, a/k -1
_to a/k -5, where k is the number of pairs (n=6) forle@arameter. The loweBtvalue

of the Mann-Whitney U-Test was compared with thedst adjusted significance level
(a/k) and the second loweBtvalue was compared with the second lowest signifie
level (@/k -1). The Tukey HSD test was performed to detkierences in cumulative
DOC, DON, NH" and NQ fluxes among the treatments, for each cycle anduhe of

all cycles.

5.3. Results

Concentrationsin percolates

The highest N&f concentrations in percolates from the O columasarising only the

O layers, were observed in the control treatmérits. concentrations there ranged from
12 to 20 mg NH'-N It and were highest after the 3rd cycle (Table Sr2}the frost
treatments the concentrations were always lowan thahe control, especially in the
2nd and 3rd cycle. Frost intensity had no effectttom NH;™ concentrations with the
exception of the "3 cycle where the -3°C treatment exceeded the -8%C-83°C treat-
ment. Concentrations of NGOn the percolates from the O columns in generateged
those of NH'. Similar to NH, the NQ concentrations were always highest in the con-
trols. In contrast to Nl there was a clear effect of frost intensity onsNéncentra-
tions: The -8°C and -13°C treatment caused thedoW€; concentrations in all three
cycles.

The concentrations of DON were much less than tbhbseineral N (Table 5.2). No
frost effect on DON release from the O layer waseobed. The frost treatment substan-
tially increased the concentrations of DOC in teecplates of the O columns in the 1st
cycle in the -8°C and -13°C treatment. There, ay@m@oncentrations were between 63
and 77 mg C} while in the control and -3°C treatment, the ranges 35-47 mg Ci.
The frost effect disappeared in the 2nd and 3rdecwhere the differences between
treatments were no longer statistically significaftte general increase of the UV ab-

sorption and humification indices of DOC from thst 10 the 4th sampling after the
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frost periods indicated the release of less hunhifigterial at the beginning of the irri-
gation (Fig. 5.1) in all treatments. The spectrpscgroperties of the DOC released
from the frozen O columns were similar to the cointrr even had higher proportion of
humified substances.

The concentrations of NAin the percolates from the O+M columns, compriging
layers and mineral soil, were substantially lowert in the O columns. The concentra-
tions range was from 0.2 to 4 mg on average (Table 5.2). In contrast to the O col-
umns, the frost increased the concentrations of iéttive to the control. In the con-
trols, the NH" concentrations decreased to near zero in the Bdd3ed cycle while
concentrations tended to increase in the 2nd addcyle under frost influence. The
frost effect was most obvious in the -8°C treatm@&hie concentrations of NO3- in the
percolates of the O+M columns were in general coaipa to those found in percolates
from the O columns and exceeded the;N¢dncentrations by fgTable 5.2). The N@
concentrations in the 2nd and 3rd cycle were gdlgdragher than in the 1st cycle, and
those of the control increased strongest. Likdnen®@ columns, the NDconcentrations
of the frost treatments were generally lower thamhie control, but the effect was less
pronounced in comparison to the O columns. Nitcatecentrations in the percolates
from the O-M columns were always lowest in the d3featment. Like in the O col-
umns, the -8°C and -13°C treatment resulted indnidghOC concentrations in the 1st
and 2nd cycle, the latter being statistically digant. As expected, the concentration
range of DOC (12-23 mg C"Y was much lower than in the percolates from theo®

umns.

Fluxes

The fluxes of N from the O columns during the expent increased with time in the
control from about 0.7 g N m?and 1.4 g N@ m?after the 1st cycle to 1.5 g NH
m?and 1.9 g N@ m*? after the 3rd cycle (Fig. 5.2). With regard to freffects, the
fluxes largely reflect the picture evident from @@ncentrations. The NHfluxes from
the O columns were highest in the control and feigtificantly reduced the fluxes in
all three cycles. The same is true for Nut here the -8°C and -13°C treatments
caused a more negative effect than the -3°C tredtriie DON fluxes were relatively
low and didn’t exceed fluxes of 0.2 g N°mAfter the 1st cycle, DOC fluxes from the O



Table 5.2 Average concentrations of NH NO;, DON and DOC in the percolates of the O and O+Numas during three
frost/thawing cycles. Different letters indicatgrsficant differences ai= 0.05.

O columns
Cycle 1 Cycle 2 Cycle 3
mg I* control -3°C -8°C -13°C control -3°C -8°C -13°C control -3°C -8°C -13°C
DOC 46.8% 34.8" 77.3° 63.5° 53.8% 42.4% 60.8% 50.7° 51.8% 47.2% 40.8" 67.7°
DON 1.9 0.3* 25° 1.1° 0.5* 0.8* 23* 1.3? 1.2 1.6* 0.9% 22°
NH-N 11.8* 7.6° 81° 91° 16.8% 11.0° 85° 9.0° 20.4% 13.9° 8.5° 11.0°
NOs-N 22.0* 153" 6.4° 7.6° 22.2% 153" 7.0° 7.4° 26.0* 17.4°> 6.8° 9.8¢
O+M columns
Cycle 1 Cycle 2 Cycle 3
mg I control -3°C -8°C -13°C control -3°C -8°C -13°C control -3°C -8°C -13°C
DOC 13.0% 12.7* 19.0° 16.2° 16.2% 17.8%° 22.9° 22.2° 12.3% 12.6* 16.5" 13.3?
DON 0.7% 0.2* 02* 11° 0.0* 04" 03" 11° 2.1% 0.6° 1.9%* 19°
NH4-N 0.5 0.3* 1.3 05°? 0.2 1.0° 3.0° 0.8° 0.0* 1.8° 4.3° 1.0°
NOs-N 8.3% 7.1* 8.0* 51° 19.0% 13.3° 18.0° 12.0° 22.4% 16.0° 16.3" 14.2°

G laydey)d
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columns were enlarged by about 1 to 2 g €imthe -8°C and -13°C treatment relative
to the control and the -3°C treatment. The effézappeared in the later cycles.

Fluxes of NH" with percolates from the O+M columns were muchdpws com-
pared to the O columns. Most of the mineral N incpktes was in the form of NO
Here, the frost caused a decrease of Nldxes in the 2nd and 3rd cycle, independent
of the frost temperature. Fluxes of DON from theMDeéolumns were not affected by
the frost treatment, only in the 2nd cycle of tH8%C treatment, the DON fluxes ex-
ceeded those of the controls. DOC fluxes from thd@olumns were not affected by
the frost treatment.

The net fluxes of mineral N (percolate flux - iatgn input) might be taken as a
rough measure of net N mineralization. In casénef® columns the net fluxes over the
three cycles reached 8.8 ¢frim the control, whereas in the frost treatmeniy 8r5-5.6
g N mi? were released from the columns (Table 5.3). Thmitiee frost effect was obvi-
ous for both N@ and NH, Severe frost temperatures (-8°C and -13°C) hstlamger
significant effect on N@ and NH," compared to mild temperatures (-3°C).

The observed frost effect on DOC fluxes in thecysie was levelled out in the fol-
lowing cycles. The calculated net fluxes of the enah soil (M in Table 5.3) revealed a
strong retention of Nl and NQ' in the mineral soil, the retention being highesthia
control, which is mainly due to the lower inputs dffrom the O layer in the frost
treatments. The retention of DOC in the mineral w@is not influenced by frost treat-

ments.

4. Discussion
The N net mineralization rates in the O columndjaated by the net fluxes of total N,
were rather high under control conditions. In to8a8 g N ¥ were released from the O
columns during the experimental period of 170 dieBithe low incubation temperature
of +5°C this is somewhat surprising but emphasibesrelevance of N turnover at
lower temperatures (Campbell et al., 2005) andalge potential for N mineralization
in our soil at high water content.

Our initial hypothesis that soil frost induces teghrates of N mineralization after
thawing was rejected by the experimental findingdact, N mineralization was always

lower after soil frost as compared to the unfrozentrol, confirming results from Lar-
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sen et al. (2002), but contradicting studies wates$t soils that observed an increase of
mineralization (Neilsen et al., 2001; Grogan et 2004; Freppaz et al., 2007). Groff-
man et al. (2001) reported in situ N mineralizatiorbe unaffected in a birch and a ma-

ple site after snow manipulation and moderatefsast.
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Figure 5.1 Mean specific absorbance at 280 nm and humificatidices of DOC in soil solu-
tion of differently treated O columns after 20 mnda0 mm irrigation in three freeze-thawing
cycles. Error bars indicate the standard errohefrhean (n=4).

There seems to be no general response of fordsttedrost events with respect to N
mineralization. Different findings could be relatédl the mechanisms that explain
higher rates of N mineralization after soil froM&tzner and Borken, 2008) or to the
experimental conditions (Henry, 2007). Mechanisnesheard to separate experimentally
and have not been investigated in detail in masties on soil frost effects. The degree
of aggregation of particulate soil organic matpegviding occluded structures (Helfrich
et al., 2006), differs at different sites. The frogght change the substrate availability
by destruction of aggregates. Furthermore, the madetent of the soil at freezing in-
fluences frost effects on aggregation (van Bocheweal., 2000) and on N turnover

(Oquist et al. 2004) and might explain contraditsian the literature.
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Figure 5.2 Leaching losses of NH4+, NO3-, DON and DOC of thard O+M columns during
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Since the microbial populations shift during thasms the time of soil sampling might

influence the sensitivity of soil processes to ffiimsexperiments (Henry, 2007). In the

control treatments, N mineralization occurred dgrthe whole period of 170 d. The

columns subjected to frost were frozen in total@6rd and the soil temperatures were

rather low in the first d of thawing. Thus, theeraif N mineralization in the frozen col-

umns should be about 30 — 40 % less than underot@munditions, if no other factors

than temperature play a role and if N mineralizatimder frozen conditions is negligi-
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ble. In fact, in the -3°C treatment, the total asle of mineral N from the O columns
was about 30 % less than the control (Table 5.B)lewthe release of N from the -8°C
and -13°C columns was 53 % to 64 % less than theaoIn an arctic soil, Schimel et

al. (2004) found lower N mineralization rates afievere solil frost (-20°C) compared to
moderate soil frost (-5°C), indicating damage te thicrobial community at low tem-

peratures, which seems also the case in our colairng/ freezing temperatures.

Our second hypothesis, that decreasing frost teatyrerss enhance N mineralization
was also rejected. At -8°C and -13°C, the netfiu&iion rate in the O horizon was ob-
viously more negatively influenced than net ammoatfon, indicating a higher sensi-
tivity of nitrifiers to severe frost. From long-rte records of solute fluxes in a Norway
spruce stand adjacent to the site used in our eneet, Callesen et al. (2007) reported
increasing N@ fluxes in the year following an exceptional sodt (frost depth >35
cm soil depth). The findings from our laboratorypexments suggest that increased N
mineralization after frost is rather unlikely topdain these N@losses. However, we
also have to consider that our laboratory expertroaty covered the initial response of
the soil to frost cycles since the fluxes after 3fiecycle were measured only for about 3
weeks and we cannot conclude on effects beyondithésperiod.

Dissolved organic N constituted only a small prajoor of the total N (3- 11 %) in
our percolates. The effects of freeze-thaw cycle®ON were also rather low and re-
stricted to the mineral soil. Freppaz et al. (20@0nd in alpine soils that DON re-
placed N@ as a mobile form of N after freeze-thaw cyclesitcadicting to our results.
They used soil extract rather than percolates fuoisturbed soil columns and the re-
sults are not fully comparable.

In case of DOC, both of our hypotheses were at [gasly confirmed. In the 1st cy-
cle, the -8°C and -13°C treatment caused an additielease of 1- 2 g C ffrom the
O columns in relation to the -3°C treatment and ¢betrol. While this was a strong
single effect, its relevance for the DOC fluxesadbnger time scale remains low. The
average annual DOC flux from the O layer to the arah soil under temperate forest
vegetation is in the range of 10- 40 ¢ Michalzik and Matzner, 1999). The additional
DOC available after a freeze-thaw event might, heawebe relevant for the burst of



Table 5.3: Cumulative mean net release of DOC, DON,,N#O; and total N following three freeze-thawing cy-
cles of the O and O+M columns. Potential net flusiethe mineral soil (M) were calculated from th#fetences be-
tween O and O+M columns. Negative fluxes indicateeasink of the mineral soil. Different letterglicate signifi-
cant differences at=0.05.

O columns O+M columns (M)

g/n? control -3°C -8°C -13°C  control -3°C -8°C -13°C control -3°C -8°C -13°C

DOC 11.0* 8.7% 12.3* 12.8° 3.2% 312 39* 37° -7.8% -56% -8.4% -8.9°
DON 0.3 0.2 0.4* 0.3° 0.2% 0.1* 0.2* 0.3° 0.1* -0.1* -0.2% -0.0®
NH4-N 3.5% 2.2° 1.7° 20" 0.0* 0.1* 05* 0.1° -3.5% -2.1° -1.2¢ -1.9%
NOs-N 5.0% 3.2° 1.4° 1.7 3.8 26° 28% 23° -1.2% -0.7* 1.4* 0.6°

9T

[los 1salo) Bwmeyy/buizaal) pareaday



Chapter 5 127

CO, and NO emissions often observed after thawing of frozeits (Sehy et al., 2004;
Teepe and Ludwig, 2004; Morkved et al., 2006). T& emissions from the soil col-
umns following the 1st freeze-thaw cycle were digantly higher for the -8°C and -
13°C treatment as compared to the 2nd and 3rd eylasieh might be partly due to the
high availability of DOC after the severe frost (Gwerg et al., 2008)

The spectroscopic properties of the additionallgased DOC in the -8°C and -13°C
treatments remained unchanged in relation to difeatments or even point to more
humified substances comprising the DOC. This isfiomed by higher proportions of
lignin derived phenols in the DOC at -8°C and -183Chmitt et al. 2008). The spectro-
scopic properties thus do not confirm the hypothélsat lysis of microbial biomass
induced by frost was the major source of extra D®@@e O column percolates after
thawing. Also low frost temperatures did not sigrahtly influence the DOC/DON
ratios of the O column percolates. The lysis ofroncganisms after frost was also ex-
cluded by Grogan et al. (2004) and Lipson and Mond®98) from studies on alpine
and tundra soils. Thus, the additional DOC seenrggalt from frost effects on aggre-
gates, exposing new surfaces to percolating wager Bochove et al., 2000). This also

explains why the effect only occurred in the 1stley

5.5. Conclusion

In conclusion, our experiments did not confirm Hypothesis that soil frost increases N
mineralization after thawing. On the contrary, Nneralization was reduced by the
freeze-thaw cycles. Severe soil frost increaseddlese of DOC from the O horizon
only in the 1st freeze-thaw cycle. The total amoaféadditionally released DOC was
rather low in relation to the annual C fluxes, mday well influence other short term

soil responses to frost like e.g. denitrificatiordasoil respiration.
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Summary

Freezing and thawing may alter element turnoversarate fluxes in soils by changing
physical and biological soil properties. We simethtoil frost in replicated snow re-
moval plots in a mountainous Norway spruce stanthen Fichtelgebirge area, Ger-
many, and investigated N net mineralization, sokdgacentrations and fluxes of dis-
solved organic carbon (DOC) and of mineral ions {NHOs, Na', K*, C&*, Mg®.

At the snow removal plots the minimum soil temperatwas -5 °C at 5 cm depth,
while the control plots were covered by snow andeglenced no soil frost. The soil
frost lasted for about 3 months and penetratedstiieto about 15 cm depth. In the 3
months after thawing, the in situ N net mineral@atn the forest floor and upper min-
eral soil was not affected by soil frost. In latersner, NQ concentrations increased in
forest floor percolates and soil solutions at 20swih depth in the snow removal plots
relative to the control. The increase lasted faual2- 4 months at a time of low seep-
age water fluxes. Solil frost did not affect DOC cemtrations and radiocarbon signa-
tures of DOC. No specific frost effect was obserf@dK*, C&£* and Md" in soil solu-
tions, however, the Naconcentrations in the upper mineral soil increasedhe 12
months following snowmelt, the solute fluxes of DIOC, and mineral ions were not
influenced by the previous soil frost at any def@r experiment did not support the
hypothesis that moderate soil frost triggers solagses of N, DOC, and mineral ions

from temperate forest soils.

6.1. Introduction

The frequency and intensity of soil frost may chengthe future due to global warm-
ing and by changes in the occurrence of insuladmgw covers that prevent soil frost
(IPCC, 2007). Freezing and thawing of soils migtiluence the rates of C and N turn-
over in soils, the effect being partly dependentsoih type, frost intensity and the fre-
guency of freezing/thawing cycles as recently nereid by Matzner and Borken (2008).
Several studies have shown that N net mineralizadiolow soil temperatures in the
winter period is not negligible at the annual tiszale (Grogan et al., 2004; Campbell et
al., 2005; Kielland et al., 2006; Monson et al.p@0Miller et al., 2007). Nitrogen net
mineralization often increased after thawing ok&o arable soils (De Luca et al., 1992;
e.g.: van Bochove et al., 2000; Herrmann and Wig602; Koponen et al., 2004). Ob-
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servations are contradicting for soils under natuegetation. Neilsen et al. (2001) re-
ported an increase of N mineralization after thagwimthe Oa horizon of a forest soil,
while no effect was found in other soil horizonstrdgen net mineralization increased
after frost in different alpine forest soils (Freypet al., 2007) and in an arctic soll
(Grogan et al., 2004). In contrast, a number adistiin forest or arctic soils reported N
mineralization to be unaffected or even lower afteil frost (Groffman et al., 2001,
Larsen et al., 2002; Schimel et al., 2004; Hentsehal., 2008). The reasons for the
contradicting observations still need to be res\Methodical differences between the
studies, e.g.: field vs. laboratory studies, déférfrost temperatures, sampling dates of
soil, etc. seem to be involved (Henry, 2007).

Soil frost may contribute to the interannual vaoatof NO;~ leaching with seepage
and runoff in forest ecosystems. Mitchell et aP9@) concluded that an increase of
nitrate fluxes (by about 1.4- 2.8 kg NEN ha’ yr?) in runoff was due to an unusually
cold preceding winter. The intensity of soil fragto explained the interannual variation
of NO;~ concentrations in Hubbard Brook streams. Howetles, relation of frost to
NO;z; fluxes was weak, the latter being mainly dominabdgdhydrological conditions
(Fitzhugh et al., 2003). In a study on 16 Canadvatersheds, Watmough et al. (2004)
found soil frost to be a driver of large NOconcentrations in wetland-influenced
streams, whereas the effect of frost did not shpwnuupland-draining streams. The
amount of N leached after a strong frost eventlwamigh. In a long-term study in a
German Norway spruce site, NOfluxes with seepage increased (by about 13 kg N
ha® yr'Y) in the year after a severe soil frost (Calleseal.e2007).

The main source of dissolved organic carbon (D@Gbdiest soils is the forest floor,
and the DOC infiltration into the mineral soil repents a significant contribution to the
soil C cycle and to the C pool in deeper soil hmmz (Michalzik et al., 2001; Kalbitz
and Kaiser, 2008). In a laboratory study with forfésor, the fluxes of DOC increased
following severe soil frost at -8 °C and —13 °Ct hot after mild frost at -3 °C. The
effect occurred only after the first of three frekaaw cycles (Hentschel et al., 2008).
The sources and mechanisms of DOC formation dieastatter of debate (Kalbitz et
al., 2000). Often DOC infiltrating the mineral s@lattributed to the release from rather
old soil organic matter (Hagedorn et al., 2004;berg et al., 2007). Changes in the
quality of DOC may help to identify different soarpools of DOC as influenced by



Chapter 6 137

soil frost. The™C signature of DOC was used to trace the sourc&O& in soils and
streams (Schiff et al., 1997; Michalzik et al., 30@rdberg et al., 2007). Dynamics of
DOYC after soil frost have not been reported until now

Potential changes of soil structure and in fluxeBl after soil frost may also affect
the concentrations and fluxes of nutrient catidia’(K*, Mg**, C&™) in soil solution.
In many acidic forest soils, the pools of plantitalde (exchangeable) nutrient cations
are rather low (e.g. Feger, 1997) and additionséds might be critical for tree nutri-
tion. Most of the studies about soil frost effeots solute fluxes have focussed on N,
and no information about frost effects on fluxesiofrient cations is available to date.

Overall, the effects of freezing and thawing ofefsirsoils on the turnover and solute
fluxes of C and mineral elements are far from begirgdictable, and there is a lack of
field experiments on this subject. Hence, the divga@al of this experiment was to in-
vestigate the effects of soil frost on various godcesses (see also Muhr et al., 2008)
and on fine root growth (Gaul et al., 2008). Oupdihesis was that freezing and thaw-
ing of the soil change the quality of DOC and ilms® N net mineralization as well as
the solute fluxes of N, DOC, and mineral cations’(N*, C&*, Mg®").

6.2. Methods

Site description

The Coulissenhieb Il site is a mature Norway sprimrest Picea abieslL.) in the
German Fichtelgebirge area, adjacent to the Cauligsb | site which is known from
long-term biogeochemical studies (Matzner, 20048 b mean annual precipitation is
about 1160 mm and the mean annual air temperawei°C. The soil has a sandy to
loamy texture and is classified as Haplic Podzobating to the FAO soil classification
(IUSS and WRB, 2006). The well stratified, mor-lifarest floor has a thickness of 6-
10 cm, comprising Oi, Oe and Oa horizons. The fdtesr is almost completely cov-
ered by ground vegetation, mairDeschampsia flexuosand Callamagrostis villosa
To determine soil properties, 9 soil pits were skaahy horizon. The C and N contents
of the soil decrease with increasing depth from 8% the Oa horizon to 0.4% C in
the Bv horizon and from 1.0% N to < 0.05% N, respety (Table 6.1). The C/N ratio
of the Oa horizon as well as high atmospheric Nodejon rates (Matzner et al., 2004)



Table 6.1 Chemical properties of the soil at the Coulissemhiisite. (Mean values from 9 soil profiles;'C: mean value from 3 soil profiles)

8ET

Depth pH C N A¥C ca® Mg®™ Na* K' AP H CEGy
(cm) CaCy — [%] — (%o) [meficd]

Oi 10 n.d. 46.6 1.7 13 n.d. n.d. n.d. n.d. n.d.n.d. n.d.
Oe 8 n.d. 38.8 1.9 61 n.d. n.d. n.d. n.d. n.dn.d. n.d.
Oa 5 3.3 22.1 11 19 94.4 7.6 14 3.4 74.1 16.206
EA -5 3.4 7.4 0.4 23 60.9 3.6 1.0 19 66.9 15.352
Bsh -12 34 55 0.3 14 70.9 2.3 1.1 1.3 97.68.3 190
Bs -18 3.7 34 0.2 63 30,1 11 0.9 1.0 87.8 .0 3 126
Bv -55 4.1 13 0.1 45 3.7 0.2 11 1.0 41.3 6 0.48

Bv/C >55 4.0 0.4 0.0 n.d. 2.7 0.2 3.0 11 35305 43

n.d.= not detected

[10S 1S310J B Ul S108}43 1S0J} [10S



Chapter 6 139

are typical for a highly N saturated ecosystem. pHe(in 1: 2.5 soil to water suspen-
sion) is between 4.0 in the Oa horizon and 4.:éBv horizon. The base saturation is
highest (54 %) in the Oa horizon and decrease2+4d8 % in the subsoil, indicating the
application of lime to the soil surface by pastefirmanagement. TH&C signature of
the bulk solil reveals relatively young C in thedstr floor and an increasing mean resi-

dence time of soil organic matter with soil depth.

Snow removal experiment
The experimental plots (each 20 m x 20 m) werebésted in the summer of 2005.
Three plots were used as controls, and three fdothe snow removal experiment.
Weather conditions in the winter period of 2005&0@ere favourable for the ex-
periment: Low air temperatures (daily mean <0 ¥3jdd for several weeks, and a snow
cover of 50-80 cm developed at the control plote forest floor of the snow removal
plots was covered by glass fibre nets of 0.5 cmhnsgze to avoid disturbance of the
surface during snow removal. The nets were plasddeicember 2005 without remov-
ing shrubs and ground vegetation. From late Decer2b@5 to early February 2006,
snow was removed periodically after major snowfhailsshovelling. The snow removal
started before soil frost occurred. After ceasihthe snow removal, snow was allowed
to accumulate. The uppermost soil was frozen shafter the beginning of the snow
removal. Together with the nets, the thin ice laykabout 1 cm thickness provided a
protective layer, and no visible disturbance of theest floor occurred due to snow
shovelling. After thawing in April 2006, the netexe removed from the soil surface. In
total, the removed snow equalled 147 mm of throaljh$oil temperatures were auto-
matically recorded in 30 min intervals by sensoreach plot located at 5, 15, and 25

cm depth.

Soil solutions

Leachates from the forest floor were collected Wwetbe Oa horizon by three plate

lysimeters per plot with a surface area of 176 ¢en@hich suction of -10 kPa was ap-

plied for 1 min every 5 min throughout the wholgexmental period. The lysimeters

were made of plastic bowls with a pn pore-size polyethylene membrane on top.
Three ceramic suction cups each at 20 cm soil depthbelow the rooting zone at 90

cm soil depth were installed per plot and operated continuous suction of -25 kPa.
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Solil solutions were collected biweekly, filteredthvD.4um cellulose-acetate filters and

stored at +2 °C until chemical analysis.

Water extractable C and N in frozen soil

To determine initial changes in available soil @ &hcaused by soil frost, three cores
(20 cm long, 7 cm diameter) of frozen soil werestakrom each snow removal plot and
from the unfrozen controls in March 2006. All cosesre divided into forest floor and
mineral soil, and the frozen cores were thawedelaboratory within 2 h. Then, the
water-extractable DOC, DON, NH and NQ~ was determined by a 1 h extraction,
shaking the soil at a wet soil/solution ratio af @ (forest floor) and 1 : 3 (mineral soil)
with deionized water. The suspensions were cegeidu(5 x 104 m$, 15 min) and
filtered through a 0.4m cellulose—acetate filter. Water extracts wereestat +2 °C

until chemical analysis.

Nitrogen net mineralization

The N net mineralization in the postthawing penaas determined by the in situ coring
method (Adams et al., 1989). We focussed on thé&hzaging period because, accord-
ing to the literature (Matzner and Borken, 2008)gést effects are reported after thaw-
ing. Six polyvinyl chloride tubes (6 cm diameter@ne driven down to 20 cm soil depth
at each plot. Three cores were taken immediatetietermine the initial Ni{ and NQ~
content of the soil. Three tubes with closed topseweft in the field for 28 days. Three
successive in situ incubations were establisheu fay 2006 to the end of July 2006.
After field incubation the tubes were removed dmel¢ores divided into the forest floor
(average depth of 7 cm) and mineral soil (averagmtdof 13 cm). Concentrations of
NH;" and NQ  were determined by extraction of the soil with 1 KCI at a
soil/solution ratio of 1 : 10 (forest floor) and B (mineral soil).

Chemical analysis of soil solutions and extracts

DOC and total N in soil solutions and water exsagere determined by high tempera-
ture combustion and subsequent determination of &@ NQ (Elementar, high-TOC,
Elementar Analysensysteme GmbH, Hanau, Germany), Bydflow injection analyzer
(MLE, FIA-LAB, Medizin und Labortechnik Engineerin@mbH, Dresden, Germany)
and NQ by ion chromatography (DIONEX, DX500, Dionex Corgtion, Sunnyvale,
California, USA). DON was calculated as the differe between total N and inorganic

N. An inductively coupled plasma optical emissigredroscope (ICP-OES, Jobin-
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Yvon Horiba Group, JY2000, Varian Inc., Palo Al@alifornia, USA) was used to de-
termine N4, K*, C&*, Mg®*. The NH" and NQ~ concentrations in the KCI extracts
were determined by colorimetric methods using arssged flow analyzer (Skalar
Sanplus Analyzer, Skalar Analytical BV, Breda, Netherlands).

Before *C analyses, soil solutions were pooled for the gusriDecember 2005—
January 2006, March—April 2006, August—Septembed62@nd October—December
2006 and then freeze-dried. Subsamples (~1 mg @)eofreeze-dried material and of
bulk soil were combusted in sealed quartz tubed0at°C with CuO oxidiser and Ag
powder. The resulting COwas reduced to graphite using the zinc reducti@thod
(Xu et al., 2007). The graphite targets were amal\isy accelerated mass spectrometry
(AMS) at the University of California, Irvine with precision of £3%.. Radiocarbon
data are expressed A5'C (%o deviation from thé*C/**C ratio of oxalic acid standard
in 1950). AA™C signature of 0% refers to a standard (wood) fi@80. Positive''C
indicate that the C was fixed from the atmosphéier 4890. Negative\*'C indicate
that C was fixed before 1890, however, some negafC signatures (up to — 24%o)
were determined between 1890 and 1955 becausessif fael burning. The nuclear
bomb tests in the 1950s and 1960s increased thespharic**CO, signature up to
+1000%0. For more details see Stuiver and PolaciAAL9

Water fluxesand calculation of element fluxes with seepage

We calculated soil water fluxes at the snow remawal control plots with the simula-
tion model WHNSIM (Huwe and van der Ploeg, 1991wduand Totsche, 1995). The
model is based on the Richards equation and caébsutiaily soil water movement at
different depths as a function of precipitationicakated evapotranspiration and soil
hydraulic properties. Meteorological parametersem@easured at a nearby tower (T.
Foken, personal communication). Model calibratioasvibased on soil water tensions
measured by tensiometers at three different deptiess model comprises a tool to simu-
late snow accumulation and melting. The modellihgal water fluxes started in au-
tumn 2005. Here, we report the fluxes for the yelowing the snowmelt flush (1 May
2006- 30 April 2007) because the water fluxes venalar at both treatments from 1
May on. Water fluxes were calculated for each inegit, but not for each plot within
the treatments. Measurements of throughfall andveatier tensions gave no evidence

for systematic hydrological differences between phats of each treatment. Solute
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fluxes were calculated for each plot based on drifjhtly solution concentrations

which were multiplied with the cumulative waterXlin that period.

Statistical analysis

The arithmetic means and standard errors of eaetintent were calculated from the
replicated plots (n=3). Analysis of variance (an@wth repeated measures design) was
used to examine the treatment effect on solutieemistry (NH,'—N, NO;—N, DON,
DOC, Nd, K*, C&*, Mg*") with the sampling date as main factor. Differenage the
soil water extracts, soil KCI extracts and calcedasolute fluxes of NiF-N, NO; —N,
DON, DOC, N&, K*, C&*, Mg** were tested with paired sample t-test. All statati

analyses were performed using statistica 6.0.

6.3. Results

Soil temperatures

Soil temperatures were not different between céstand snow removal plots before

the treatment. The removal of the snow causeddhéesnperatures to drop to a mini-

mum of -5 °C at 5 cm depth in February 2007, withle control remained unfrozen
(Fig. 6.1). The soil frost penetrated the

N
o

control soil down to about 15 cm depth. Thawing

N
o

------ snow removal

y of the upper soil was completed in the

(&

removal
-
ol

’Nﬁ mid of April, while soil temperatures at

% o b - 15 cm depth exceeded 0 °C by the end of
E il 5 : :
g s g" - April. The average soil temperature from
g 2
E s 8 28 December- 1 April in the controls was
0| | @ "\jﬂ% +0.6 °C at 5 cm depth and +1.1 °C at 15
~— /¥ : cm depth, while at the snow removal
0 Stetees
. 15%em| plots the average temperatures were -1.0
12/05 02/06 04/06 06/06 08/06 10/06 12/06 02/07 04/07
Time monthyear] °C at 5 cm depth and -0.1 °C at 15 cm

depth. From May 2006 on, the soil tem-
Figure 6.1 Soil temperatures at the control L
and snow removal plots. peratures were similar at the control and
snow removal plots. Soil temperatures at
25 cm depth were not different between treatmedtcamtrol plots at any time (data not

shown).
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Water extractable C and N in the frozen soil
The water content of the frozen soil at the snomaeal plots was higher than in the
controls, because infiltrating water was frozen awdumulated in the upper soil.
Hence, in Fig. 6.2 the water extractable amountkgirha® are given rather than the
solute concentrations. In the forest floor, the amoof water extractable NH was
higher at the snow removal plots (P=0.14) while dheount of water-extractable NO
was less (P=0.06) (Fig. 6.2). The total amounnofganic N was not influenced by the
treatment. In the mineral solil, the water-extralgdO; at the snow removal plots was
about half those of the control plots (nnt
significant, P=0.26). Amounts of watet
extractable DOC and DON in both hc X a
rizons were not influenced by the tree Q % %

60

ment. i % ¢ *

@® control
O  snow removal

Nitrogen net mineralization

The in situ measurements of N net ar 5

3 % 60

[kg C ha™]

monification and net nitrification in the
spring and summer of 2006 revealed

differences between the snow remov

N and DOC in soil water extracts
[kg N ha™]

and the control plots, neither in the fo

. . . . 0 T
est floor nor in the mineral soil (Fig NH,“N NO,N DON  DOC
4

6.3). Expressed in kg N ﬁ]a N net Figure 6.2 Water extractable NH, NO;j,

mineralization rates in the forest floo DON, DOC in frozen (snow removal) and
unfrozen (control) soil in March 2006. (a)

slightly exceeded those in the upp¢ forest floor, (b) and mineral soil. Error bars

. . represent standard errors (n=3).
mineral soil.

Solute concentrations

There was no effect of snow removal and soil fowsthe concentrations of DOC in soil
solutions in forest floor percolates and at 20 @ptd (Fig. 6.4). The concentrations of
DOC in soil solutions were highest in the foresbfl percolates and decreased with soil
depth. At 90 cm depth, concentrations were highdéhe& snow removal plots for two
sampling dates during the snow melt period, whglbased only on a single sample
collected at these dates.
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The snow removal and soil frost had no effect an'ff® signature of DOC in forest
floor percolates. The averadfi€ signature of DOC in forest floor percolates afieow
melt was around 0 %o (Fig. 6.5). The solutions wakected at the transition from the
Oa to the EA horizon. The DOC was on average dlun the bulk of the Oa horizon
(see Table 6.1). The samples collected during tergatment period comprised older
DOC at both depths, which might be an artefact eds/ the installation of samplers
in the summer/autumn of 2005. The DOC in soil sohg from 90 cm depth were older
than in forest floor percolates, which correspotalshe gradient observed in the soil
organic matter in the soil profile (Table 6.1). Tdiéferences in D&'C at 90 cm depth

between control and snow removal plots were noissitally significant.

® control
O  snow removal
0.4 d 0.2 : 1 a
‘ 1
0.2 % & f ¢
0.0
0.0
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Figure 6.3 Net N ammonification and net nitrification afteathing in 2006. (a) forest floor, (b)
and mineral soil (up to 13 cm depth). Error bagesent standard errors (n=3).

The NH;" concentrations in the forest floor percolates vggneerally low in comparison

with NOs™. Already before the treatment, the NHoncentrations were higher in the
snow removal than in the control plots. The Nigoncentrations in the forest floor per-
colates of the snow removal plots exceeded thofleeatontrols from May to July 2006
(Fig. 6.4). This increase cannot be attributednhi frost effect considering the differ-
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ences in the pretreatment period. From July onNtHg concentrations were similar in
both treatments. No differences were found for,Nid the deeper soil horizons where
the concentrations were generally much lower thahe forest floor.

There was no immediate response ofsNEncentrations in soil solution after thaw-
ing. However, in late summer and autumn of 20063 N¥Oncentrations increased in the
percolates of the forest floor and in soil solutat 20 cm soil depth at the snow re-
moval plots (Fig. 6.4). The increase at 20 cm deyh statistically significant (P=0.02)
at 12 dates (19 March —12 December 2006). In twsecutive samplings in August
and September 2006, the concentrations in forest fbercolates of the snow removal
plots were about twice those of the controls (P60.6t 90 cm depth, the concentra-
tions of NQ~ were lower in the snow removal plots before anortbh after snow re-
moval. An increasing trend was observed at the smmoval plots, driving the NO
concentrations at 90 cm depth in both treatmentndar values by the end of 2006.
Differences between the treatments were not statilst significant.

The increase of N§ concentrations in forest floor percolates and 20soil depth
at the snow removal plots in autumn 2006 was acemiep by increasing Gaund
Mg®* concentrations (Fig. 6.6) as revealed by the ehaajance of the solution (data
not shown). No effect of snow removal and soil frass found for K in solution at
any soil depth. Immediately after thawing, the" Mancentrations at 20 cm soil depth
were about twice those of the controls, and theeese lasted until the end of 2006
(P<0.06). The effect occurred neither in foresoiflpercolates nor at 90 cm depth and
was independent of the NOdynamics. Differences in €aand Md* concentrations at
90 cm depth existed already before the treatmeshishould not be interpreted as treat-
ment effect.

The increase of N©concentrations in forest floor percolates and r20soil depth at
the snow removal plots in autumn 2006 was followgdncreasing Cd und Md* con-
centrations (Fig. 6.6). No effect of snow remowvadl &oil frost was found for Kin so-
lution at any soil depth. Immediately after thawthg Nd concentrations at 20 cm soil
depth were about twice those of the controls amditicrease lasted until the end of
2006 (p < 0.06). The effect occurred neither iresbvrfloor percolates nor at 90 cm depth

and was independent of the N@ynamic Differences in C& and Md" concentrations
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at 90 cm depth existed already before the treatrapdtshould not be interpreted as

treatment effect.

Seepage fluxes
In the 12 months following thawing and snow melte fluxes of inorganic N with

seepage were rather high at our site. Seepageslas®® cm depth were in the same
range as inorganic N fluxes in throughfall (Tabl2)6The solil frost and snow removal
had no effect on the NOfluxes. The increased NOconcentrations in autumn 2006
coincided with a period of low seepage fluxes, diinot induce large N9 fluxes.
The same is true for the effect of increase@ @ad Md* concentrations. The fluxes of
Na’ at 20 cm soil depth increased in the snow rempleds relative to the control from
4.6 to 6.8 kg hd (P=0.05), while no effect was observed at 90 cpthleThe annual
DOC fluxes in forest floor percolates and at 20 swil depth were unaffected by soil
frost. The higher fluxes at the snow removal pinot80 cm are due to higher concentra-
tions in May 2006 at only two sampling dates.

6.4. Discussion

Soil temperature regime and processesin thewinter period

The soll frost in our experiment lasted for aboun8nths with a minimum soil tem-
perature at 5 cm depth of -5 °C and a frost deptibout 15 cm. We consider the frost
intensity induced by the experiment as moderate pewed with other studies
(Hentschel et al., 2008; Matzner and Borken, 2@0R) also to an extreme frost events
at our site in the past (Callesen et al., 2007 diferences in soil temperatures be-
tween treatments and controls were rather smalin(fiate December to 1 April on av-
erageAl.6 °C at 5 cm depth amtil.2 °C at 15 cm depth). The soil frost itself might
have an additional effect on the N net mineralm@atbecause of low diffusion rates in
the remaining unfrozen water films. Hence, lowanperatures and soil frost should
have caused less N net mineralization at the seomoval plots in the winter. On the
other hand, the thawing of frozen soil often resiiih a burst of N net mineralization.
The cumulative effect of lower temperature and #oist on the one hand and of the
burst of mineralization after thawing on the othand will determine the overall win-
terly N net mineralization (Matzner and Borken, 005o0il solution concentrations of

NOs in the winter and thawing period were often lowethe snow removal plots, but



+ + 2+ 2+
mgry  N@ mgry K mgr  C3 mgry Mg
4 [ 12 e control 40 3 []
10 - o snow removal ‘ a
. . 30 ,
:;' T z
2 6 20 4 E% | L -~
%
41 8 ¥ T ?% 1 : IE "
1 q z 10 B %% % 2l T
2| % 5 5t %l
0 0 ———— 0 0
10 b
3 30
8 2
2 6 20 H} o7 ]
4 b Le: 1
1 0] Tf ﬁ?ﬂz ﬂl% HI
2 - I | L
0 ] 0 i,”%--":jg @Eﬁ’:m L1871’ 0 — ‘ L 0
© o ©
5 0| [8 3
TIE £ £
3 l i 8 2 30 2 2
2 é%iﬂﬁéigﬁii ﬁ' . 5 20 3 % : ||
@S - L - c = . i _ s - -
g ai |@ 2 - 11 IRl
1 . | 10 f% 0 g gma 058 o e iﬁﬂ
2 LI 3 ; BEORP YT LT §§§§ R (] 1171, EE.
0. L S o | BiomxmmBcO0nnE f58 oL B o 1 | - _
10/05 02/06 06/06 10/06 02/07 06/07  10/05 02/06 06/06 10/06 02/07 06/07  10/05 02/06 06/06 10/08 02/07 06/07 10/05 02/06 08/06 10/06 02/07 06/07

Time [month/year]

Figure 6.6 Concentrations of, NaK*, C&£* and Md" in soil solutions. (a) forest floor percolates) #0 cm depth, (c) 90 cm depth.

Error bars represent standard errors (n=3).

514"

|I0S 1910} B Ul S108)3 1S01} |I0S



Chapter 6 149

the differences occurred already before the exmarimhampering the interpretation of
frost effects. Despite these restrictions, it igiobs that the net effect of lower tempera-
tures, frost, and thawing did not cause significaminges in soil solution chemistry
during the winter and thawing period as suggesyeoub initial hypothesis.

The burst of C and N mineralization after thawingsvoften attributed to the destruc-
tion of aggregates and the use of formerly occlugldastrates by microorganisms (Van

Bochove et al., 2000) or to lysis of microor-

100, ganisms and the subsequent turnover of the
a
0 {reeeefiit .. ? ~~~~~~~~~~~~ §3 <<<<<<<<< microbial necromass (Herrmann and Witter,
-100 | £ A 2002). Our data on DOC and DON content of
£ 200 e control water extracts from frozen soil revealed nei-
o O snow removal
= ther a flush of DOC nor a change in the
c 100
B . b DOC/DON ratio which could be expected
5 0l O
U % 5 after the lysis of microbial cells or after a
200 | T change in substrate availability. The observed
;_ differences of inorganic N content of the water

10205 02/06 06/06 10/06 02/07 ) A )
extracts cannot be interpreted as differences in

Time [month/year]
Figure 6.5 AC values of DOC from (a) Net mineralization rates between the treat-
forest floor percolates and (b) 90 cmpyanis pecause the soil frost prevented vertical
depth. Error bars represent standard er-
rors (n=3). water transport and the removal of mineralized

N with seepage.

Nitrogen net mineralization and fluxesin the post thawing period

In the 3 months following thawing, the in situ Nt meineralization was not affected by
the solil frost, corresponding to similar field mesnents after soil frost reported by
Groffman et al. (2001). Unfortunately we did nonhtinue the measurements of in situ
N net mineralization beyond July 2006. The timequeof late summer and autumn of
2006 was characterized by rewetting of the sodratie summer drought. Soil respira-
tion reached a maximum during this period. Muhale{2008) differentiated heterotro-
phic and rhizosphere respiration by using the dyosirof the'“CO; signature of soil
respiration. They pointed out a significant redoictof heterotrophic respiration at the
snow removal plots. As a consequence gNi@mobilization by growing heterotrophic

microorganisms should have been less at the snovva plots, amplifying net nitrifi-
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cation and N@ concentrations. Differences in denitrificationestetween the treat-
ments as a cause of increasing ;N©oncentrations at the snow removal plots are
unlikely because soil emissions of NO angDNvere similar during that time (S. Gold-
berg, personal communication). Tierney et al. (3@pEculated that the increased NO
availability in their soil frost experiment was dt® reduced root uptake and to in-
creased root turnover, despite similar root bioniagke treatments. In our experiment,
differences in the N© uptake by roots seem unlikely, because the fioe boomass at
this time of the year was similar in both plots dimel root production was even higher at
the snow removal plots (Gaul et al., 2008). Thased on indirect evidence, less NO
immobilization by heterotrophic microorganisms la¢ snow removal plots likely ex-
plains the increase of NOin the late growing season. As discussed by Mutal.e
(2008) and Schmitt et al. (2008) this may be causedhanges in the microbial com-
munity due to the frost, namely by a decrease mgdlibiomass.

The snow removal and the soil frost had no effecN@; fluxes in forest floor per-
colates and in seepage in the postthawing year @08%- April 2007). The increasing
NO3z concentrations in autumn 2006 had only a minaotfbn the leaching because of
small water fluxes during that time. The fl@oncentrations in seepage at 90 cm depth
were not significantly affected by the snow remaoaadl the lower concentrations at the
snow removal plots were already observed beforérédagment.

In a Norway spruce stand adjacent to our site,NRg~ fluxes with seepage in-
creased by about 13 kg Nhafter an exceptional soil frost in the winter 805/1996
(Callesen et al., 2007). The natural soil frosthat time, with soil frost down to 70 cm
depth, was exceptional and much more severe thaurirsnow removal experiment
which might explain the differences to our expemmdhe conditions induced by our
experiment are more frequently observed at thgGigflesen et al., 2007). A substantial
increase of N@ fluxes after deep soil frost was also reportedBbyoks et al. (1998).
In their snow removal experiment in two temperatests, Fitzhugh et al. (2001) in-
duced moderate soil frost. They observed an inereddotal N fluxes in forest floor
percolates. However, similar to our study, the ageplosses of N at deeper soil were
almost unaffected. Given the contradicting findingshe literature, there are obviously
site-specific conditions that play a role in theoletion of soil frost effects on solute

fluxes. The intensity and duration of soil frostseto be major factors.
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In a Norway spruce stand adjacent to our siteN®g fluxes with seepage increased
by about 13 kg N Haafter an exceptional soil frost in the winter @0%5/1996 (Calle-
sen et al., 2007). The natural soil frost at thraef with soil frost down to 70 cm depth,
was more severe than in our snow removal experimvrth might explain the differ-
ences to our experiment. A substantial increadd@f fluxes after deep soil frost was
also reported by Brooks et al., (1998). In themwsmemoval experiment in two temper-
ate forests, Fitzhugh et al., (2001) induced mddesail frost. They observed an in-
crease of total N fluxes in forest floor percolatel®wever, similar to our study, the
additional seepage losses of N at deeper soil alenest unaffected. Given the contra-
dicting findings in the literature, there are olusty site specific conditions that play a
role in the evolution of frost effects on solutexiés, but those cannot be conclusively
resolved given the small number of available fisfddies. However, the intensity and

duration of soil frost seems to be a major factor.

DOC fluxes

The concentrations and fluxes of DOC in forest iflpercolates and in the mineral soll
were unaffected by soil frost, similar to findinfyem the snow removal experiment of
Fitzhugh et al. (2001). Our field observations espond to results from a laboratory
study with soil from our study site (Hentschel kbt 2008). There, an increase of DOC
in forest floor percolates after thawing occurredlyat frost temperatures of -8 °C and -
13 °C, but not in the -3 °C treatment which is ektsto the conditions of the field ex-
periment. In our field study, the origin of DOC waast affected by frost as indicated by
the 1“C signatures. Thus, there is no evidence for a D&€ase from killed microor-
ganisms, assuming that the microbial biomass campnelatively young C. Also the
release of DOC from the increased fine root necssnad the snow removal plots (Gaul
et al., 2008) seems not relevant for the DOC dynamsoil solutions. This should have
resulted in a shift of thE'C signature to younger C after frost.

The “C signature of DOC in forest floor percolates wawdr than the one of the
bulk Oa horizon, pointing to a preferential releatelder C into the DOC fraction. The
¢ signature of DOC from 90 cm depth was more negatian in forest floor perco-
lates and similar to the bulk soil organic mattethe Bv horizon (Table 6.1). This con-

firms the conclusion of Schiff et al. (1997) thaetDOC in deeper soil horizons is



Table 6.2: Solute fluxes from % of May 2006 to 3% of April 2007

Water flux DOC tN NH-N  NO;-N Na K* ca’ Mg”*
(mm) (kg ha' 12monthsg)
Throughfall
control 723 123.1 24.8 10.0 10.9 7.9 225 8.5 2.0
snow removal 723 1231 24.8 10.0 10.9 7.9 22.5 5 8. 2.0
Forest floor perco-
control 440 236.3 32.5 0.9 25.9 55 9.7 55.8 3.0
snow removal 440 2125 35.9 1.2 29.5 5.3 135 949. 3.7
20 cm soil depth
control 393 64.7 334 0.1 30.9 4.6 1.6 44.6 2.3
snow removal 393 75.2 38.9 0.1 36.7 6*.8 1.4 48.4 3.6
90 cm soil depth
control 319 8.6 26.5 0.0 26.1 6.3 19 354 19
snow removal 319 15.8 21.2 0.1 20.5 55 1.5 275 24

tN = total nitrogen

* Difference significant at P= 0.05
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released from the soil solid phase at the spediigth rather than being transported

from the forest floor.

Concentration and fluxes of mineral cations

The elevated N@ concentrations in forest floor percolates andGt@ soil depth at
the snow removal plots in autumn 2006 were accoiegamainly by increasing Ga
and Md* concentrations as revealed by charge balancelattms. The increased con-
centrations of C& and Md" thus seem to be due to cation exchange reactmsed
by the proton load from excess nitrification (ragitake+immobilization<gross nitrifi-
cation). No other specific release of mineral aaidrom the forest floor can be seen,
that might be attributed to the frost effect. Th@sg seasonal dynamics of thé &on-
centrations in forest floor percolates is relatedhatural drying/rewetting of the forest
floor in the summer of 2006. Only in case of Nthere seems to be a frost effect on
solution chemistry: From May to December 2006, Nf@& concentrations and fluxes at
20 cm depth exceeded those of the control plotstlamancrease was not paralleled by
CI” (data not shown). No such patterns were observéigei forest floor percolates and
at 90 cm soil depth. Because the exchangeable Blaigpaather low and the dynamics
of the Nd concentrations was not connected to similar dynaraf the major anions,
we assume that the release of Niaginated from frost-induced weathering of silEst

The weathering of silicates is a major'Nigput in our soils (Matzner et al., 2004b).

6.5. Conclusion

The solil frost induced by the snow removal did marease the solute fluxes of N,
DOC, and mineral ions, contradicting our initialpoyhesis that soil frost enhances sol-
ute losses. In the 3 months after thawing, N netenalization was not affected by the
preceding soil frost. The increase of NQ@oncentrations in the soil during the late
growing season, which was likely caused by lesgahial immobilization, did not re-
sulted in increased NQleaching because of low water fluxes. DOC fluxesewnaf-
fected by soil frost and th€C signature of DOC gave no evidence of changing DOC
origin after freezing and thawing. Moderate intgnsif soil frost, like in our experi-

ment, seems to have little effect on the solutedegrom temperate forest ecosystems.
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