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a  b  s  t  r  a  c  t

Restoration  measures  of deteriorated  river  ecosystems  generally  aim  at increasing  the  spatial  hetero-
geneity  and connectivity  of these  systems  in  order  to increase  biodiversity  and  ecosystem  stability.  While
this  is  believed  to benefit  overall  ecological  integrity,  consequences  of  such  restoration  projects  on  bio-
geochemical  processes  per  se (i.e.  ecosystem  functioning)  in  fluvial  systems  are  rarely  considered.  We
address  these  issues  by evaluating  the  characteristics  of surface  water  connection  between  side  arms
and  the  main  river  channel  in  a former  braided  river  section  and  the  role  and  degree  of  connectivity  (i.e.
duration  of surface  water  connection)  on  the  sediment  biogeochemistry.  We  hypothesized  that  poten-
tial  respiration  and denitrification  would  be  controlled  by the degree  of hydrological  connectivity,  which
was  increased  after  floodplain  restoration.  We  measured  potential  microbial  respiration  (SIR) and  den-
itrification  (DEA)  and  compared  a  degraded  floodplain  section  of  the  Danube  River  with  a  reconnected
and  restored  floodplain  in the  same  river  section.  Re-establishing  surface  water  connection  altered  the
controls  on  sediment  microbial  respiration  and  denitrification  ultimately  impacting  potential  microbial
activities.  Meta-variables  were  created  to characterize  the  effects  of  hydrology,  morphology,  and  the

available  carbon  and  nutrient  pools  on  potential  microbial  processing.  Mantel  statistics  and  path  analysis
were  performed  and  demonstrate  a hierarchy  where  the  effects  of  hydrology  on  the available  substrates
and  microbial  processing  are  mediated  by  the morphology  of  the  floodplain.  In addition,  these  processes
are  highest  in  the  least  connected  sites.  Surface  water  connection,  mediated  by morphology  regulates  the
potential  denitrification  rate  and  the  ratio  of  N2O  to N2 emissions,  demonstrating  the  effects  of  restoration
in  floodplain  systems.
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. Introduction

At the catchment scale, rivers transport nutrients and organic
atter from terrestrial and aquatic sources to coastal areas
Bennett et al., 2001; Seitzinger et al., 2002; Townsend-Small et al.,
005), produce and degrade organic matter during transport (del
iorgio and Pace, 2008; Hedges et al., 2000), and constitute an
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mportant element in the global carbon cycle (Cole et al., 2007;
attin et al., 2009). Riverine landscapes, where biological and phys-

cal activities (ex: primary production and sedimentation) occur,
onstitute biogeochemical hot spots, in particular for nitrogen
ycling (Fischer et al., 2005; Forshay and Stanley, 2005; Hynes,
975; McClain et al., 2003; Naiman and Decamps, 1997; Ren et al.,
000).

At the landscape scale, two  fundamental principles regulate
he cycling and transfer of carbon and nutrients in river ecosys-
ems, particularly in large river floodplains (Pinay et al., 2002). The

rst principle relates to delivery patterns of carbon and nutrients

nto floodplain ecosystems. In floodplains of most large regulated
ivers, inputs of sediment, nutrients, and organic matter occur
rimarily via surface flow (i.e. flooding), although groundwater
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ransport and atmospheric deposition can also contribute high
mounts of nutrients (Durisch-Kaiser et al., 2008; Tockner et al.,
000). River floodplains are recognized as important storage sites
or sediments and associated nutrients mobilized from upstream
atchments during floods (Forshay and Stanley, 2005; He and

alling, 1997). In addition to the magnitude, frequency and dura-
ion of floods, the transfer and storage of materials in floodplains
s largely under the control of the surface water connectivity pat-
ern within the riverine landscape (Brunet et al., 1994; Van der
ee et al., 2004; Burt and Pinay, 2005; Pinay et al., 2007). The
econd basic principle describes the geomorphological character-
stics of floodplains which are defined, in this study, as the present

orphology and the processes that shape it (ex. water–substrate
ontact, water–sediment interface). This is generally positively cor-
elated to the efficiency of nutrient retention and use in river
cosystems, and these positive relationships can occur both in
he main channel itself and in the riparian and floodplain zones
Jones and Holmes, 1996; Lefebvre et al., 2004; Pinay et al., 2009).
ncreasing the length or the duration of contact between water
nd substrates increases the biological use and thereby the total
mount of nutrients cycled through the system (Sjodin et al., 1997),
lthough this cycling capacity can be affected by the load itself
Mulholland et al., 2008). Similarly, the role of water levels, espe-
ially floods and flow pulses (Tockner et al., 2000), is important
n determining the area available for water–substrate interactions.
y changes in the frequency, duration, period of occurrence, and
ariability of water levels, the water regime or surface water con-
ectivity can directly affect nitrogen cycling in alluvial sediments
nd the sediment–water interface by controlling the duration of
xic and anoxic phases and thereby altering nitrification and den-
trification rates (Groffman and Tiedje, 1988; Hefting et al., 2004).
hese factors create a mosaic of geomorphologic features that influ-
nce the spatial pattern and successional development of riparian
egetation (Hein et al., 2005; Roberts and Ludwig, 1991; Salo et al.,
986) which in turn largely supports consumer biomass (Zeug and
inemiller, 2008).
River systems can be strongly affected by natural disturbances

r anthropogenic perturbations, such as dams, drainage, dredg-
ng, deforestation of riparian zones, and embankments. The two
reviously mentioned principles can be used to understand the
echanisms of how anthropogenic changes alter the biogeochem-

stry of riparian and instream zones as well as their ability to
ediate nutrient fluxes originating from upstream (Bernot and
odds, 2005). In order to mitigate anthropogenic disturbance, river

estoration and rehabilitation projects have been undertaken. Most
rojects have been aimed at increasing the spatial heterogene-

ty of these ecosystems in order to support higher habitat and
iological diversity (Henry et al., 2002). Yet, a more integrated
pproach including restoration of vital ecological processes, such
s nitrogen cycling and retention, is necessary to recognize the bio-
eochemical role of floodplains (Hein et al., 2004; Hohensinner
t al., 2004; Pedroli et al., 2002). Although nitrogen dynamics in
oodplains have been well studied (Spink et al., 1998; Steiger and
urnell, 2003), restoration strategies specifically aimed at reducing
itrogen loads have been, until recently, limited to small streams
Cabezas and Comín, 2010; Craig et al., 2008). The effects of altered
ater regime on the nitrogen cycling of river systems have been
emonstrated at local scales (Hedin, 1990; Hill et al., 2000; Pinay
t al., 1995; Triska et al., 1993). The main challenge is now to eval-
ate the effects of these changes at larger landscape-level scales
Lamers et al., 2006).
The primary objective of this study was to determine how
hanges in the physical gradients (i.e. physical elements in the land-
cape) related to the water delivery and discharge regime can affect
he nitrogen and carbon cycles in floodplain ecosystems. More
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pecifically, the aim of our study is to determine how floodplain
estoration, by increasing hydraulic exchange conditions between

 large river main channel and its backwaters affects sediment
nd water quality as well as potential denitrification and respi-
ation. We  tested to what extent three major restoration variables
an control sediment characteristics, water quality, and microbial
ctivities: (i) the type of connection to the main river channel
degraded or reconnected), (ii) the average annual duration of con-
ection and (iii) the water age prior to sampling.

In this study, we  examined the role of hydrology and local geo-
orphology on potential microbial processing in sediments of two

iver side channels. A restored and a degraded side arm system
long a 10-km floodplain section of the Danube River downstream
f Vienna, Austria were examined in this study. The two selected
ystems differed by the type of connection to the main river chan-
el – disconnected and restored via reconnection (Lobau and Orth,
espectively). These two  floodplain systems, while spatially close,
ary greatly in their hydrology and geomorphology. Restoration via
urface water reconnection changed the local conditions within
he floodplain, by increasing substrate input and reducing water
etention times in the system. These changes were hypothesized to
ncrease the microbial processing occurring in a restored floodplain

hen compared to a degraded floodplain. Within these two  flood-
lain systems we  selected sites which differed by their average
nnual duration of connection and the water age before sampling.
his gradient was  selected in order to cover a representation of
he different floodplain characteristics as they are influenced by
ydrology (i.e. substrate availability, morphology, flow patterns).
otential microbial processing (substrate induced respiration and
enitrification enzyme activity) was  used to compare sites under
ontrolled and unlimited nutrient conditions, and to furthermore
ssess the potential maximum rates of the in situ microbial com-
unity.

. Materials and methods

.1. Sites description

Two floodplain segments of the Danube River were studied:
he Lower Lobau and Orth (Fig. 1). Both floodplains are located
ithin the boundaries of the Alluvial Zone National Park, down-

tream the city of Vienna, Austria. In this area, the Danube River
s a 9th order river with a drainage basin of 104,000 km2. The
ow regime has an alpine character with variable and stochastic
atterns (regulated low discharge: 915 m3 s−1, mean discharge:
930 m3 s−1, annual flood discharge: 5300 m3 s−1, 30 year flood
ischarge: 9340 m3 s−1). Following the major regulation scheme

n 1875, the Danube River was  confined between flood protection
ams, thus the main channel was disconnected from the adjacent
oodplains (Chovanec et al., 2000). Restoration projects began in
997 with the goal of reconnecting several floodplains to the main
hannel of the Danube (Hein et al., 2004; Schiemer et al., 1999).

The Lobau floodplain covers an area of approximately 23 km2. As
o significant restoration measures have been undertaken within
he Lobau floodplain, it is not integrated within riverine flow and
n this study, considered as an altered and degraded floodplain.
side from ground-surface water exchange and a controlled small
ater intake, the primary water exchange with the main chan-
el takes place through an artificial 5 m wide breach in the flood

evee in the Lobau’s south-eastern end (Fig. 1). Positioned at river

m 1908, the opening in the flood protection dam allows limited
urface water connection between the main river and the Lobau
t discharge above 1500 m3 s−1 (approximately 235 days year−1).
s the floodplain is connected at a downstream opening, flood
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ig. 1. Map  of the Lobau (degraded) and Orth (restored) floodplains, located down
anube River marked with arrows and their respective river km.  Flow direction of 

aters flow in an upstream direction into the side arms. When
ood waters recede, the water discharges from the Lobau through
he same opening back into the main channel of the Danube River.
ue to the “bath tub” characteristic of the floodplain, flood waters
ove slowly into the backwater areas. The effective, active con-

ections with sites in the floodplain to the Danube River have
een significantly reduced, with highest connection occurring at
he downstream portion of the floodplain. Three major retention
tructures with culverts prevent the side arms from becoming com-
letely dry during low flow periods, resulting in shallow lake-like
onditions. The riparian forests are dominated by hardwood forests
nd agricultural relics; natural floodplain vegetation covers only a
inimal portion of the floodplain itself (Burger and Dogan-Bacher,

999). Phragmites sp. is generally present at all sites along the ter-
estrial aquatic boundary. As a heavily used recreational area, the
obau is managed and maintained to provide access for bicyclists
s well as larger trucks throughout, which use the paved roads to
ransport materials.

In contrast, the reconnected and restored floodplain Orth,
ocated downstream of the Lobau floodplain covering approx-
mately 5.5 km2 (Fig. 1), is characterized by very diverse flow
onditions. Some side arms in this system have through-flow con-
itions just above riverine summer mean flow (2230 m3 s−1), while
thers are connected only at much higher flow conditions. As part
f the Danube River Restoration Project (Schiemer et al., 1999),
ost of the historical retention structures present in the Orth

oodplain have been removed, increasing the side-arm discharge
ignificantly, as well as the duration of surface water connection to
he main channel, i.e. connection duration (Tritthart et al., 2009).
he three openings with the same width and depth as the floodplain

hannels (one at river km 1906.5 and two at river km 1905) and
ne outlet (river km 1902) connect parts of this side-arm system to
he main river at discharges of 4400 m3 s−1 (approximately 7 days
ear−1), 1500 m3 s−1 (approximately 235 days year−1), and less

t
a
c
i

 from Vienna, Austria. Sampling sites are marked with stars and openings to the
nube River marked with dashed arrows.

han 900 m3 s−1 (approximately 365 days year−1), respectively. The
rth floodplain is dominated by a channel-like system with high,

teep, eroded banks. High amounts of gravel and woody debris are
ransported within the restored channels, creating dynamic gravel
eds and log jams in the channels. Due to the restoration efforts,
his floodplain is not actively managed for recreational purposes
nd is perceived as a “wild” floodplain. With the removal of the
iverside embankments and controlled management, the Danube
iver is given the space to reshape the landscape in the Orth flood-
lain. Sites within both floodplains are not only connected during
ooding situations, but during a wide range of discharge levels, as
reviously noted.

.2. Hydrology

Based on the results of a hydrodynamic model in the Orth
oodplain (Tritthart et al., 2009) and a simplified hydrostatic flood-

ng model in the Lobau (Tritthart et al., 2011), a hydrological
onnectivity model was  developed prior to field sampling. The
urrent morphology of the floodplains was  used in combination
ith a long-term hydrograph. A number of steady-state water sur-

ace calculations together with a long-term hydrograph (30 years)
Fig. 2) were used in order to estimate both statistically averaged
nd event-based connectivity parameters: duration of connection,
uration of disconnection, and frequency of connection (Tritthart
t al., 2009). The average duration of disconnection described the
uration (days) between connection events. From this model, the
ater age of the surface water (in days) was calculated for each site

t the time of sampling. The water age, which has been corrected
or a minimum velocity of 0.2 m s−1 required for particles to pass

hrough the system without settling, described the age of the water
s it passed through the sampling point (Hein et al., 2004). To cal-
ulate water age in the Lobau where bidirectional flow occurred,
t was  important to consider the flow direction: the water age was
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Fig. 2. Thirty year (1977–2007) hydrograph for the Danube River. Horizontal lines
represent connection discharges for the different connection points (upper line
annual flood 5300 m3s−1, mid  line summer mean low flow 2230 m3s−1, lower line
1500 m3s−1).
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ata source: via donau and the Austrian Federal Ministry for Agriculture, Forestry,
nvironment and Water).

ssumed to be zero throughout the rising limb of the hydrograph;
nce the peak of the hydrograph passed and the flow reverses to
utflow conditions, no nutrients from the river could enter the sys-
em on a surface pathway; thus the water age was calculated from
hat point onwards.

The two first variables, i.e. type of connection and average
nnual duration of connection, were used for side arm restora-
ion schemes, as they were defined and assessed for the technical
escriptions of the measures. The third variable, i.e. the water age,

s defined as the retention time of the surface water in the side arm
ystem.

.3. Field sampling

Fourteen sites were selected in the side arms of the Lobau
nd Orth floodplains, using the connectivity model, described in
ection 2.2 to encompass varying flowing and morphological char-
cteristics. Ten sites were selected in 2006 and four additional
ites were sampled in 2007 (Fig. 1). In both years, water and in-
hannel sediment sampling occurred during the growing seasons
nder periods of stable hydrological conditions (but not stagnant),
hen the Danube River was not experiencing a flood event. Trip-

icate sediment samples of 5–10 cm depth were taken randomly
sing a PVC corer (internal diameter 5 cm)  in deep and shallow
acrophyte-free areas within the floodplain side arm channel of

ach sampling site. Each triplicate sample was a homogenized
ixture of 3–5 sediment cores from one location which were
ixed to provide a representative sample of the sampling loca-

ion. To estimate the amount of macrophytes and terrestrial leaf
itter, sites were ranked on a 0–5 scale following Udy et al. (2006),

ith 0 when neither macrophytes nor leaf litter were present
nd 5 with 100% coverage within a 10 m2 area. Water samples
ere taken at the same time using 5 L containers. All samples
ere kept cool (<10 ◦C) while in transport back to the lab. Water

nd activity samples were analyzed within 24 h of sampling. Sedi-

ent samples were stored frozen at −20 ◦C until analyzed for their

utrient content. Electrical conductivity, dissolved oxygen (%), pH,
nd temperature of the surface water were measured using an
Q40d sonde (Hach Lange, Düsseldorf, Germany) at the time of

ampling.

a
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e
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.4. Sediment and water characteristics

Dry weight of the soil samples was  determined by oven-drying
ediments at 70 ◦C to constant mass. Organic N and C concentra-
ion and isotope abundances were acidified (1 M HCl) to remove
norganic C and measured with an elemental analyzer (EA 1110,
E Instruments, Milan, Italy) connected to an isotope ratio mass
pectrometry IRMS (DeltaPLUS, Finnigan MAT, Bremen, Germany).
ried sediments were size fractioned using a sieve tower. Sed-

ment D50 was  calculated from the sediment particulate size.
rganic matter content of the sediment fractions was  determined
s weight loss by ignition (LOI %) of dry sediment at 450 ◦C for

 h. Nitrogen concentrations in the sediment were analyzed for
–NH4

+, N–NO3
−, and N–NO2

− using standard colorimetric meth-
ds (APHA, 1998) for a continuous flow analyzer (CFA, Systea
nalytical Technology). Phosphorus fractions of inorganic P (HCl
xtraction), organic P (HNO3 combustion), and soluble reactive P
H2O extraction) were determined using a continuous flow ana-
yzer (CFA, Systea Analytical Technology) (Ruban et al., 2001). From
ach site, a 50 ml water sample was taken and filtered through

 GF/F (Whatman) filter to analyze P–PO4, N–NH4, N–NO3, and
–NO2 using a continuous flow analyzer (CFA, Systea Analytical
echnology) and standard colorimetric methods (APHA, 1998).

.5. Potential respiration and denitrification

Potential denitrification enzyme activity (DEA) was measured
ccording to Smith and Tiedje (1979).  Ten grams (fresh weight) sub-
ets of sediment samples were weighed into 100 ml serum flasks,
hich were made anoxic by flushing the flask atmosphere with
2. The flask contents were incubated with 10% (v/v) acetylene to
llow the accumulation of denitrified nitrogen as N2O, after adding

 mg  C g−1 sediment (added as glucose) and 0.2 mg N g−1 sediment
added as KNO3). Denitrification rates were calculated as the rate
f N accumulated as N2O in the headspace after 4 h in dark at 25 ◦C
nd analyzed by gas chromatography with 63Ni electron capture
etector (HP 5890II GC). DEA was  also measured under the same
onditions but without acetylene to determine the proportion of N
enitrified as N2O during the assay (DEAN2O) and analyzed by gas
hromatography to quantify N2O concentrations (Agilent 6890N,
anta Clara, U.S.A., connected to an automatic sample-injection sys-
em (DANIHSS 86.50, Headspace-sampler, Cologno Monzese, Italy).

Substrate induced respiration (SIR) was measured according to
eare et al. (1990) by incubating 10 g fresh weight of sediment with

 mg  glucose-C g−1 sediment in a 100 ml  serum flask. SIR was  cal-
ulated as the accumulation of CO2–C in the flask during incubation
fter 4 h incubation at 25 ◦C in the dark per gram of sediment (DW)
nd per hour, using the gas chromatograph Agilent 6890N.

.6. Statistics

All measured processes and sediment characteristics (chemi-
al and physical) were compared between floodplains using Mann

hitney U tests with the SPSS software package.
We considered local physical gradients, nutrient availability,

nd carbon availability as explanatory links between hydrology
nd ecosystem processes (i.e., potential respiration and potential
enitrification). Each of these quantities can be regarded as a meta-
ariable which is described by a set of explicitly measured and
orrelated variables. In fact, we  expressed each meta-variable as

 matrix of pairwise dissimilarities between two  sampling sites.

his approach efficiently integrates information from the vari-
us variables needed to account for the complexity of our study
ystem. We  then used Mantel and partial Mantel (controlling for
ffects of hydrology) statistics to test for associations between
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Fig. 3. Hydrograph of the Danube River from January 2006 to January 2008,
encompassing the study period. Discharges are presented as hourly mean values.
Horizontal lines represent connection discharges for the different connection points
(upper line annual flood 5300 m3s−1, mid line summer mean low flow 2230 m3s−1,
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ower line connection threshold for Lobau floodplain 1500 m3s−1) (Data source: via
onau and the Austrian Federal Ministry for Agriculture, Forestry, Environment and
ater).

hese meta-variables. Further, we used causal modeling on dissimi-
arity matrices (i.e., path analysis based on Mantel statistics treated
s correlation coefficients) to relate the various meta-variables
n the hypothesized causal framework (Legendre and Legendre,
998). All tests and path analysis were performed for both areas.
antel statistics do not have to be large, i.e. close to 1 or −1,

o be statistically significant. Significance of path coefficients was
ssessed by randomizing all involved matrices using 104 permuta-
ions, building randomized distributions for each path coefficient,
nd computing probabilities for observed path coefficients with the
ercentile method (Manly, 2006). All calculations were done in R
.9. (R-Development-Core-Team, 2005), using the packages vegan
Oksanen et al., 2010) and sem (Fox et al., 2010).

. Results

.1. Hydrological and physical conditions

The two sampling years were hydrologically different (Fig. 3).
n 2006, three flood events in April, June and August exceeded the
evel of an annual flood; of these, April and August floods were char-
cterized by a statistical return period of 1 in 10 years, respectively.
n 2007, however, the annual flood level was exceeded only once (in
eptember) reaching a statistical return period of approximately 1
n 15 years. With this one annual flood event and average discharge,
007 was similar to the long term discharge pattern (Fig. 2). In both
he degraded (Lobau) and restored (Orth) side arms, the average
onnection (p = 0.068) was not significantly different between the
wo years (Table 1); however, the duration of disconnection was
ignificantly shorter in the restored section (p < 0.05).

.2. Comparison of the side arm systems with different
onnection types

Sediment N and P pools varied between the two  side arm sys-
ems (Table 1). Significant differences were observed between the
wo systems in the water column and sediment for N–NH4, N–NO3,

nd N–NO2 (water only). Concentrations of N–NO3, N–NO2, and
–NH4 in the sediment were higher in the Orth floodplain than

n the Lobau floodplain (Table 1). The same trend was observed
n the water column, except for N–NH4 which was  significantly Ta
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Table  2
Meta-variable dissimilarity matrices and underlying variables (units in brackets). All matrices are Euclidean distance matrices calculated on standardized variables. DEA and
DEAN2O: DEA were combined into a single output and SIR was calculated as a separate output.

Physical Hydrology Nutrients Carbon Output Output

Mean depth water body (m)  Duration of
connection (days)

N pools in sediment and water
(N–NO3

− , N–NH4
+, N–NO2

−) (mg  kg
dry sediment−1 and mg l−1,
respectively)

Organic material in
sediment (%)

DEA
(mg N m−2 h−1)

SIR (mg  CO2

m−2 h−1)

Water  temperature (◦C) Duration of
disconnection
(days)

P pools in sediment and water (PO4
+,

Ptot, SRP) (mg kg dry sediment−1 and
mg  l−1, respectively)

�13C in sediment Ratio DEAN2O:DEA

Conductivity (�S/m) Connection (days
year−1)

C:N in sediment Present
macrophytes
(rank)

Sediment size (D50) (mm)  Water age (days) �15N in sediment Litter coverage
(rank)

Dissolved oxygen (%)
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pH

igher in the Lobau floodplain. Similarly, concentrations of SRP
n the sediment were lower in the Orth side arms, although not
ignificantly (Table 1). The sediment C:N ratio was significantly
igher in the Orth floodplain (Table 1). Significantly lower water
emperatures and higher dissolved oxygen concentrations were
bserved in the Orth side arms than in the Lobau (Table 1). The
verage grain size and mean surface water pH were significantly
ifferent between the two floodplain systems. No significant dif-
erence was observed for mean electrical conductivity between the
ystems.

Parameters related to the quality of the sediment organic
atter and microbial activities presented significant differences

etween the two floodplains types (Fig. 4). The percentage of
rganic matter (Fig. 4A) in the sediment was significantly higher
n the degraded system, than in the restored floodplain. Organic

atter content of the sediment did not only differ significantly
etween sites in terms of concentration, but also in terms of qual-

ty. Indeed, the �13C of the organic matter content was  significantly
ower in the Lobau than in Orth (Fig. 4B), while the �15N signa-
ure was significantly higher (Fig. 4C). In the degraded section,
igher and more variable rates of SIR in the sediment were mea-
ured (mean 1678.5 mg  CO2 m−2 h−1) compared to the restored
ystem (mean 471.6 mg  CO2 m−2 h−1) (Fig. 4D). Similarly, aver-
ge rates of sediment DEA presented higher average rates and
igher variance (F = 34.903, p < 0.01) in the degraded system (mean
8.70 mg  N–N2O m−2 h−1) compared to those in the restored sys-
em (mean 6.23 mg  N–N2O m−2 h−1) (Fig. 4E). The range of the
atios of DEA: DEAN2O was also larger in the degraded flood-
lain (mean 0.48) than in the restored floodplain (mean 0.26)
Fig. 4F).

.3. Influence of connectivity-related parameters

A weak, but significant trend was observed for sediment organic
atter concentration, SIR, DEA, and DEA: DEAN2O decreasing as a

unction of average duration of connection (Fig. 5A, D–F), while
13C and �15N decreased slightly to an average of −25‰ and +2‰
espectively, although not significant (Fig. 5B and C). When consid-
ring these variables (sediment organic matter content, �13C, �15N,
IR, DEA, DEA: DEAN2O) in relation to the water age the patterns
hange (Fig. 6). Although the same weakly decreasing trend for sed-
ment organic matter content was observed with increasing water

ge, �13C increased significantly, albeit weakly, with increasing
ater age and �15N began to show a weakly significant decreas-

ng trend (Fig. 6A–C). No significant relationships were found for
he remaining variables (Fig. 6D–F).

(
w
a
c

.4. Environmental control of potential microbial processing

The weak linear relationships between the singular connectivity
arameters and sediment characteristics and potential microbial
ctivity and the high co-correlation between individual variables
ed to the creation of multivariable matrices (Table 2). Most of the
inks in the suggested causal framework were described by mul-
ivariate datasets. Information content of these various complex
atasets with heterogeneous as well as co-linear variables was con-
ensed to a limited number of dissimilarity matrices by computing
uclidean distances between all sampling sites based on standard-
zed variables selected to describe the meta-variables: Hydrology,
hysical Gradients, carbon sources (Carbon), nutrient concentra-
ions (Nutrients) and potential processes (Output) (DEA and SIR,
espectively) (Table 2).

Mantel statistics could identify a direct effect of Hydrol-
gy on the Output (as DEA) (Mantel r = 0.079, P < 0.001,
ig. 4) and on SIR (Mantel r = 0.186, P < 0.001, Table 3) as
ell as on the physical characteristics of the floodplain

r = 0.503), the sediment N and P pools (r = 0.224) and the C
ources (r = 0.141), all at P < 0.001 (Table 3). Partial Mantel tests
ontrolling for the effect of hydrology showed a significant
nfluence from the floodplain physical characteristic on the

 sources (r = 0.170), SIR (r = 0.147) and DEA (r = 0.122), all at
 < 0.001 (Table 3). Path analysis (Fig. 7) based on Mantel statistics
omputed among meta-variables suggested a strong influence of
ydrology on physical gradients, which furthermore influence
EA and the ratio of DEAN2O:DEA. Both, nutrients and carbon were

hown to be controlled by a similar, but weaker pathway, yet
either nutrients nor carbon participated in the determination
f DEA. Path analysis based on Mantel statistics using SIR as the
utput variable (Table 3) suggested the same pathway of influence
f hydrology on physical gradients which influenced SIR (Fig. 7B).
owever, a weaker direct link was  calculated where hydrology
irectly influences SIR.

. Discussion

.1. Restored versus degraded connection to the main river
hannel

Restored surface water connection entailed fast flowing water

mean flowing velocities > 1 m s−1) in the side arms during floods
ith larger grain size sediment deposits, whereas the degraded

nd decoupled surface connection to the main channel river
hannel entailed gradual flooding with low flow velocity, thus
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Fig. 4. Comparison of average percentage of sediment organic carbon content (A), �13C (B), �15N (C), SIR (D), DEA (E) and ratio of potential N2O to N2 emission (F) between the
degraded system (n = 65) and the restored system (n = 34) floodplain systems. Box lines indicate upper and lower quartiles. Whiskers extend to the 95th and 5th percentiles.
Mann  Whitney U values between the sites and their significance are noted on each figure.

Table 3
Associations between meta-variable dissimilarity matrices as expressed by Mantel statistics. As output variables either DEA and DEAN2O: DEA or SIR was  used. Mantel (upper
diagonal) and partial Mantel (lower diagonal) statistics (controlling for hydrology) presented, significant values printed bold, P-values not corrected for multiple testing.

Physical gradients Nutrients Carbon DEA SIR

Hydrology 0.503 P < 0.001 0.224 P < 0.001 0.141 P < 0.001 0.079 P < 0.05 0.187 P < 0.001
Physical  gradients 0.085 P < 0.001 0.217 P < 0.01 0.145 P < 0.001 0.219 P < 0.001
Nutrients 0.085 P = 0.05 0.398 P < 0.001 −0.054 P = 0.80 −0.066 P = 0.89
Carbon  0.170 P < 0.01 0.380 P < 0.001 0.055 P = 0.13 −0.059 P = 0.91
DEA 0.122  P < 0.01 −0.07 P = 0.91 0.04 P = 0.19
SIR 0.147 P < 0.01 −0.114 P = 0.99 −0.088 P = 0.99
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epositing fine sediments in the downstream areas of the flood-
lain (Reckendorfer and Hein, 2006). Due to these differences

n flow, restored connection led to lower water temperature
nd higher dissolved oxygen concentration (Table 1). The higher

rganic matter content measured in the degraded system (Lobau)
Fig. 4A) most probably originated from autogenic sources, i.e. the
iparian forest and macrophytes present in the area. The impor-
ance of autogenic organic carbon in the degraded side arm system

t
s
a
A

R (D), DEA (E), and ratio of potential N2O to N2 emission (F) as a function of mean
nt degraded sites (n = 65) while open circles represent restored sites (n = 34). The r2

as supported by the lower �13C value of organic matter in the
ediments at Lobau sites with short connection periods (Fig. 4B).
he higher �13C values measured in restored sites together with
heir very high variability, independent of the average connection

ime (Fig. 5B), suggested that organic matter in these restored
ites was mostly controlled by riverine transported organic matter
nd had potentially a more recalcitrant nature (Hein et al., 2003;
spetsberger et al., 2002). Sustained higher potential microbial
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ctivity in the sediment was confirmed by higher SIR and DEA
Fig. 4D and E), similar to results presented from the restored
araboo River floodplains (Orr et al., 2007). Higher observed SIR
nd DEA in degraded floodplain sediments implied that such

ystems could potentially remove more carbon and nitrogen.
owever, the actual rates may  be substrate limited due to a lack
f inputs from the Danube River – the main source of substrates.
imilar patterns between geomorphological distributions and

m
p
o

(D), DEA (E), and ratio of potential N2O to N2 emission (F) as a function of the water
present restored sites (n = 34). The r2 and significance (p) for the linear function is

otential denitrification have been shown between riverine and
ackwater sites in the Upper Mississippi, where backwater areas
xhibited higher DEA than riverine sites despite receiving less
itrate inputs from the Mississippi (Richardson et al., 2004).
A higher �15N and total organic N (NO3 and NH4) in the sedi-
ents from the degraded floodplain (Fig. 4C) supports our result

ointing to higher DEA in degraded systems. In the absence of
rganic pollution such as manure or waste water, the dominant
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of this link in the path diagrams is most likely due to the method of
ine width is proportional to the magnitude of the presented path coefficient. P
alues are presented as *p < 0.05, **p < 0.01, ***p < 0.001.

rocess contributing to higher �15N could be a consequence of
aster N cycling and higher denitrification activity, which fraction-
tes between the two N isotopes and preferentially removes the
ighter isotope from the sediment. Since �15N was not measured
rom NO3 or NH4 separately, it can only be considered as a mix-
ure of present organic N pools. Positive shifts have been shown to
epresent higher nitrogen cycling in lacustrine and marine systems
Lehmann et al., 2004; Teranes and Bernasconi, 2000). This trend
s only representative when comparing the two ecosystems as nei-
her the duration of connection nor the water age can explain the
bserved patterns.

The average ratio of potential N2O to N2 emission (DEA: DEAN2O)
as similar in both systems; yet, in the degraded system larger

ariation of this ratio as well as higher rates of potential emis-
ions (DEA) were measured. Therefore, the degraded system could
upport higher potential denitrification dominated by N2O emis-
ions (Fig. 4). The domination of N2O in the degraded site could
e due to the high NH4 concentrations measured in the sediment.
hen NO3 is limiting, the last step of denitrification (N2O → N2)
ill be limited as this is the most energy dependent step (Morley
nd Baggs, 2010). In systems where the microbial community is
onditioned for low NO3 concentrations, incomplete denitrification
ay  be the dominant pathway. This tendency towards incomplete

m
t
s

neering 42 (2012) 73– 84

enitrification has major implications for the greenhouse gas bal-
nce of the system. Higher rates of denitrification resulting in N2O
roduction mean that during floods the degraded site is a source
f N2O whereas the restored site would be able to transform the
xcess NO3 to N2, resulting in a net gain of ecosystem services.
s the degraded floodplain is 23 km2, a reduction of N2O emis-
ions following restoration would be of a considerable magnitude
Verhoeven et al., 2006).

.2. Geomorphologic controls

A detailed analysis of the relationship between average annual
uration of connection of the side arms to the sediment organic
atter quantity and potential microbial activities revealed a

ecrease of these variables with an increase of connection, both
n terms of average value and variability (Fig. 5). Interestingly, this
attern was stronger for the degraded side arm system (filled cir-
les). In the restored side arm system (open circles), the percentage
f organic carbon remained low regardless the average duration of
onnection. The high variability in percentage of organic carbon
Fig. 5A) at sites with short duration of connection in Lobau could
e interpreted as stronger influence of local environmental condi-
ions (e.g., the type and density of riparian and instream vegetation)
t these backwater sites with prolonged periods of disconnection.
he higher variability of organic matter quantity was  associated
ith a higher variability of potential respiration (SIR), but not DEA,

specially in mostly disconnected sites (less than 5 days of con-
ection per year; Fig. 5D). High rates (SIR only) and variability of
IR and DEA were significantly related to the duration of connec-
ion (Fig. 5D and E). The differences in overall hydrology changed
he sediment environmental conditions, which in turn could cause
hifts in the microbial community composition (Gutknecht et al.,
006). This study could not determine whether this high variabil-

ty of response in long term disconnected sites was the result of a
enetically different microbial community or simply a difference
n density.

Altering the flow patterns entering the side arms not only
hanged the physical area (morphology) of the system, but also
hanged the delivery patterns of carbon and nutrients. The inherent
ydrologic and morphologic heterogeneity of the two floodplains
akes it difficult to use singular linear relationships to describe

arge-scale controls on potential microbial processing. The path
nalysis revealed that Hydrology factors directly affected SIR and
utrient content in sediments (Fig. 7B). Yet, more importantly, the
ydrology strongly influenced the side arm physical characteris-
ics, which in turn, significantly controlled the available carbon
nd nutrient sources (Fig. 7A and B). This demonstrated that flood
egime was not the only variable which controlled biogeochemical
rocessing; the overall morphology of the floodplain system was

nfluencing these biogeochemical processes, too. This supported
oyer et al. (2006) who argued that hydrological and physical
haracteristics were a major controlling factor in N cycling in
quatic systems. By restoring surface water connections, the river
an change the morphology of the floodplain which will further
nfluence the local substrate availability for respiration and deni-
rification (Amoros, 2001). Even though the path analysis did not
oint to a direct relationship between the available nutrient and
arbon pools and DEA, there will be a change in the available sub-
trates following restoration as suggested in the observed changes
long the connectivity gradients presented (Figs. 4–6). The absence
easurement used. DEA and SIR are just estimates of the poten-
ial activity and are measured under saturated conditions, thus
eparating the in situ nutrient conditions.
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Due to the network of factors influencing each other, our results
id not single out one main variable that drives the link between
orphology and microbial processing. Using one single param-

ter to explain a biogeochemical reaction that is the result of
everal variables underestimates the complexity and heterogene-
ty of floodplains and the effects of restoration. The absence of a
lear relationship between sediment characteristics and potential
icrobial activities on the one hand, and the water age before sam-

ling on the other hand (Figs. 6 and 7A), supports the idea that
t is the combination of the type of connection and morphologi-
al characteristics which are the main drivers of sediment quality
nd consequently, microbial processes. Modeling of potential res-
iration at the same site suggested that sites of high activity were
ound in areas of lower connectivity if connected during higher dis-
harges and areas of high water depth (Tritthart et al., 2011). The
esults suggest that the local morphology coupled with the hydro-
ogic regime at the landscape scale create the conditions necessary
or microbial processing. Restoration of floodplains via surface
ater reconnection would return the necessary substrate inputs

o the system. Frequent and constant riverine connections could
ncrease denitrification efficiency, as suggested by the reduced

2:N2O ratios in the restored floodplain. Alteration of vegetation
atterns (ex. appearance of floating vegetation in less connected
reas; increased leaf litter in gouged channels) caused by changes
n hydrology and morphology may  also drive sediment quality
hanges and ultimately impact the conditions for microbial pro-
essing.

. Conclusion

Large river floodplain restorations often imply reconnection of
reexisting side arms to the main channel by partial removal of
mbankments or levees. Most of these reconnection schemes are
imed at enhancing biodiversity by creating a more dynamic hydro-
ogical regime in the floodplain. In this study we evaluated the
mportance of restoring the connection of side arms to their main
iver channel (i.e. increasing annual average duration of connection
nd decreasing water age) on sediment biogeochemical character-
stics and their effects on potential microbial activities. The path
iagram illustrated a hierarchical structure that suggested that the
orphology of a specific site mediates the influence of the main

ource water (riverine inputs) for DEA and the carbon and nutrient
onditions in the sediment. By re-establishing surface water con-
ection of a site, the controls on sediment microbial respiration
nd denitrification were changed, eventually impacting potential
icrobial activities. Floodplain restoration would result in a series

f morphological changes (ex. temperature, dissolved oxygen, and
acrophyte distribution) resulting in an increase of substrate avail-

bility and ultimately more efficient N and C cycling, with an
verall reduction of potential N2O emissions. Further quantifica-
ion of these links between the type and duration of connection
etween side arms and main channel, including the hyporheic
one, measurable at large scale, and microbial processes, mea-
urable at micro-scale, should allow quantifying the effects of
oodplain restoration on nutrient cycling in the river systems.
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