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Abstract

Aims We analysed current carbon (C) stocks in fine
root and aboveground biomass of riparian forests and
influential environmental parameters on either side of
a dike in the Donau-Auen National Park, Austria.
Methods On both sides of the dike, carbon (C) stock
of fine roots (CFR) under four dominant tree species
and of aboveground biomass (CAB) were assessed by
topsoil cores (0-30 cm) and angle count sampling
method respectively (n=48). C stocks were modeled,
performing boosted regression trees (BRT).
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Results Overall CFR was 2.8 t ha ', with significantly
higher C stocks in diked (DRF) compared to flooded
riparian forests (FRF). In contrast to CFR, mean CAB
was 123 t ha ' and lower in DRF compared to FRF.
However, dike construction was consistently ruled out
as a predictor variable in BRT. CFR was influenced by
the distance to the Danube River and the dominant tree
species. CAB was mainly influenced by the magnitude
of fluctuations in the groundwater table and the dis-
tances to the river and the low groundwater table.
Conclusions Despite pronounced differences in FRF
and DRF, we conclude that there is only weak
support that dikes directly influence C allocation in
floodplain forests within the time scale considered
(110 years).

Keywords Aboveground biomass - Belowground
biomass - Carbon distribution - Carbon sequestration -
Dike - Ecosystem services - Floodplain forest

Abbreviations
BRT Boosted regression trees
C Carbon

CFR  C stock of fine root biomass
CAB C stock of aboveground biomass
DBH Diameter at breast height

DRF  Diked riparian forest

FRF  Flooded riparian forest

NPP  Net primary production

SE Standard error

TRF  Total riparian forest
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Introduction

Floodplains are among the most diverse and complex
ecosystems and provide crucial ecosystem services,
many of them related to the organic carbon (C) cycle
(Naiman and Décamps 1997; Samaritani et al. 2011).
In particular, riparian forests are known to store high
amounts of organic C in vegetation and soil compared
to other terrestrial forests due to high net photosynthe-
sis rates and deep soils with C-enriched horizons
(Giese et al. 2000, 2003; Fierke and Kauffman 2005;
Hazlett et al. 2005; Cierjacks et al. 2010). Most studies
on riparian C stocks have focussed on rather stable C
stocks such as aboveground woody biomass and soil
organic matter (Cabezas and Comin 2010; Cierjacks et
al. 2010, 2011). In contrast, few data are available on
the belowground biomass stocks of fine roots, partic-
ularly in riparian forests (Baker et al. 2001), likely
owing to the time-consuming laboratory work re-
quired and methodological concerns (Burke and
Raynal 1994; Baker et al. 2001).

Fine roots are known to play a vital role in ecosys-
tem functioning as they link all compartments of the
forested system through the provision of water and
nutrients (Raich and Nadelhoffer 1989; Jackson et al.
1997; Baker et al. 2001). Additionally, fine roots con-
tribute to important ecosystem functions such as C
allocation (Jackson et al. 1997). Fine root biomass
stocks such as those of temperate mixed deciduous
forests range from 0.6 to 8.7 t ha ' (Meinen et al.
2009). Despite the fact that the biomass stored in fine
roots at the global scale barely exceeds 2 % of the total
terrestrial ecosystem C stocks (Vogt et al. 1996), fine
root growth is expected to account for 33 % of the
annual net primary production (NPP; Jackson et al.
1997). Grier et al. (1981) even stated that up to 73 %
of the annual NPP in a mature Abies amabilis forest
ecosystem can be related to fine root growth.

The vast majority of floodplain ecosystems have
been subjected to heavy alterations such as destruction
of natural forests and construction of dikes and levee
systems (Baird et al. 2005; Fierke and Kauffman 2005;
Erwin 2009; Piégay and Schumm 2009). In Germany,
only one third of the original floodplains are still
connected to the flooding regime and not even 1 %
(5,700 ha) is still covered by semi-natural floodplain
forests (BMU 2009). Such interventions have severely
affected the sedimentation and vegetation dynamics of
riparian ecosystems (Merritt and Cooper 2000; Elderd
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2003; Williams and Cooper 2005; Hohensinner et al.
2011), which has also brought about changes in C
cycling (e.g. Haubenberger and Weidinger 1990;
Samaritani et al. 2011). Since forests play an important
role in C sequestration, there is a strong interest in
describing and predicting C stocks in relation to hu-
man activities (IPCC 2001). However, the impact of
river engineering measures on the C stocks of flood-
plain forests has to our knowledge not yet been studied
systematically in terms of different ecosystem com-
partments. In particular, the highly dynamic CFR may
be a very sensitive indicator of possible long-term
changes in more stable CAB and soil carbon pools.

Thus far, only a few studies on forested wetlands
have addressed the ratios between CAB and CFR due
to the absence of data on fine roots in riparian forests.
Although generalised results emphasise fine roots’
sensitivity to microsite conditions (Day et al. 1996;
Vogt et al. 1998; Baker et al. 2001), findings on the
relation of below- and aboveground biomass alloca-
tion are controversial. For example, the CFR in bald
cypress forests decreased in response to flooding, as
the aboveground biomass remained constant or in-
creased (Megonigal and Day 1992; Day and
Megonigal 1993). In contrast, Nadelhoffer and Raich
(1992) stated that below- and aboveground production
are positively correlated and respond to the same
environmental factors.

In floodplain ecosystems, the C distribution depends
on vegetation characteristics (Giese et al. 2003), soil
type and hydrological conditions (Friedman et al.
1996; Bendix and Hupp 2000; Jacobson et al. 2003;
McTammany et al. 2003), which in turn are related to
the main spatial gradients of the hydrosystem (Piégay
and Schumm 2009): the longitudinal gradient
(upstream/downstream distance), the lateral gradient
(main channel/side channel distance) and the vertical
gradient (depth of the groundwater table).
Consequently, a comprehensive analysis of C stocks
should include belowground and aboveground biomass
and consider possible impacts of spatial gradients along
with vegetation and soil conditions.

Therefore, this study aims (1) to assess the hydro-
logical regime in floodplain soil (including depth of
the low and mean groundwater table and magnitude of
the fluctuation between low and mean groundwater
table, both in relation to the distance to the Danube
River) for total riparian forest (TRF), FRF, and DRF;
(2) to quantify CFR and CAB in TRF, FRF and DRF
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and to evaluate possible differences between FRF and
DRF; and (3) to model CFR and CAB in response to
dike presence, other abiotic environmental (spatial,
hydrological) parameters and forest stand variables.

Methods
Study area

With a length of 2,857 km and a total watershed area
of 817,000 kmz, the Danube River is the second
longest river in Europe. Mean annual discharge into
the Black Sea is about 6,500 m*s ' (BMU 2003). Our
study area is part of the Donau-Auen National Park in
Austria, located between Vienna and the border of
Slovakia (Fig. 1). The National Park preserves one
of the last remaining riparian forests of Central
Europe over a length of approximately 38 km and a
maximum width of 4 km. About 65 % (6,045 ha) of
the National Park is covered by floodplain forest. In
this section of the Danube, river water level varies
within a range of up to 7 m and inundates large areas
during high water levels caused by seasonal meltwater
and periods of rain. Larger inundations of the flood-
plain take place approximately every 5 years
(Baumgartner, pers. comm.). To enable constant ship-
ping travel, riverside embankments of the Danube
have been fixed, mainly with riprap. Moreover, at
the end of the 19th century (1882-1905), the
Marchfield dike was constructed to protect a part of
the territory from surface flooding.

The study was carried out between the villages of
Schonau in the west (48°8' N, 16°36’ E, river kilome-
ter 1910) and near Hainburg in the east (48°1' N, 16°

88" E, river kilometer 1889) in the northern part of the
Danube floodplain, which includes both flooded and
diked floodplain forests. Soils of the study area are
fluvisols (calcaric, eutric) and gleysols (haplic, calcaric)
(Sali-Bazze 1981; Cierjacks et al. 2010). Climate con-
ditions are characterised by an annual mean temperature
0f9.8 °C and a moderate average annual precipitation of
about 533 mm (1948-2008) (climate station: Schwechat
16°34'N, 48°7'E, 184 m above sea level; Zentralanstalt
fiir Meteorologie und Geodynamik 2002). The Donau-
Auen National Park lies within a sub-watershed of the
Danube that covers about 104,000 km?. The main chan-
nel is characterised by width of 350 m, a mean annual
discharge of 1,950 m> s™' (low water: 900 m® s ';
annual flooding event: 5,270 m> s '), and a slope of
0.045 %. Surface water velocity ranges from 1.9 to
2.2 ms " (Tockner et al. 1998).

Sampling design

To cover broad ranges of environmental (spatial, hy-
drological, forest stand) gradients, the study arca was
stratified into three lateral zones: (1) undiked areas
less than 400 m from the Danube River; (2) undiked
areas more than 400 m from the main channel of the
Danube River and (3) areas diked by the Marchfeld
dike. These lateral zones were further divided into the
western upstream part and the eastern downstream part
of the study area. Within each of these six zones, two
sample trees per species were randomly selected. To
exclude any impact of possible shifts in species com-
position due to terrestrialization (Hohensinner et al.
2011) from dike construction, we focussed on the four
dominant tree species, Quercus robur, Fraxinus excel-
sior, Populus alba, Salix alba, on both side of the dike

Fig. 1 Location of the study
area within the Donau-Auen
National Park in Austria

| Vienna/Schwechat

#= Water area at mean-water level :
223 Donau-Auen National Park

— Dike \

""" \ Slovakia
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using the National Park’s forest inventory database,
which is based on a 100x400 m raster. This approach
led to 48 sample trees (16 located within the diked
floodplain forest) which formed the basis for the anal-
ysis of CFR and CAB and environmental parameters.

Spatial analyses and hydrology

To analyse the spatial position of the sample trees,
position data were recorded using a Trimble®
GeoXH™ 2005 series handheld in February and
March 2010 before foliation. GPS data were post-
processed by a differential correction with Rinex data
(base station: Leopoldsau) to increase position accu-
racy. To determine the distance to the upstream begin-
ning of the study area and the distances to the Danube
River or the nearest channel for all sample trees, we
used the “NEAR” tool (ArcInfo) in ArcGIS 9.2.

The distances to mean/low groundwater level of
each study plot were calculated by combining a
groundwater model of the survey area provided by
the Vienna University of Technology and a digital
elevation model provided by via donau —
Osterreichische WasserstraBen-Gesellschaft mbH. We
performed the “Extract Values to Points” tool
(ArcInfo) in ArcGIS 9.2 to derive altitudes of mean/-
low groundwater table. Altitudes asl of the mean and
low groundwater level were subtracted from the alti-
tude asl of each sample tree base to assess the distan-
ces to mean and low groundwater level. The
magnitude of fluctuation between mean and low
groundwater table was calculated as the difference in
altitudes asl of mean and low groundwater level.

Fine root C stock

Following Vogt et al. (1998), we used soil coring to
assess CFR. Fine root biomass usually accumulates
within the upper 30 cm of soil with an estimated 59—
91 % of the overall fine root biomass found there
(Burke and Raynal 1994; Baker et al. 2001; Kiley
and Schneider 2005; Meinen et al. 2009). The low
content of coarse stony fragments or aggregates
(>2 mm in diameter) of the analysed soil with a more
or less even distribution of fine roots allowed for a
representative root sample extracted from soil cores of
30 cm in length and 1.8 cm in diameter (76 cm?). To
exclude possible effects of the stem on the local sed-
imentation regime and fine root stock, we
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systematically took one soil core at a distance of
1.5 m to the east of each sample tree using a steel
auger. All soil cores (n=48) were extracted between
November 15 and 26, 2010, and transferred to plastic
bags. Until laboratory analysis, samples were stored at
4 °C. Soil cores were washed using a series of sieves
with 2.5, 0.5, 0.2 and 0.063 mm mesh size. The
collected roots were uniformly distributed on a petri
dish tagged with millimetre paper for exact area mea-
surement. Six of 20 permanently marked squares of
1 em?® were randomly selected to obtain a subsample
of fine roots. This entire subsample was classified
according to its phenology [“living biomass” or “nec-
romass”; according to the methods described by
Persson (1980a, b) and McClaugherty et al. (1982)]
using a stereo microscope (Leica Wild M3C). The
diameter threshold for fine root classification varies
considerably in the literature (Nadelhoffer and Raich
1992; Kiley and Schneider 2005; Cavalcanti and
Lockaby 2005). Here, we followed Nadelhoffer and
Raich (1992) and considered all nonwoody roots
<5.0 mm as fine roots and classified them into four
size categories (<0.50, 0.50-1.49, 1.50-2.99, 3.00-
5.00 mm). These data served for the estimation of
the percentage of each phenology and size class in
the entire soil core. For biomass measurement, the root
fractions were transferred to paper bags, oven-dried
for 48 h at 65 °C and weighed. Root C stock per soil
core was calculated by multiplying biomass stocks by
0.5 (Jackson et al. 1997; Giese et al. 2003). Results
were then extrapolated to derive tons C per hectare.

Aboveground biomass C stock

To enable comparisons between CFR and CAB, we
analysed the forest stand adjacent to each sample tree.
We applied the angle-count sampling method devel-
oped by Bitterlich in 1948 to access surrounding forest
stand parameters of each sample tree (Kramer and
Akga 2002) and subsequent CAB. Measurements were
performed with a Dendrometer 11 by Kramer. With the
sample tree as the centre, we counted each tree and
shrub included in the variable radius of the sample
area. The radius of the sample area depends on the
diameter at breast height (DBH) and the distance of
each tree and shrub to the centre. If the DBH exceeded
a given opening angle (we used the count factor k=
5.5), we recorded the species of trees and shrubs and
the number of each present as well as the height (using
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a BLUME-LEISS BL 6 altimeter and subsequent trig-
onometrical calculation), the DBH of all trees and
shrubs, and the percent cover of trees, shrubs, and
herbs. These data were used to derive mean DBH
and hectare values of forest stand variables (for basal
area and stem number). Then data were transformed to
biomass using allometric equations (additional data
are given in Online Resource ESM 1) for aboveground
(woody) biomass compiled by Zianis et al. (2005).
When only stem volume equations were available,
we multiplied stem volume by 0.5321 to derive stem
biomass according to Lehtonen et al. (2004).

Lying woody debris >10 cm in diameter was mea-
sured within a radius of 8 m around the central sample
tree. Based on the work of Chave et al. (2006), volume
was transformed to mass using the factor 0.6 to derive
tons per cubic meters. Biomass values of standing
stock and lying deadwood were multiplied by 0.5 to
estimate C stocks (Giese et al. 2003). Results were
then extrapolated to hectare values.

Statistical analysis

All continuous variables were tested for outliers, nor-
mality (Shapiro-Wilk test), homogeneity of variance
(Fligner test) and collinearity (VIF values) (Fox 2008;
Zuur et al. 2010). In case of violation of normality and
homogeneity, differences in the response variables
were tested using the Kruskal-Wallis test. Otherwise,
we used the Welch #-test. Correlations among spatial
and hydrological variables were tested for significance
using Pearson’s product-moment correlation.

To model the impact of environmental parameters
on CFR and CAB, we applied a boosted regression
trees (BRT) analysis. This technique combines the
advantages of regression trees (De’ath and Fabricius
2000) and boosting to improve model accuracy
(Schapire 2002). BRT are ideally suited to handle
typically complex ecological data (unbalanced, miss-
ing values, many zeros), and their output can more
casily be interpreted due to modelling fitted functions
(Elith et al. 2008). Furthermore, BRT analysis allows
interactions among predictor variables to be detected.
The set of environmental parameters used for the
analysis of CFR and CAB included (1) spatial param-
eters, i.e. distances to the Danube River, the nearest
side channel, the upstream beginning of study area,
and the relation to the dike (waterside vs. landside);
(2) hydrological parameters, i.e. distances to mean/low

groundwater level, magnitude of the fluctuations in the
groundwater table; and (3) forest stand parameters, i.e.
dominant tree species, number of tree species, stem
number per hectare, basal area and coverage of herb,
shrub and tree layers. In a first analysis, soil parame-
ters (soil type, bulk density, number and thickness of
C-enriched soil horizons, content of sand, rate of sed-
imentation) were included, but because they did not
show an influence on the studied C stocks, these data
are not shown here. All calculations were performed
with R version 2.10.0 using the packages “AED”,
“brt”, “car”, “gbm”, “gtools”, “mass” and “vegan”
(R Development Core Team 2012).

Results
Hydrological parameters

Mean fluctuation between mean/low groundwater ta-
ble and distances to mean and low groundwater table
in TRF were 1.2+0.0, 2.6+0.1 and 3.7+0.1 m respec-
tively. The magnitude of the fluctuation in the ground-
water table (Fig. 2a) and the distance to the low
groundwater table (Fig. 2b) decreased significantly
with greater distances to the Danube River. However,
the distance to the river and the mean groundwater
level were not significantly related. Study sites located
waterside of the dike were characterised by signifi-
cantly larger fluctuations of the groundwater table
(Kruskal-Wallis test, P<0.001) and distances to the
low (Welch two-sample -test, P<0.001) and mean
groundwater table (Welch two-sample ¢-test,
P=0.021) compared to sites landside of the dike.
Mean fluctuations in the groundwater table and dis-
tances to low and mean groundwater table in FRF
were 1.3+0.0,4.0+£0.15 and 2.7+0.15 m. Mean values
for above mentioned hydrological parameters in DRF
were lower (0.9£0.0, 3.1£0.15, 2.2£0.16 m).

Carbon stock of fine root and aboveground biomass

Total CFR in the upper 30 cm of soil in the sampled
floodplain forests was about 2.8 t ha™ ' with 1.57 tha™'
from living biomass and 1.25 t ha ' from necromass
(Table 1). Fine roots <1.5 mm in diameter accounted
for about 82 % of the total CFR with proportions
shared nearly equally between living biomass and nec-
romass (Table 1). The total CAB was 12347 t ha '

@ Springer
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Therefore, total CAB contributed 44 times more C to
the C stock than CFR.

Mean total CFR in FRF was significantly lower
than in DRF (2.28 vs. 3.97 t ha ') (Fig. 3a).
Differences in total CFR were related to necromass
C stock, with FRF showing lower necromass C stock
(0.90 t ha ") than DRF (1.97 t ha "), whereas differ-
ences in living biomass were not significant between
FRF and DRF. However, living CFR in FRF tended to
exceed necromass C stock (1.38 vs. 0.90 t ha™"). There
was no pronounced difference between living biomass
C stock and necromass C stock in DRF.

In contrast, CAB (Fig. 3b) responded inversely to
the presence of the dike (although not significantly;

Table 1 Carbon stock of fine root biomass of floodplain forests
in the Donau-Auen National Park (SE = standard error)

Size class [mm] Phenology class Mean (SE)
[tCha']
<0.50 Living biomass 0.55 (0.09)
Necromass 0.62 (0.10)
0.50-1.49 Living biomass 0.62 (0.14)
Necromass 0.53 (0.10)
1.50-2.99 Living biomass 0.12 (0.09)
Necromass 0.00 (0.00)
3.00-5.00 Living biomass 0.28 (0.14)
Necromass 0.10 (0.07)
Total Living biomass 1.57 (0.24)
Necromass 1.25 (0.19)
Total Living biomass and necromass 2.82 (0.29)
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Welch two-sample #-test, P=0.08) with higher values
in FRF (132 t ha™ ') compared to DRF (106 t ha™').

Role of abiotic environmental parameters and forest
stand variables

The BRT model for the total CFR explained 23 % of
the variation in the dependent variable. Our analysis
detected the lateral distance to the Danube River (rel-
ative influence 58.8 %) and tree species (relative in-
fluence 41.2 %) as the two most influential variables
explaining the variation in C stocks of fine root bio-
mass. The pattern of the fitted functions shows that
above average CFR levels were found at distances of
>1000 m from the Danube River and in forest stands
dominated by F excelsior and S. alba. Interactions
among predictor variables were not detected. The
presence of the dike was not influential for fine root
prediction (Fig. 4).

Similarly, living CFR was equally influenced by the
distance to the Danube River (35 %) and by tree
species (27 %). Moreover, the BRT model revealed
that 38 % of the total explained variance was related to
the distance to the nearest side channel. The fitted
function of all model parameters predicted above av-
erage living CFR for sites within 50 m of the nearest
side channel and at distances of >1,000 m to the
Danube River. These sites were dominated by F ex-
celsior and S. alba (additional data are given in Online
Resource ESM 2).

The BRT model of dead CFR in floodplain forests
(additional data are given in Online Resource ESM 2)
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beginning of the study area. Again, neither living nor
dead CFR responded to the presence of the dike in
these models.

Modelled CAB (Fig. 5) depended on hydrological
and spatial parameters. Predictive power of this model
was low (10 %) compared to belowground models.
The hydrological parameter fluctuation in the ground-
water level and the two spatial parameters (i) distance
to the Danube River and (ii) distance to the low
groundwater table accounted for 41, 37 and 22 % of
the total explained variance respectively. The CAB
increased with the greater fluctuations between low
and mean groundwater table (with above average val-
ues at distances greater than 1 m). In contrast to CFR,
CAB decreased with the distance to the Danube River.
Above average values of CAB were found within
500 m of the river, whereas beyond 1,000 m from
the Danube River, CAB was unaffected. Relatively
high groundwater tables within 2 and 3.5 m of the
surface were associated with below average CAB.

Discussion
Carbon stock and drivers of fine root biomass

Our study provides novel data on CFR and CAB, con-
sidering dike presence and spatial and hydrological
parameters at the riparian ecosystem level in central
Europe by using a multi-species approach. As in other
forest ecosystems, fine roots accounted for a rather low
percentage of overall carbon stock. Despite different
methodological approaches, our data on fine root C
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tion: 0.28; CV correlation (SE): 0.13; additional data are given
in Online Resource ESM 2)

stocks are in line with other studies on fine root biomass
of terrestrial and riparian forests. Burke and Chambers
(2003) compared different forest types of bottomland
forests of which we report here the values for perma-
nently moist and periodically flooded conditions, which
are expected to be comparable to our study system. Total
CFR as calculated from biomass values for the upper
45 cm of soil ranged from 1.2 to 2.8 tha™ ' and fine root
necromass from 0.7 to 1.2 t ha' (Burke and Chambers
2003). Although these values are similar to our results
(Table 1), exact comparisons of total CFR remain more
challenging than for CAB. In particular, the assumption
that most fine roots are located within 30 cm of the
surface does not necessarily apply to floodplain ecosys-
tems as high sediment deposition may increase the
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distance to the groundwater table, which is known to
stimulate plants to expand their fine root system into
greater soil depths (Day et al. 1996; Williams and
Cooper 2005). Therefore, we may have underestimated
CFR, particularly in FRF.

Overall CFR in DRF was almost twice as high as in
FRF (Fig. 3a). In particular our findings on total CFR
in DRF (4 t ha ') are comparable to derived C stocks
from fine root biomass results reported by Meinen et
al. (2009) for different beech stands in Central Europe.
Yet, BRT analyses surprisingly ruled out dike presence
as the main reason for these differences and identified
instead the distance to the Danube River and dominant
tree species as main predictors of total CFR.

Accordingly, the presence of the dike did not remain
as an explanatory variable in any of the models we ran.
In particular, the lateral gradient indicated by the dis-
tance to the Danube River proved to significantly in-
fluence CFR, with the dike separating river-near from
river-far sites. The mean distances from the Danube
River of441 m and 1,458 m for flooded and diked plots
respectively, supports this viewpoint. Consequently,
plots of FRF represent below average C stocks, and
plots of DRF beyond 1,150 m are classified in the
above average section of the fitted function (see
Fig. 4). However, the fitted function of distance to the
Danube River and total CFR may reflect a minor direct
impact of dike construction as the first substantial
increase in the function at around 600 m distance to
the Danube River coincides with the mean distance of
all plots to the dike (622 m). This may point to a
possible impact of the sedimentation regime on CFR.

It is commonly accepted that hydrology is the most
important driver of ecosystem dynamics in floodplain
forests (Brinson et al. 1981; Conner et al. 1981; Day et
al. 1988). Still, surface flooding is only one part of the
hydrological regime and often widely overestimated
compared to the influence of the hydrodynamics be-
lowground such as soil water saturation (Day and
Megonigal 1993). Although dike construction obvi-
ously disconnects DRF from surface flooding, our
study suggests that other hydrological factors, such as
changes in the distance to the groundwater table along
the lateral gradient from the river to the border of the
floodplain, shape the CFR under dominant tree species.

Williams and Cooper (2005) similarly attributed the
response pattern of fine roots to changing groundwater
conditions. In accordance with our data, their study
revealed a substantial loss of root density (40 %) and
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root biomass (25 %) in Populus species with a de-
creased floodplain groundwater table. In our study
area, groundwater tables were lower in the surface
flooded area compared to the DRF (#-test, P<0.021).
Although low and mean groundwater tables of DRF
did not normally occur in the upper 30 cm topsoil, in
general higher groundwater tables may be an indicator
of longer water-saturated conditions in the topsoil
before and after surface flooding events in FRF along
with seepage water in DRF, which may have led to the
observed differences.

Distance to the Danube River and tree species were
consistently identified as main predictors of total, liv-
ing and dead CFR. The predictive power of the under-
lying BRT models was relatively high (>20 %).
Previous studies emphasised that spatial and vegeta-
tion structures are relevant drivers of aboveground and
soil C stocks in floodplain ecosystems (Cierjacks et al.
2011). However, the prediction of soil and above-
ground C stocks has remained difficult as in many
cases differences in vegetation units characterised by
different tree species were not reflected in differences
in C stocks (Cierjacks et al. 2010). Our findings show
that spatial and forest stand parameters are also pow-
erful predictors of CFR.

Necromass was the part of CFR that most clearly
corresponded to dike presence. In DRF, necromass
was more than twice as high as in FRF. Dead fine
roots usually remain in the soil if root decomposition
is reduced due to anaerobic conditions (Day and
Megonigal 1993; Rotkin-Ellman et al. 2004). Again,
such conditions are more frequent at greater distances
from the river where clay content is higher in the topsoil
(data not shown) and groundwater tables are higher.
Additionally, higher clay content in turn increases the
matrix potential (Schachtschabel et al. 1998), which
leads to water-saturated conditions in the topsoil even
during drought periods in DRF. Consequently, we ob-
served differences between flooded and diked areas,
although the dike was not the main driver of this
phenomenon.

At the same time, sediment deposition, which ex-
clusively takes place in flooded riparian forests, is
known to reduce fine root growth (Simm and
Walling 1998; Cavalcanti and Lockaby 2005). In our
study area, major flood events that inundate large
areas of the FRF resulted in sedimentation rates of
up to 0.9 cm year ' (unpublished data). Cavalcanti
and Lockaby (2005) showed that rates as low as

0.3 cm year ' induce a pronounced decrease in fine

root biomass. Consequently, dike construction may
add to the hydrological impact on the CFR by prevent-
ing sediment deposition.

CFR differed among dominant tree species (Fig. 4).
Locations dominated by F. excelsior and S. alba had
above average total and living CFR. In contrast, the
highest dead CFR was found in forest stands of F
excelsior, whereas S. alba stands showed the lowest
dead CFR. Carbon stocks of fine root biomass for P
alba and Q. robur were more or less at an intermediate
level between F. excelsior and S. alba. Meinen et al.
(2009) also found the highest fine root biomass values
for F. excelsior in comparable multi-species terrestrial
forest stands. Salix alba and F. excelsior are typical
species of softwood and hardwood forests respective-
ly, with a root system which is able to adapt rapidly to
specific site conditions. In comparison to S. alba, F.
excelsior exhibits a lower tolerance for high ground-
water tables and surface flooding (Bonn and Roloff
2002). As a consequence F. excelsior trees are
shallow-rooted to avoid permanently water-saturated
soil conditions, which can lead to drought stress and
root dieback during dry times. Quercus robur and P.
alba develop cordate root systems characterised by a
higher percentage of fine roots in deeper soil horizons
(Bonn and Roloff 2002; Sitte et al. 2002). This may
explain why CFR of F. excelsior was higher than for
Q. robur and P. alba, which share similar site condi-
tions. In contrast, the ecological amplitude of Salix
species covers a wide range of wet soil conditions
(Timoney and Argus 2006). The root system of S. alba
is adapted to both permanently high groundwater
tables, e.g. on gley soils, and to continuously changing
groundwater tables including surface flooding with
sediment deposition. Salix alba is known to provide
roots with oxygen (Jackson and Attwood 1996) below
water level and to form adventitious roots after stem
burial by sediments (Koop 1987; Timoney and Argus
20006). These adaptations of the root system maintain
living roots and stimulate growth of new roots in
water-saturated soils, which might explain why S. alba
had the lowest dead CFR and higher total CFR.

Carbon stock and drivers of aboveground biomass
Mean CAB was 123 t ha ' and thus clearly lower than

222 tha ' reported by Cierjacks etal. (2011) for the same
study area. Apart from methodological differences, this
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may be attributed to the inclusion of forest stands in
diked floodplain forests with lower C stocks and rela-
tively young forest stands along with the low DBH of
our sample trees.

In contrast to CFR, mean CAB was higher in FRF
than in DRF, but this difference was not significant
(t-test, P=0.08). Similar results have been reported
for unflooded mixed hardwood sites and flooded sites
in Virginia, USA (Day and Megonigal 1993). In
accordance with our results, the study from Virginia
revealed a significantly higher belowground biomass
in unflooded compared to flooded sites, whereas
aboveground biomass was—albeit not significantly
—Ilower at unflooded sites. Although the water gra-
dient from swamp to mixed hardwood forest was
clearly broader in the study by Day and Megonigal
(1993), their findings highlight the relevance of fine
roots in C cycling as they point to a possible trade-off
between belowground and aboveground biomass
production.

Higher CAB in FRF can be explained by higher
NPP due to optimal water supply in the proximity of
the river. Mitsch and Ewel (1979) proposed a relation-
ship between drainage conditions and NPP in forested
wetlands, with lowest NPP under very dry and wet
drainage conditions and highest NPP at intermediate
levels. Day and Megonigal (1993) generalised the
relationship to a flooding gradient that implies lower
NPP with no or continuous flooding, and highest NPP
with periodic flooding. Although the groundwater ta-
ble is generally lower adjacent to the main channel
than at greater distances from the river, many trees
easily avoid possible drought stress by forming deeper
roots (Pregitzer and Friend 1996). Consequently, a
high aboveground production can be maintained even
during drier periods compared to trees with a shal-
lower root system growing at high groundwater levels.
In the latter case, temporary limitations in water sup-
ply may result in reduced stomatal conductance along
with canopy dieback (Horton et al. 2001a) and lower
storage of biomass in aboveground plant tissues.

In contrast to fine roots, the predictive power of the
models for CAB was relatively low (10 %). However,
the magnitude of the fluctuation in the groundwater
table, the distance to the Danube River and the low
groundwater table proved to explain most of the var-
iation in CAB. Previous studies failed to predict this
parameter by spatial gradients (Cierjacks et al. 2011).
Here, we covered a larger lateral gradient (1,458 vs.
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518 m) and thus a broader range of hydrological con-
ditions, which presumably led to clearer results.

The relationship of CAB to hydrological parame-
ters (fluctuation in the groundwater table, distance to
low groundwater table) was best described by sigmoi-
dal fitted functions (Fig. 5). Increased CAB was ob-
served for thresholds of around 1 m of fluctuation in the
groundwater table and 3.5 m depth to the low ground-
water table. Assuming that an increased CAB indicates
higher NPP, our findings support the hypothetical stress-
subsidy relationship (Mitsch and Ewel 1979), which
forecasts inhibition of NPP under extreme, i.e. too dry
or too wet, conditions. Consequently, transpiration of
riparian vegetation proved to be lowest both in cases
where the groundwater table was below the rooting zone
or in water-saturated soil conditions (Baird et al. 2005).
The contrasting responses of biomass growth to the
vertical gradient shown by Horton et al. (2001b), which
revealed that groundwater tables deeper than 2.5-3 m
below the soil surface during the growing season month
of July resulted in growth depression expressed by
canopy dieback, may be related to the climate of the
semi-arid study area in Arizona, USA.

Conclusions

Our findings show that the hydrological regime in the
soil of FRF tends to vary more than that in DRF.
Consequently, CFR and CAB are related to the hydro-
logical conditions which change along lateral and
vertical gradients in floodplains.

Moreover, our study suggests that CFR was deter-
mined by specific adaptations of the studied tree spe-
cies. Consequently, we provide evidence that spatial
and hydrological gradients and tree species composi-
tion are powerful predictors of C stocks in riparian
ecosystems. Despite pronounced differences between
FRF and DREF, there is only weak support for the idea
that the construction of the Marchfeld dike directly
influenced C allocation in the floodplain forests within
the time scale considered (110 years). Still, a possible
species shift due to missing flooding in the long run as
stated by Hohensinner et al. (2011) in the wake of
river engineering measures may cause notable changes
in fine root dynamics.

As in earlier studies, our data point to an inverse
response of CFR and CAB to hydrological parameters.
Due to higher groundwater tables at greater distances
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from the main river, trees tended to invest a higher
proportion of C in the belowground biomass
expressed by a denser root system and higher root
turnover presumably to improve nutrient uptake from
the given soil volume. Consequently, aboveground
biomass allocation was reduced, which may be further
exacerbated by higher drought sensitivity and related
canopy dieback when longer drought periods occur
during the growing season. Our study species
responded differently to these conditions, which may
show a species-specific plasticity in belowground ver-
sus aboveground biomass allocation.

Our study suggests fine roots are a more sensitive
indicator of ecosystem C distribution than the more
stable aboveground C stocks. The explained variance
in calculated BRT models for CFR was generally much
higher compared to our models of CAB. More research
on underlying mechanisms of C allocation in riparian
ecosystems is needed, in particular, by considering a
broader moisture gradient that includes very dry and
permanently wet sites. Moreover, future studies should
also include productivity data at the ecosystem level to
analyse the short-term pattern of C allocation in re-
sponse, for example, to flooding, precipitation and
temperature. Finally, our data imply that sites at greater
distances from the main channel are more sensitive to
sinking water tables in floodplain soil.
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