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Abstract. Due to their spatialcomplexity anddynamicna-
ture, floodplainsprovide a wide rangeof ecosystemfunc-
tions. However, becauseof flow regulation, many river-
ine floodplains have lost their characteristicheterogeneity.
Restorationof floodplain habitatsand the rehabilitation of
key ecosystemfunctions, many of them linked to organic
carbon(C) dynamicsin ripariansoils, hasthereforebecome
a majorgoalof environmentalpolicy. The fundamentalun-
derstandingof the factorsthat drive the processesinvolved
in C cycling in heterogeneousanddynamicsystemssuchas
floodplainsis howeveronly fragmentary.

We quantifiedsoil organic C pools(microbial C andwa-
ter extractableorganic C) and fluxes (soil respirationand
net methaneproduction)in functional processzonesof ad-
jacentchannelizedandwidenedsectionsof the Thur River,
NE Switzerland,on a seasonal basis. The objective wasto
assesshow spatialheterogeneity andtemporalvariability of
thesepoolsandfluxesrelateto physicochemicalsoil proper-
ties on onehand,and to soil environmentalconditionsand
flooddisturbanceon theotherhand.

Correspondenceto: J.Luster (joerg.luster@wsl.ch)

Overall, factorsrelatedto seasonalityandflooding (tem-
perature,water content,organic matter input) affectedsoil
C dynamics morethansoil propertiesdid. Coarse-textured
soils on gravel barsin the restoredsectionwerecharacter-
izedby low base-levelsof organicC poolsdueto low TOC
contents.However, frequentdisturbanceby flood pulsesled
to high heterogeneitywith temporarilyandlocally increased
C poolsandsoil respiration. By contrast,in stableriparian
forests,thefinertextureof thesoilsandcorrespondinghigher
TOC contentsandwaterretentioncapacityled to high base-
levels of C pools. Spatialheterogeneity waslow, but major
floodsandseasonaldifferencesin temperaturehadadditional
impactson both poolsandfluxes. Soil propertiesandbase
levelsof C poolsin thedamforelandof thechannelizedsec-
tion weresimilarto thegravelbarsof therestoredsection.By
contrast,spatialheterogeneity, seasonaleffectsandflooddis-
turbanceweresimilar to theforests,exceptfor indicationsof
high CH4 productionthatareexplainedby long travel times
of infiltrating water favoring reducingconditions. Overall,
therestoredsectionexhibitedbothalargerrangeandahigher
heterogeneityof organic C pools and fluxes as well as a
higherplantbiodiversity than thechannelizedsection.This
suggeststhatrestorationhasindeedledtoanincreasein func-
tionaldiversity.
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1 Intr oduction

Embracingspatial heterogeneity is a major challengein
ecosystemecology. The composition, spatialconfiguration
andtemporaldynamicsof habitatpatchesdeterminebiodi-
versityandecosystemprocesses.Ecosystemsthereforeneed
to be consideredasdynamicallyinteracting mosaicsrather
thanhomogeneousentities(Ward et al., 1999; Pinayet al.,
2002). Floodplainsarean ideal model to studyspatialand
temporalheterogeneity.

Floodplainsare defined as low-relief areasthat extend
from the edgeof permanentwater bodies to the edgeof
uplandsand are subject to flooding. In their naturalstate,
theinteractionbetween flooddynamicsandgeomorphicpro-
cessescreatea shifting mosaicof habitatpatches(Naiman
andDécamps,1997;Stanford etal., 2005).Thesehydrogeo-
morphicallydistinctpatchesdiffer in age,inundationregime,
andsoil properties,therebyexpressinga differentproductiv-
ity, systemmetabolism,organic matterdynamic,andbiotic
communitycomposition. Thesepatchescanbe referredto
as“FunctionalProcessZones”(FPZs)asdescribedby Thorp
etal. (2008),although,in thecontext of thepresentstudywe
applytheFPZconceptatasmallerscaleto hydrogeomorphic
patcheswithin asinglereach. Furthermore,weextend“func-
tional” to ecologicalprocessesratherthanto restricttheterm
to physicalfunctioningof geomorphicandhydrologicforces.
In dynamicfloodplains,thevariousFPZs arearrangedalong
distinct successiongradients(NaimanandDécamps,1997),
from recently depositedsandor gravel to mature alluvial
forests.

Dueto theirspatialcomplexity anddynamicnature,flood-
plainsprovide a wide rangeof ecosystemfunctionsandre-
lated services. Becauseflow alteration is one of the most
seriousthreatsto ecologicalintegrity of river-floodplainsys-
tems (Tockner et al., 2008), the widespreadregulation of
the flow regime of large rivers, in particularin Europeand
North Americahasled to the lossof characteristicenviron-
mentalheterogeneity, biodiversityandassociatedecosystem
servicesin many floodplains(TocknerandStanford,2002).
In thelastdecades,restorationof floodplainhabitatsandthe
consequentrehabilitationof key ecosystemfunctionshasbe-
comeamajorgoalof environmentalpolicy, andconcurrently
scientific approachesto evaluateits successhave beenput
forward (Henry et al., 2002; Palmer et al., 2005; Woolsey
et al., 2007). Motivatedto a large extent by flood protec-
tion, restorationis achieved,e.g.,by wideningthemainriver
channelthroughtheremoval of embankmentsandby theset-
backof flood levees(Rohdeet al., 2005;vanStokkom et al.,
2005).

Ecosystemservicessuchasprovision of plantandanimal
resources,removal and/ordegradationof pollutants,nutri-
entretention,andcarbon(C) storagearetightly linkedto or-
ganic C dynamicsin ripariansoils (Hill andCardaci,2004;
Wilson et al., 2011). Although the needfor a fundamen-
tal understandingof the factorsthat drive the processesin-

volved in C cycling in heterogeneousanddynamicsystems
suchasfloodplainsis recognized,knowledgeisstill fragmen-
tary (Pacific et al., 2008;Zehetneret al., 2009). Therehave
beenanincreasingnumberof publicationsin recentyearson
abundanceand communitystructureof microorganisms in
ripariansoils(e.g.,Rinklebeand Langer, 2006;Ungeret al.,
2009),but still little informationis availableon bioavailable
andmobilesoil organiccarbon(Bishopetal., 1994;Hill and
Cardaci,2004). The heterogeneityof soil-atmosphere ex-
changeof CO2 andmethanehasbeenaddressedpreviously
(e.g.Pulliam 1993;GulledgeandSchimel, 2000;Pacific et
al. 2008). However, combinedstudiesaddressingboth “ac-
tive” carbon poolsandgasexchangeasproxiesof different
aspectsof soil functionality havebeenrare.

In thisstudywequantifyC dynamicsin adjacentchannel-
ized and widenedsectionsof the Thur River, NE Switzer-
land. This is the main test site of the interdisciplinary
project RECORD (http://www.cces.ethz.ch/projects/nature/
Record; Linde et al., 2011; Pasqualeet al., 2011; Schnei-
der et al., 2011). The site is composedof threedifferent
typesof FPZs: (i) frequently flooded, dynamicpatchesin
the restoredsection,(ii) mature,stablealluvial foreststhat
arefloodedonceor twice a yearin therestoredsection,and
(iii) geomorphologicallyhomogeneouspasturein the chan-
nelizedsection. The objective wasto assessspatialhetero-
geneity(amongand within FPZs)and temporalvariability
of selectedsoil organic C pools (microbial C andwater ex-
tractableorganicC) and fluxes(soil respirationandmethane
fluxes)andhow they relateto physicochemical soil proper-
ties on onehand,andto soil environmentalconditionsand
flooddisturbanceontheother hand.In particular, wewanted
to test the hypothesesthat (i) frequentdisturbanceby flood
pulsesin the dynamicFPZsaffects the C poolsandfluxes
temporarilyand locally and (ii) sucheffects are an essen-
tial preconditionto achieve a broadspectrumof conditions
andprocessessupportinga large variety of organismsand,
thusbiodiversity. Our motivation was to betterunderstand
C dynamicsin the different typesof floodplain FPZs,and,
asa consequence,how differencesin floodplainstructure,in
particularbetweenregulatedandrestoredriversections,may
affect relatedecosystemservicessuchascarbonstorageand
habitatprovision.

2 Testsite

The Thur River (catchment area: 1750km2) originates
in the limestone formation of the Mount Säntis region
(2500ma.s.l.), crossesthe Swiss Plateau,and entersthe
RhineRiver at 345ma.s.l. The river exhibits a flashy flow
regime due to the absenceof reservoirs and natural lakes.
Maximum,mean,andminimumflow ratesare1130,47,and
2m3 s−1, respectively (recording period 1904–2005:http:
//www.hydrodaten.admin.ch/d/2044.htm). Flood eventsoc-
cur mainly duringthesnowmelt periodin spring,andheavy
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Fig. 1. Aerial view of theThur River testsitenearNiederneunforn(North-EasternSwitzerland)showing thedifferentplots for eachof the
six functionalprocesszones.

rainfall eventsin summer andautumn.Theformerlybraided
river waschannelizedin the 1890s to protectthe river val-
ley against flooding. In the 1970s,a plan to concurrently
improve the flood protectionand amelioratethe ecological
stateof the river corridor waselaborated.Since1993,sev-
eral 1–3km long river sectionswere widenedto allow the
formationof alternatinggravel barsand to increasehydro-
logical connectivity betweenthemainchannelandits ripar-
ian zone. Oneof thesesectionsis the testsite. Basicdata
on the chemicalquality of the Thur River andthe adjacent
alluvial aquiferscanbefoundin HoehnandScholtis(2011).

The testsite is locatedin the river corridor at Niederne-
unforn (Canton Thurgau, 8◦77′12′′ E; 47◦59′10′′ N), where
a 2km long sectionwasrestoredin 2002. The main chan-
nel was widenedfrom 50m to 110m by removing the fore-
land in front of the levees. In addition, the leveeswere
lowered in someplacesto reconnectthe old alluvial for-
est with the river during high floods. The newly exposed
bankswere partly reinforced by tree trunks, and addition-
ally by plantinga strip of willow saplings. In the widened
river channel,dischargefluctuationsandsedimentationhave
led to theevolution of a dynamicsuccessionof gravel bars.
At the test side, this morphodynamichasbeenmonitored
using innovative methodology(Pasqualeet al., 2011), and
thesubsurfacestructureof thegravel barswascharacterized
with the help of geophysical methods(Linde et al., 2011;
Schneideret al., 2011). The meanannualprecipitationat
thetestsite is 908mm andtheaveragemonthlytemperature
rangesfrom 0.9◦C in Januaryto 19.0◦C in July (studype-
riod; http://gate.meteoswiss.ch/idaweb).

Six FPZswereidentifiedbasedon vegetation, distanceto
theriver andtopography (Fig. 1): five in therestoredsection
andonein anadjacentchannelizedsection upstream.As are-

sult of their topographicposition,theseFPZsarefloodedat
different river discharge levels andareexposedto different
floodingfrequenciesanddurations(Table1, Fig. 2). Starting
from the riverbed,the first FPZ (GRAVEL) is a mosaic of
baregravel andpatchy vegetationcovering on average33%
of the ground. It is frequentlyinundatedand hasvery lit-
tle fine soil. The secondFPZ (GRASS) is gravel covered
by up to 1m of fine sedimentsthat weretrappedmainly by
the dominantgrassPhalaris arundinacea. This plant toler-
atesboth wet and dry conditionscharacteristicof soils in
pulse-floodedriparian systems(Foster and Wetzel, 2005).
Thethird FPZ(WILLOW BUSH)comprisesthebankscom-
posedof oldersedimentswith shrubbyvegetationdominated
by plantedSalix viminalis. Otherwillow specieswerealso
present,andthe relatively denseunderstorywasdominated
by Rubus sp.andvariousgrassspecies.This strip variesin
width from 5 to 10m, andthe studyplots wereselectedin
the middle of the bankslope. The last two FPZs,MIXED
FORESTand WILLOW FOREST, are forest communities
characteristicof floodplainswith a deepand shallow aver-
agegroundwaterlevel, respectively (Schmider et al., 2003).
MIXED FORESTis dominatedby Acerpseudoplatanusand
Fraxinusexcelsior treesandthe understorywasdominated
by Allium ursinum and Ranunculusficaria in spring and
Carex pendula andRubus spp.later in the year. The North
sideof this FPZis borderedby asidechannelthatdrainsthe
neighbouringagriculturalhill slope. The WILLOW FOR-
EST FPZ at the downstreamend of the restoredsectionis
dominatedby matureSalix alba trees. The understorywas
dominatedby R. ficaria in spring, and by very denseand
monospecificpatchesof Urtica dioica later in theyear. The
northernborderof this part of the forest is formed by an
old side channel that has partly silted up, but still drains
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Table1. Hydro-geologicalcharacteristicsof thesix functionalprocesszonesof thetestsitein theThurRiver floodplain,Switzerland.

GRAVEL GRASS WILLOW MIXED WILLOW PASTURE
BUSH FOREST FOREST

Maximum elevation within the plots1 m a.s.l. 373.0 373.4 373.6 374.9 372.5 374.7
Minimum elevation within the plots1 m a.s.l. 371.8 372.5 372.5 373.6 371.6 374.2
Minimum river discharge for flooding
lowest lying plot2 m3 s−1 75 125 150 650 400 400
Minimum river discharge for flooding
highest lying plot2 m3 s−1 180 250 270 > 800 400 400
Flooding frequency3 times year−1 > 10 > 10 4–6 1–2 1–24 1–2
Flooding duration per event3 days < 1 to 14 < 1 to 14 ≤ 1 < 1 < 14 < 1

1 As measuredin May 2010.
2 Estimatedfrom inundationmapsproducedby digital terrainmodelingbasedon river crosssectionmeasurements.
3 Approximatedusingtheriverdischargedatafor theyears2007to 2009andtheminimumriverdischargefor floodinghalf of theplotswithin anFPZ.
4 In WILLOW FORESTmoreandlongerinundation eventscanoccurdueto pondingof precipitationor delayeddrainage.

thehill slopeandcollectsbackflow waterfrom River Thur.
The PASTURE FPZ lies in the channelizedsectionand is
usedby farmersfor grazing and grassfodder production.
Theplantcommunitywastypicalof managedgrasslandsand
dominatedby grassspecies(mainlyElymusrepens,Dactylis
glomerata, and Arrhenatherumelatius) and forbs such as
TaraxacumofficinaleandTrifolium repens.

In thisstudy, wehaveconsideredthefirst threeFPZsin the
restoredsectionas“dynamic” FPZs,andthetwo forestFPZs
as“stable” FPZs. In eachFPZ,four plotsof eight-meterdi-
ameterwereselected.Theupstreamhalf-circle wasusedfor
vegetationmappingandgassamplingwhile thedownstream
half-circlewasusedfor destructivesoil sampling.

3 Methods

3.1 Vegetation

In eachplot, all vascularplant species were recorded,and
cover was estimatedusing Braun-Blanquetcodes(Braun-
Blanquet,1964). Observationswererepeatedsix timesdur-
ing the2008growing seasonandspeciesrichnesswascalcu-
latedfrom thecombineddataset.

3.2 Soil sampling

Topsoilsampling wascarriedout in April andOctober 2008,
andin January, April andAugust2009. The first sampling
served to obtainbasicbackgroundinformationon physico-
chemicalsoil properties,while theotherfour samplingswere
usedfor detailedmeasurementsof C pools and fluxes. In
eachplot, threecores(6.5cm diameter× 10cm depth)were
pooled.In GRAVEL plots,soil wascollectedfrom pits. One
half of the field moist soil wassieved (2mm) andstoredat
4◦C while the other half was dried (40◦C, 48h) and then
sievedat 2mm. In May 2008,two 1m long soil coreswere

Fig. 2. Daily averageandmaximumdischargeof theThur River at
thetestsite.Minimum dischargerequiredfor inundationis different
for eachfunctionalprocesszone(FPZ)andthefloodinglevel shown
hereis theaverageelevationof thefour plotsfor eachFPZ.

taken with a drill corer from two plots of eachFPZ except
GRAVEL wherecoarsegravelpreventedtheuseof theequip-
ment.Eachcorewassplit into 20cm long segments,andthe
samplesweredriedandsievedasdescribedbefore.

3.3 Basicsoil properties

Soil textureof driedsampleswasmeasuredusingthepipette
method(GeeandBauder, 1986)afterremoving organicmat-
ter with hydrogenperoxideanddispersingwith sodiumhex-
ametaphosphate.Grain size classeswere definedas clay
(< 2µm), silt (2–63µm) andsand(63µm–2mm). Soil pH
wasmeasuredin a 1:2 slurry of driedsoil in 0.01M calcium
chlorideafter30min equilibration.Total N andorganicand
inorganicC contentsof finely ground,driedsoilsweredeter-
minedasdescribedby Walthertet al. (2010).For OlsenP as
a proxy of available P, driedsoil wasextractedfor 30min at
25◦C with 0.5M sodiumhydrogencarbonateat pH 8.5with
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a soil to extractantratio of 1:20. The extractswerefiltered
through Schleicher and Schuell 07901/2 and the extracted
phosphatemeasuredcolorimetricallyusingthemolybdenum
bluemethod(Kuo,1996).

3.4 Soil envir onmental conditions

Soil temperature(T ) at5cmdepthwasmeasuredin thecen-
tre of eachplot duringtheentireobservationperiod(30min
resolution; TidBit v2 temperatureloggers,onset,Bourne,
MA, USA). Thetemperaturesrecordedat thetimeof thesoil
samplingswereusedin this study. Gravimetric WaterCon-
tent(WC) wasdeterminedasweightlossupondrying20g of
freshsoil at 105◦C for 24h. Theelevationof theplotswas
measuredin May 2010by triangulation.Theminimum river
discharge requiredfor flooding a plot was estimatedfrom
inundationmapsfor different river discharge levels aspro-
ducedby a 2-D hydrodynamicmodel (detailsseePasquale
et al., 2011). Theestimateof days after last inundation(LI)
wasbasedon theminimumdischargevaluefor a givenplot
andthedateatwhichdischargefell below this threshold.

3.5 Carbon pools

Water extractableorganic carbon (WEOC) was extracted
from dried soils with 10mM calcium chloride at a
soil:extractantratio of 1:2 for 10min on an end-over-end
shaker (Embacher et al., 2007). The soil slurries were
then centrifugedfor 10min at 1335 g and filtered through
a 0.45µm membranefilter. The filtered extractsweremea-
suredfor non-purgeableorganicC (NPOC)usingaTOC an-
alyzer(FormacsHT, SkalarAnalytical, Breda,The Nether-
lands). Waterextractableorganic matterof soils, measured
as WEOC, is an operationallydefinedproxy of dissolved
organic matterin the soil solution,playing importantroles
assubstrateof microorganismsandastransportagent(Em-
bacheretal., 2007).AlthoughWEOCalsorepresentspartof
themicrobialbiomasswhenextractedfrom driedsoilsasin
the presentstudy(Embacheret al., 2007), we considerthis
poolmainlyasproxyof availablesubstrate.

Microbial biomassC (MC) wasdeterminedby thechloro-
form fumigationextractionmethod(Becketal.,1997).Fresh
soil samplescorrespondingto 10g dry masswere placed
in a desiccatorcontainingchloroform. The desiccatorwas
evacuatedand left in the dark for 24h. Thesefumigated
soil samplesandanothersetof freshsoil sampleswereex-
tractedfor onehour with 0.5M potassiumsulphateat a 1:5
soil to extractantratio. Theextractswerefiltered(0.45-µm)
andfrozen. The NPOCin thesesampleswasmeasuredus-
ing a TOC analyzer(TOC-V CPH/CPN,Shimadzu,Kyoto,
Japan).Microbial C wascalculatedas

MC =
(Cfumigated−Cunfumigated)

kEC
(1)

whereCfumigated andCunfumigated arethe NPOCcontentsof
chloroform-fumigatedandunfumigatedsamples,andkEC =

0.45correctsfor extractionefficiency (Becketal., 1997).

3.6 Carbon fluxes

For soil respiration(SR) and methaneflux (MF) measure-
ments,PVC rings with 30cm diameterand 30cm height
(20cm below and 10cm above surface) were installedin
eachplot. Immediately beforesampling,vegetationwithin
the rings was clipped and the chamberclosedwith an air-
tight lid. Headspaceair sampleswerecollectedafter 5, 25
and45min, injectedinto pre-evacuatedexetainers,andan-
alyzedfor CH4 andCO2 usinga gaschromatographwith a
flameionizationdetector(Agilent 6890,SantaClara,USA).
Soil-atmosphereCH4 and CO2 exchangewere calculated
by linear regressionof concentrationagainstsampling time.
Temperaturedependenceof SR wasmodeledfor eachFPZ
usinganexponentialequation (Buchmann,2000)

y = a ·e(b·T ) (2)

wherea andb areregressioncoefficients,andT is the tem-
peratureat thetimeof gassampling.Q10 valueswerecalcu-
latedas

Q10= e(10·b) (3)

Soil respiration normalisedto a referencetemperatureof
10◦C (SR T10) was calculatedaccording to Doering et
al. (2011)as

SR T10= SR·e(b(10−T )) (4)

Soil respirationisanindicatorof theactualbiologicalactivity
at thesamplingsite includingbothmicrobialandroot respi-
ration. Positive methaneflux indicatesnetmethaneproduc-
tion while negative flux indicatesnet methaneconsumption
in thesoil.

3.7 Statistical analyses

Differencesin the soil physicochemicalpropertiesamong
the sites were testedusing one-way analysisof variance
(ANOVA, SPSS17, SPSSInc.). Interactive effectsof time
andFPZweretestedbyone-wayrepeatedmeasuresANOVA.
Posthoc testswerecarriedout usingTukey HSD if homo-
geneityof variancecould be assumedor elseusingGames
Howell (Field, 2005). Principalcomponentanalysis(PCA)
wascarriedoutfor soil physicochemicalpropertiesmeasured
in the soil profile samples. Redundancy analyses(RDA)
were carriedout for C pools and fluxes as multivariatere-
sponseto soil propertiesandenvironmentalconditions. The
RDA triplot wasprojectedusingscalingmethod2 (Kindt and
Coe, 2005). The programR (R DevelopmentCore Team,
2010)with packagevegan (Oksanenet al., 2010)wasused
for PCAandRDA.

5



Table 2. Mean± standarddeviation of vegetationcharacteristicsandphysicochemicalsoil propertiesin the six functionalprocesszones
(n = 4) of thetestsitein theThurRiverfloodplain,Switzerland.Soil propertiesarefor thetop10cmof soil. Valueswith differentsuperscript
lettersin thesamerow aresignificantlydifferent (P < 0.05;Tukey post-hoctest).

Units GRAVEL GRASS WILLOW MIXED WILLOW PASTURE
BUSH FOREST FOREST

Species richness 55.0± 13.6bc 41.5± 11.2c 79.8± 8.8a 50.8± 4.5bc 41.5± 3.1c 67.7± 3.5ab

pH 7.6± 0.1a 7.4± 0.1a 7.5± 0.0a 7.5± 0.0a 7.4± 0.0a 7.5± 0.0a

Sand g kg−1 806± 52a 660± 17abc 442± 90bc 378± 57c 245± 40c 651± 69ab

Clay g kg−1 53± 13d 83± 36bcd 117± 18abc 148± 18ab 177± 24a 78± 16cd

Inorganic C g CaCO3 kg−1 355± 25b 385± 18ab 408± 5a 390± 6a 390± 3a 382± 7ab

Organic C g kg−1 10.1± 3.7c 16.3± 5.8bc 17.1± 3.2abc 21.4± 3.6ab 24.8± 1.5a 12.9± 2.9bc

Total N g kg−1 0.7± 0.2c 1.0± 0.4bc 1.1± 0.3bc 1.6± 0.3ab 1.8± 0.1a 0.9± 0.2c

C:N g g−1 15.2± 0.5ab 16.2± 1.6a 15.2± 0.7ab 13.4± 0.6b 14.0± 0.2b 14.0± 0.4b

Available P mg kg−1 24.6± 11.1ab 35.9± 10.1a 16.7± 5.5b 14.2± 4.5b 22.3± 7.6ab 8.3± 4.5b

4 Results

4.1 Vegetation

Meanplantspeciesrichnesswaslowestin GRASSandWIL-
LOW FOREST, andhighest in WILLOW BUSH (Table 2).
Spatialvariability washigherin GRAVEL andGRASSthan
in theother FPZs(Table3). A principalcomponentanalysis
of plantspeciescompositionandcover revealedthattheveg-
etationin PASTURE and in both forestedFPZs wasrather
similar, while it exhibited completelydifferentcharacteris-
tics in thethreedynamicFPZs(datanot shown).

4.2 Basicsoil properties

All soilswererich in carbonatesand,accordingly, hada pH
of about 7.5 (Table2). In therestoredsection,soilsbecame
morefinely texturedalongagradientfrom GRAVEL to WIL-
LOW FOREST. Total organiccarbon (TOC) andtotal nitro-
gen(TN) contentsincreasedalongthesamegradient,while
the C/N was around15 in all FPZs. Available P was sig-
nificantly higher in GRASSthan in WILL OW BUSH and
MIXED FOREST. Soil propertiesof PASTURE weresim-
ilar to GRASSexcept for a significantly lower available P
content.Spatial variability of textureandTOC contentwere
highestin GRAVEL andGRASS,andlowestin thetwo for-
estFPZs(Table3).

Soil texture did not vary much with depthin any of the
FPZs(datanot shown). TOC and TN contentswere also
homogenouslydistributedwithin thesoil profilesexceptfor
WILLOW FOREST. There, TOC and TN decreasedwith
depthto 15gCkg−1 and 1.1gN kg−1 respectively. Avail-
ableP decreasedgraduallywith depthto 7mgkg−1 in WIL-
LOW FOREST, and to about5mgkg−1 in MIXED FOR-
EST andWILLOW BUSH. In GRASSavailableP did not
vary with depthand in PASTURE it first decreasedto less
than 5mgkg−1 at 20–40cm depth and then increasedto

Fig. 3. Five functional processzonesat the test site in the Thur
River floodplain,Switzerland,with two replicateseachrepresented
on the two first axesof a PCA performedon soil physicochemical
properties(total organic carbonTOC, total nitrogenTN, available
phosphorusAv P, sandandclay content)measuredin thesoil pro-
files. Thedecreasingsizeof thesymbols representsincreasingsoil
depth.

12mgkg−1 at 80–100cm depth. The PCA (Fig. 3) showed
soil textureasthemainfactorseparatingthedifferentFPZs,
anddemonstratedagenerallylargerlateralthanverticalvari-
ation of the soil properties. It alsoshowed that PASTURE
soils wererelatively homogeneousandoverall mostsimilar
to thesoil in WILLOW BUSH.

According to the world referencebasefor soil resources
(IUSS Working Group WRB, 2006) the soils in GRASS,
WILLOW BUSH,MIXED FOREST, andPASTUREcanbe
classifiedashaplic Fluvisols (calcaric,humic) andthosein
WILLOW FORESTashaplic or gleyic Fluvisols (calcaric,
humic,siltic).
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Table3. Coefficientsof variation(CV) for speciesrichnessandsoil properties(claycontentClay, total organiccarbonTOC)within different
functionalprocesszones(FPZs)of thetestsitein theThurRiverfloodplain,Switzerland(n = 4); meanCV for soil environmentalconditions
(temperatureT , gravimetric watercontentWC), carbonpools (waterextractableorganic carbonWEOC, microbial carbonMC) andsoil
respiration(SR asmeasured,SR T10 normalisedto referenceT of 10◦C) within differentFPZs(n = 4) at the differentsamplingtimes
(n = 4).

GRAVEL GRASS WILLOW MIXED WILLOW PASTURE
BUSH FOREST FOREST

Species richness 0.25 0.27 0.11 0.09 0.07 0.05
Clay 0.23 0.43 0.16 0.12 0.14 0.20
TOC 0.37 0.35 0.19 0.17 0.06 0.22
WC 0.36 0.20 0.11 0.09 0.08 0.08
T 0.005 0.004 0.002 0.001 0.002 0.001
WEOC 0.33 0.38 0.19 0.17 0.22 0.18
MC 0.41 0.42 0.31 0.24 0.31 0.16
SR 0.50 0.42 0.49 0.17 0.30 0.37
SR T10 0.49 0.47 0.49 0.17 0.33 0.38

4.3 Soil envir onmental conditions

Temperaturemeasuredin GRAVEL was significantly dif-
ferent from all other FPZs at all seasons(Table 4). At
eachsamplingdate,eitherthelowestor highesttemperatures
weremeasuredthere,including the extremes(−0.7◦C, and
20.2◦C). Overall, therewas no significantdifferencein T

amongtheFPZs,but in August all non-forestedFPZsexhib-
ited distinctly higher temperaturesthan the forestedFPZs.
WILLOW FORESTand GRAVEL representedthe wettest
anddriestconditions,respectively. Thespatialvariability of
soil moisturewashighestin GRAVEL andGRASS(Table3).
Particularly high WCs weremeasuredin Augustsampling,
which wascarriedout two weeksaftera majorflood (seeLI
in Table4), andin Januarywhenthe soils werecoveredby
snow andpartially frozen.

4.4 Carbon pools

Onaverage,theWEOCcontentsincreasedfrom GRAVEL to
WILLOW FOREST, and PASTURE exhibited low WEOC
contents(Table 4). WEOC was significantly higher (P <

0.05) in August,andlower in April, comparedto othersam-
plings.Spatialvariability of WEOCwaslargestin GRAVEL
andGRASS(Table3), with particularlyhigh variability in
GRASSin April andAugust.

Microbial C was higher in WILLOW FOREST than in
other FPZs(Table 4). In October, MC contentswere sig-
nificantly lower thanat the othersamplings(P < 0.05) and
highly variable. With the exceptionof PASTURE, spatial
variability of MC waslarge(Table3).

4.5 Carbon fluxes

Soil respiration(SR and SR T10) was lowest in GRAVEL
andhighestin GRASSandWILLOW BUSH at most of the
samplings,but differenceswere statisticallynot significant
(Table4). Within-patchvariability of SRwasgenerallyhigh
in all dynamicFPZs(Table3) with hot spotsin GRASSin
April and August and in WILLOW BUSH in Octoberand
August.While SRvalueswerelowestin Januaryandhighest
in August,SR T10 valuesvariedonly little with time. The
Q10 valuewashighestfor GRAVEL, while it wassimilar for
all otherFPZs(Table5).

All FPZstook up methane except for August. Thenup-
take was observed only for WILLOW BUSH and MIXED
FOREST, while theotherFPZsemittedmethaneinto theat-
mosphere.At all samplings,plots in GRAVEL showedvery
low uptake or even low emissions,while MIXED FOREST
exhibitedthehighestuptake ratesof all FPZs.

4.6 Carbon poolsand fluxes asmulti variate proxy of
soil C dynamics

Carbon dynamics are presented as multivariate response
comprisingC pools(WEOC,MC) andfluxes(SR MF), ex-
plainedby soil propertiesandenvironmentalconditions(LI,
T , WC, TOC, clay). Datawereclearly distributedaccord-
ing to samplingdate(Fig. 4). The modelexplained38.0%
(adjustedR2) of thevarianceof theresponsedatasetandthe
two first canonicalaxes were significant(P = 0.001, 1000
permutations).Overall, WC andT explainedthe main gra-
dient of C pools and fluxes along axis 1, which separates
samplesof Augustfrom all others.Soil respirationwaspos-
itively correlatedwith T andnegatively correlatedwith the
numberof dayssincethelast inundation.WEOCcorrelated
mainlywith WC, whereasMC wasstronglylinkedwith clay
andTOC content.

7



Table4. Mean± standarddeviationof soil environmentalconditions(dayssincelastinundationLI, temperatureT , gravimetricwatercontent
WC),carbonpools(waterextractableorganiccarbonWEOCandmicrobialcarbonMC), andfluxes(soil respirationSRasmeasured,SR T10
normalisedto referenceT of 10◦C, andmethaneflux MF) in thesix FPZs(n = 4) of thetestsitein theThur River floodplain,Switzerland.
Samplingswererepeatedfour timesfrom autumn2008to summer2009. Also shown areresultsof repeatedmeasuresANOVA over all
samplings;differentlowercaselettersin thesamerow indicatesignificantdifferences(P < 0.05;Tukey or Games-Howell post-hoctest).

GRAVEL GRASS WILLOW MIXED WILLOW PASTURE
BUSH FOREST FOREST

October 2008 LI days 21 21 21 49 49 49
T ◦C 16.0± 1.9 14.5± 2.9 13.7± 0.4 13.4± 0.3 13.0± 0.6 13.5± 0.2
WC g kg−1 171± 48 268± 37 220± 34 251± 19 302± 17 210± 11
WEOC mg kg−1 127± 37 141±24 82± 15 160± 27 164± 37 80± 18
MC mg kg−1 132± 92 168± 131 158± 119 132± 100 227± 161 73± 12
SR mmol m−2 day−1 43± 22 327± 39 322± 117 194± 22 214± 47 228± 86
SR T10 mmol m−2 day−1 17± 3 224± 24 203± 74 144± 16 150± 26 144± 55
MF µmol m−2 day−1

−2± 1 −15± 3 −25± 9 −58± 11 −22± 9 −6± 6

January 2009 LI days 14 14 14 140 140 140
T ◦C −0.1± 0.4 0.5± 0.3 0.3± 0.4 0.0± 0.2 0.2± 0.3 0.5± 0.1
WC g kg−1 325± 57 296± 50 255± 33 257± 26 347± 35 252± 29
WEOC mg kg−1 85± 29 143± 22 123± 19 155± 38 147± 50 116± 11
MC mg kg−1 208± 99 178± 71 297± 56 231± 42 471± 58 331± 49
SR mmol m−2 day−1 8± 5 50± 28 58± 37 41± 9 55± 36 37± 14
SR T10 mmol m−2 day−1 52± 34 172± 98 251± 169 128± 30 170± 111 120± 44
MF µmol m−2 day−1

−1± 3 −6± 7 −18± 13 −35± 19 −17± 9 −6± 5

April 2009 LI days 5 21 112 240 240 240
T ◦C 15.2± 2.8 11.4± 0.7 11.0± 0.7 10.3± 0.5 11.7± 0.5 10.7± 0.8
WC g kg−1 169± 99 204± 43 248± 7 219± 26 276± 23 152± 13
WEOC mg kg−1 84± 28 96± 67 117± 20 98± 16 139± 15 94± 28
MC mg kg−1 148± 30 135± 49 210± 28 223± 29 445± 72 208± 15
SR mmol m−2 day−1 91± 40 304± 143 134± 47 130± 10 178± 25 139± 43
SR T10 mmol m−2 day−1 72± 46 303± 179 147± 49 135± 8 144± 42 118± 46
MF µmol m−2 day−1 7± 23 −9± 2 −15± 5 −55± 5 −21± 5 −18± 3

August 2009 LI days 2 7 14 14 14 14
T ◦C 19.3± 1 18.4± 0.8 16.6± 0.2 16.3± 0.1 16.6± 0.6 18.8± 0.2
WC g kg−1 181± 70 388± 117 348± 41 365± 30 493± 44 276± 15
WEOC mg kg−1 155± 60 324± 168 418± 103 480± 44 608± 131 297± 34
MC mg kg−1 334± 90 351± 48 306± 46 361± 36 263± 66 190± 47
SR mmol m−2 day−1 283± 127 432± 237 654± 390 260± 67 315± 48 345± 145
SR T10 mmol m−2 day−1 50± 18 152± 90 246± 148 124± 31 147± 29 115± 46
MF µmol m−2 day−1 8± 8 17± 43 −23± 10 −27± 9 52± 79 151± 236

ANOVA results T a b b b b b
WC c ab bc b a bc
WEOC c bc bc ab a bc
MC b b b b a b
SR b a a ab a ab
SR T10 a a a a a a
MF b b b a b b
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Table5. Modeledrelationshipbetweensoil respiration(y, mmolCO2 m−2 day−1) andsoil temperature (T , ◦C) in differentFPZsof thetest
sitein theThurRiver floodplain,Switzerland.

FPZ y = a e(bT ) SEa SEb Q10 n F R2 P

GRAVEL y = 6.85e(0.179T ) 0.02 2.1 6.0 13 54.7 0.83 <0.0001
GRASS y = 51.09e(0.128T ) 0.02 15.1 3.6 16 28.6 0.67 <0.0001
WILLOW BUSH y = 43.02e(0.148T ) 0.02 9.86 4.4 16 55.8 0.80 <0.0001
MIXED FOREST y = 40.84e(0.117T ) 0.01 3.53 3.2 16 235.7 0.94 <0.0001
WILLOW FOREST y = 44.83e(0.116T ) 0.02 8.46 3.2 16 56.1 0.80 <0.0001
PASTURE y = 33.96e(0.124T ) 0.01 6.18 3.4 16 77.9 0.85 <0.0001

a andb: regression coefficients.
SEa and SEb standard errors ofa andb.
Q10: relative increase in soil respiration upon aT increase of 10◦C.
n: number of individual measurements.F , R, P : F -value, coefficient of determination, and level of significance of the regression, respectively.

Fig. 4. RDA triplot for carbonpoolsandfluxesin thesix functional
processzonesat thetestsite in theThur River floodplain,Switzer-
land (water extractableorganic carbonWEOC, microbial carbon
MC, soil respirationSR,methaneflux MF) asmultivariateresponse
variables(redfont), constrainedby soil propertiesandenvironmen-
tal conditions(dayssincelast inundationLI, soil temperatureT ,
gravimetric watercontentWC, clay contentClay andtotal organic
carbonTOC) asexplanatoryvariables(blue font). Four soil sam-
pling datesarerepresentedwith differentsymbols.Axis 1 explains
35.4% andaxis2 11.3% of thevariance.Datawereprojectedusing
scalingmethod2.

5 Discussion

Ourdataallow us(i) to relatedifferencesbetweensoil C dy-
namicsin different functional processzones(FPZs)of the
Thur River floodplainto differences in physicochemicalsoil
propertieson one handand to effects of flood disturbance
asdriving forceof a geomorphicallydynamicsystemon the
otherhand,and(ii) to evaluatetherelativemagnitudeof tem-

poralvariabilityaswell asamongandwithin-FPZspatialhet-
erogeneityof C dynamics.Basedon this, conclusionsabout
theeffectsof river restoration onC dynamicscanbedrawn.

5.1 Soil properties,envir onmental conditionsand
degreeof disturbance in differ ent FPZs

With their high carbonatecontentthe soils at our test site
arerepresentative of young,weaklydevelopedalluvial soils
(Guenatet al. 1999). Themostlyhomogeneousdistribution
of soil propertieswith depthandthe strongcorrelationbe-
tweenTOC andTN contentsandsoil texture indicatessoil
formationby fluvial sedimentationof homogeneoussource
material(CabezasandComin,2010). Further homogeniza-
tion canbe attributed to bioturbationby earthworms. This
wasespeciallyclear in the forestedFPZswhereearthworm
biomasswashighest (Fournieretal., unpublisheddata),most
likely becauseof the lower frequency of inundationandflu-
vial dynamics (Guenatet al. 1999). On the otherhand,the
depthgradientof TOC andTN in WILLOW FOREST, rep-
resentingan advancedstableFPZ, indicatesin situ pedoge-
nesis. Soil texture, the main factordifferentiatingthe FPZs
accordingto thePCA (Fig. 3), reflects theaveragesedimen-
tation conditionswith texture becomingfiner with decreas-
ing streamenergy (Nansonand Croke, 1992). The TOC
contentsarewithin the rangefound in floodplainsediments
of other large rivers in Europe (Graf et al., 2007; Pies et
al., 2007). The low C/N ratios and high available P con-
tents(Morel et al., 1992) indicatehigh nutrientavailability
in all FPZs,which is characteristicof many river floodplains
(TocknerandStanford,2002). Theparticularly high P avail-
ability in GRASScan be explainedby high sedimentation
rates(Steiger andGurnell, 2003). Low C/N valuesalsoin-
dicatefavourableconditionsfor organicmatterdegradation,
which is confirmedby theobservationof fastmineralisation
of leaf litter in most FPZsand by the humusmorphology
(carbonate-richMull; datanot shown).
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The high variability and extremevaluesof T measured
in GRAVEL areconsistentwith the generalfinding of bare
gravel bars asextreme environments.Theabsenceof stable
vegetationcover to buffer temperature variationsaccompa-
niedby high thermalconductivity dueto low watercontents
explain this harshness(Tonollaet al., 2010).Thedifferences
in WC amongFPZscanbeexplainedmainly by a combined
effectof precipitation,inundationfrequency andwaterreten-
tion capacityof the soils. In particular, the maximumWC
in WILLOW FORESTcanbeattributedlargely to thefinely
texturedsoil thatretainswaterefficiently. Theadditionalef-
fectsof shadingandwateruptake by the plantson WC via
evapotranspirationarenotobviousfrom thedata.

Consideringthe days after the last inundation(LI), the
samplingscarriedout over the courseof this study repre-
sentconditionsthataretypical for this site (Table1, Fig. 2),
i.e. inundation of the low-lying dynamicFPZson a regular
basis,andflooding of the entirefloodplainonceor twice a
year. Thehigh spatialheterogeneity of physicochemical soil
properties,environmentalconditions,andplantspeciesrich-
nessin GRAVEL andGRASS(Table3) reflectsthe patchy
anddynamicgeomorphologydueto thefrequentdisturbance
by flooding,while the low variability in the forestedFPZs
canberelatedto stableconditionsleadingto homogenization
of properties,conditionsandcommunities.Thelow variabil-
ity in PASTURE canin addition be explainedby its partic-
ularly homogeneousgeomorphologystronglyreducingero-
sionandsedimentdeposition.In agreementwith thehypoth-
esisof maximumbiodiversityatintermediatelevelsof distur-
banceor connectivity (Wardetal.,1999),thepatternof plant
speciesrichnessin therestoredsectionFPZsreflectsthede-
greeof disturbance.Thishypothesispredictshighestspecies
richnessin habitatscharacterisedby intermediateinundation
frequency (i.e. WILLOW BUSH), and lower diversity un-
derhigh or low degreesof disturbance(i.e.,GRASSandthe
two forestedFPZs,respectively) whereruderalor compet-
itive speciesdominate,respectively (in particularPhalaris
arundinaceaasflood tolerantspeciesin GRASS,Fosterand
Wetzel, 2005). Consideringthe low inundationfrequency,
the relatively high species richnessobserved in PASTURE
canbeexplainedmainlyby theregularharvesting,which re-
ducestheeffectof competition.

5.2 Carbon poolsand fluxesasrelatedto soil properties,
envir onmental conditionsand disturbance in
differ ent FPZs

The strongcorrelation betweenMC and TOC suggestsC-
limitation of microbes,which is especiallycommonin nu-
trient rich soils (Wardle,1992). Thepatternof WEOCsug-
gestsaninfluenceof bothTOCandWC.Thecorrelationwith
TOCindicatessimilar solubility of soil organicmatteracross
FPZs. The influenceof WC is mainly a flooding effect as
demonstratedby thehighestWEOC contentsin Augustafter
themajorflood. Ononehand,thispatternsuggeststemporar-

ily increasedsolubleC poolsdueto input of non-structured
fine soil and fresh litter along with the decreasedaeration
in the waterlogged soils. During soil saturation, dissolved
organic matter productionis expectedto increase(Kalbitz
et al., 2000). On the other hand, flooding has also been
shown to increasetheratesof enzymaticsoil organicmatter
degradation(Wilson et al., 2011).Theflood-relatedincrease
in availableC is also reflectedby increased MC, except in
WILLOW FORESTwherethe almostcompletelysaturated
soil suggestslonger unfavourable conditionsfor microbial
growth (RinklebeandLanger, 2006;Ungeretal., 2009).

The measuredrange of SR, which includesroot andmi-
crobial respiration,wassimilar to resultsfrom other flood-
plains(Pulliam,1993;GulledgeandSchimel,2000;Pacific
et al., 2008; Doering et al., 2011). The strongcorrelation
of SRwith T hasbeencommonlyobserved(Lloyd andTay-
lor, 1994;Buchmann,2000)andexplainsthedifferencesbe-
tweenthe samplingsto a large extent. The temperaturede-
pendencein termsof Q10 valuesin mostFPZsis similar to
ripariananduphill forests(Buchmann,2000;Doeringet al.,
2011),while theQ10 valueof GRAVEL is muchhigherthan
in similar systems(Doeringet al., 2011). Accordingto Pa-
cific et al. (2008)soil CO2 efflux is determinedbothby CO2
productionanddiffusive transportin theentiresoil, andsoil
moisturelevelsobservedin ourstudywouldsupporthighres-
piration in all FPZsmostof the time. Consideringthis, the
often highestCO2 efflux in GRASSandWILLOW BUSH
canbe explainedon onehandby the coarsesoil texture al-
lowing optimal gasdiffusion, on the otherhandby the fre-
quentandlargeinput of availableorganicC duringflooding
(Doeringet al., 2011). In addition,the sedimenttransloca-
tionsduringhigh floodsmayincreasethecontentof available
organicC alsoat greaterdepths.Togetherwith thehigh spa-
tial variability in sedimentation,thiscanexplainthehotspots
of SRobservedin thesetwo FPZs.Thelow SRin GRAVEL
is likely dueto thelow finesoil content.

Consumptionof atmosphericmethaneis largely deter-
minedby CH4 diffusion in the soil (Dörr et al., 1993),and
CH4 producedin watersaturatedsoil layerscanbeconsumed
in upperaerated soil layers(BoonandLee,1997).Net CH4
productioncanthereforebeconsideredasanindicatorof the
balancebetweenoverall soil aerationand underlyingCH4
production. The observed decreaseof net CH4 production
alongtheelevation gradientfrom GRAVEL to MIXED FOR-
EST is in line with theaerationincreasingwith theaverage
thicknessof unsaturatedsoil, and confirms earlier studies
showing a strong influenceof landscapeposition on CH4
consumption(Burke et al., 1999; Gulledgeand Schimel,
2000). This interpretationis supportedby an increasein
earthworm diversity (Fournieret al., unpublisheddata). In
WILLOW FOREST, net CH4 productionwas higher than
expectedat thatelevation,which suggests a relatively weak
aeration,confirmedby hydromorphicfeaturesin uppersoil
layers(datanot shown) and/orhigh CH4 production.These
observationsare bothcongruentwith themaximumWC and
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finestsoil texture foundin this FPZ(Dörr et al., 1993). The
high net CH4 productionin the relatively high laying PAS-
TURE,characterizedby asandysoil texture,suggestsgener-
ally highCH4 productionin thewater-saturatedlayersof this
FPZ.Thiscanbeexplainedby therelatively long travel time
of infiltrating water in the channelizedsectionof the river
(Vogt et al., 2010),favouring reducing conditionsin deeper
soil layers.

In summary, microbial and available C pools are deter-
minedmainly by physicochemicalsoil propertieswith some
additionaleffectsof floodingvia WC. By contrast,C fluxes
are strongly influencedby flood disturbance,and either T

(SR)or geomorphology(netCH4 production).

5.3 Temporal variability and within-FPZ heterogeneity
of soil C poolsand fluxes

Carbonpoolsandfluxesasmultivariateproxy of soil C dy-
namicsdiffered more amongsampling datesthan among
FPZs.This indicatesthatoverall factorsrelatedto seasonal-
ity andflooding(T , WC, andorganicmatterinput) influence
soil C dynamicsmorethandifferencesin soil physicochemi-
cal propertiesin thetestsite.

The high spatialheterogeneityof all C pools and fluxes
within GRAVEL andGRASScanberelatedto thevariability
in bothsoil propertiesandenvironmentalconditionscaused
by frequentflooding disturbance. The high variability of
MC in all FPZsof the restoredsectioncannotbe explained
exclusively by the large-scalevariability betweenreplicate
plots but might in addition be due to small-scalevariabil-
ity at thesoil aggregatelevel aswell asto additionalhetero-
geneitybroughtby therootingpatternandrelatedexudation
of plants. Similarly, it can be speculatedthat hot spotsof
CO2 and CH4 emissionsin otherwisehomogeneousFPZs
(WILLOW BUSH, PASTURE) are due to small-scalehet-
erogeneitiesin substrateavailability andwatersaturationin
thesubsoil(Ramakrishnanetal., 2000;Sey etal., 2008).

6 Conclusions

This study of organic C dynamics in the Thur River flood-
plain revealedthat in thedynamic FPZsof therestoredsec-
tion characterisedby low TOC contentsandcoarse-textured
soils, frequentdisturbanceby flood pulsestemporarilyand
locally increasedSRandtheotherwiselow base-levelsof or-
ganicC pools. By contrast,in thestableforestedFPZs,the
finertextureof thesoilswasresponsiblefor higherTOCcon-
tentsandwaterretentioncapacitybothleadingto high base-
levels of C pools. Spatialheterogeneity was smaller than
theeffects of major floodsandseasonalT differenceson C
poolsandfluxes.ThePASTUREFPZstoodoutby (i) low C
poolsdueto coarse-texturedsoils low in TOC, asin thedy-
namicFPZs,(ii) spatialheterogeneity, seasonaleffectsand
flood disturbance,similar to the forestFPZs,and(iii) high

CH4 productionthat canbe explainedby slow travel times
favouringreducingconditions.

Irrespective of the FPZ, the input of non-structuredal-
lochthonoussoil materialandpossiblythedestructionof lo-
calaggregatesduringfloodpulsesappearto bethedriver for
a temporaryand,in dynamicFPZs,local increaseof micro-
bial activity. The relatedvariability in available carbonor
soil respirationcannotbe explainedby the spatialandtem-
poral heterogeneityof bulk soil propertiesor the variability
of environmentalconditions. Our resultsthus confirm our
first hypothesisthatspatialandtemporalC variability areaf-
fectedmainlyby flooddisturbance.However, they alsoshow
that thetemporaleffectsarenot restrictedto dynamicFPZs.
The strong increasein plant biodiversity broughtaboutby
the recurrentrejuvenationof the habitatsseemsto support
oursecondhypothesis,thatfrequentdisturbance– definedas
temporaryand strongchanges in environmentalconditions
andsubstrateavailability- createsalargefunctionaldiversity.
Our resultsthereforesupportrecentfindingsthatshort-term
inundationsareimportantdriversof microbialhabitatstruc-
ture andfunction in floodplains(Wilson et al., 2011). Fur-
ther comprehensive studiesin similar aswell ascontrasted
sitesarerequiredfor generalisationof theresults.In particu-
lar, sincesoil organicmatterturnover differs betweenacidic
andcarbonate-containingsoils (Walseet al., 1998), studies
in siteswith carbonate-freefluvial sourcematerialwould be
of greatinterest.

Basedonourresults,werecommendthatriverrestoration,
in order to achieve maximumrecovery of ecosystemfunc-
tions, shouldaim at creatingnear-naturalfloodplainscom-
prisingbothdynamicgravel barsandstablealluvial systems.
Ononehand,thisensurestheprovisionof alargediversityof
habitats.Ontheotherhand,thecomplex interplayof organic
matterinputand hotspotsof bothmineralisationandincom-
pletedegradationstronglyaffectsthepotentialof floodplains
to storecarbon,anecosystemserviceof greatcurrentinter-
est(Cierjackset al., 2010). River wideningcombinedwith
hydrologicalreconnectionwith formerfloodplains(from the
timebeforechannelization)asin theexamplepresentedhere,
is likely to beasuccessfulrecipeto achievethisgoal,at least
for a river characterised by pulseflooding. The Thur River
examplealsoshows that doing so on a rathersmall scaleis
sufficientto achieveahighheterogeneityof carbon poolsand
habitats.In caseswhere,in contrastto theThur, theriver is
dammedupstream,this mayhave to becombinedwith con-
trolled outflow mimicking the naturaldischarge regime in-
cludinga few largerfloods.
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