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Abstract
This report presents the results from the experimental manipulations of riparian hydrology
(flooding treatments) carried out in the EU FP7 project REFRESH. The experiments aimed to
simulate increased winter flooding periods by diverting stream water to flood stream
riparian wetlands. The experimental field manipulations were carried out in Denmark, North
Germany and the Netherlands. Results on wetland biogeochemistry (N and P), biodiversity
(plants) and functioning (nutrient cycling) are presented.
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Abstract
1) What are the effects of a climate-driven increase in winter flooding on riparian vegetation as
mediated through hydrological and soil biochemical changes? The following sub questions were
addressed:
1. What are the effects of increased flooding on species composition?
2. To what extent is biomass affected by increased flooding?
3. What are the effects of increased flooding on species turnover (as indicated by colonization
by seeds and seedling survival)?
2) Effects of flooding on vegetation characteristics were investigated over a period of three years in
five sites located in the Netherlands, Germany and Denmark. A flooding period was simulated using
a dam to convert the water. Each site had a flooding and a control section. To determine the effects
of flooding, a two-way ANOVA was conducted with treatment (flooding/control) and site (area 1-5)
as fixed factors. Species richness of the vegetation, biomass, nutrient availability and species
richness of seeds were used as response variables. To investigate species responses over time a
principal response curve analysis was made.
3) Preliminary results. Species composition, richness and biomass responded rapidly to the changes
in flooding regime and changed within the experimental period of 3 years. In the majority of the
sites, flooding had a negative effect on species richness of the vegetation, while it had a positive
effect on nutrient availability, biomass and species richness of the seeds.

4) Preliminary conclusions. Flooding events can have a considerable, rapid effect on riparian
vegetation composition. There was a major negative effect detected on species richness of the
vegetation, while positively affecting standing biomass. Nutrient release (available phosphorus and
nitrogen) seems to mediate the major effect on the composition of the standing vegetation.
5) Preliminary. By positively influencing the nutrient availability of the soil and biomass, winter
flooding can have a negative effect on riparian species richness in already nutrient-enriched sites.
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Abstract
It is expected that climate change will put more pressure on riparian zones but the overall
contribution from riparian zones to climate change is still a matter of controversy. In riparian zones –
especially riparian wetlands production of greenhouse gases (GHG) may be high, and they are the
largest natural emitter of methane, CH4, (IPCC, 2007). Some studies have shown that wetlands are
net sources of GHG due to CH4 emissions (Bridgham et al., 2006) while others claim that over a long
time horizon (>100 years) wetlands can be considered as sinks for GHG (Mitsch et al., 2012; Whiting
and Chanton, 2001). Besides exchange of CO2 and CH4, riparian areas also contribute to fluxes of
nitrous oxide, N2O. In water-saturated soils, it is assumed that the main N2O-producing process is
denitrification, which is the reduction of nitrate (NO3) and nitrite (NO2) to the gaseous end products
N2O or N2. Although the fraction of produced N2O might be small (Groffman et al., 1998), it may
have important consequences for atmospheric pollution because N2O is a potent GHG with a global
warming potential 298 times as strong as CO2
Climate change may lead to wetter winters and dryer summers in Northern Europe. It is likely that
this will affect biogeochemical processes in the soil in riparian areas and thus also have an impact on
the emission of greenhouse gases, though the magnitude of the effect is unclear. In order to
investigate the possible effects of climate change a setup with two riparian zones next to
respectively a pristine and an agricultural stream were selected for an experimental study in
Denmark, Germany and The Netherlands. The experimental sites in all countries were divided into

three sub-sites: a control site and two manipulated sites with respectively wetter winter or drier
summer conditions (i.e. partly flooding of riparian area or lowering of groundwater table in riparian
area. Emissions of N2O, CH4 and CO2 from ecosystem respiration (Reco) was measured during a
flooding period of six weeks and also during a drought period of six weeks by use of the closed
chamber technique. Additionally groundwater chemistry (NH4+, NO3-, PO43-, SO42-, groundwater
level, soil temperature, pH and electric conductivity was measured during the two periods.
Note: Data has not yet been through a detailed and comprehensive statistical analysis
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Abstract
Due to climate change and extensive environmental use, riparian zones are under treat. Wetter
winters and dryer summers are expected for the future in Northern Europe. It is likely that this will
affect biogeochemical processes in the soil in riparian areas and also have an impact on vegetation,
though the magnitude of the effect is unclear. In order to investigate the possible effects and to
distinguish between stream-type-driven effects two riparian zones next to respectively a pristine and
an agricultural stream were selected for a field experimental study in Denmark, Germany and The
Netherlands. The experimental sites in all countries were divided into three sub-sites: a control site
and two manipulated sites with respectively wetter winter or drier summer conditions (i.e. partly
flooding of riparian area or lowering of groundwater table in riparian area). At all sites the
vegetation composition was determined in June and September. In addition, groundwater level, and
the concentration of nutrients and associated elements were measured from 2011 to 2013 during
successive periods of flooding and drying. This paper reports the effects of winter flooding as
compared to the non-flooded control sites during three successive years. There are clearly some
effects with respects to changes in nutrient concentrations both concerning nitrogen and
phosphorus. Overall nitrate concentration decrease at the flooded sites concomitant with increase in
ammonium concentration. Also changes in phosphate concentration takes places but the patterns
are more difficult to interpret at present, as comprehensive statistical data analysis is still going on
and results are not yet ready.
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Abstract
The overall aim of the study is to understand terrestrial plant communities’ responses to a
fluctuating hydrological regime. By establishing an experimental gradient of water availability and
flooding, and analyzing community trait distribution changes along this gradient, we address the
following questions: i) how does plant communities respond to flooding events?, ii) Does trait values
shift in the same manner in all years iii) Is the rate of functional change more informative than the
analysis of functional structure at a given time?
We sampled a near-stream grassland community. Experimental plots covered an area of 10 m × 150
m. Vegetation cover was registered in May 2011, 2012 and 2013. For each plot, all vascular plants

were recorded using the pin point (or point-intercept) method, i.e., as the number of presences in a
5 by 5 rectangular grid (25 cells) laid out in the quadrat of 0.5 m x 0.5 m. A plant was present if it
touched a pin inserted vertically in each grid cell. Local communities were defined as plant species
within each plot, and the regional species pool as all species registered in plot during the study
period (2011, 2012 and 2013). The regional species pool consisted of 69 species, and we found 1-12
species per plot. Information on specific leaf area (SLA, mm2 mg-1), plant height (m), seed mass (mg),
leaf dry matter content (mg g-1), leaf area, leaf thickness were extracted from a database.
The site was flooded periodically every winter from January 2011, and three years on. Soil water
table depth was measured in dip wells placed in transects perpendicular to the stream (0, 3 and 10
m from the stream, in connection to the permanent vegetation plots), in total 30 wells on the site.
The hydrological gradient was calculated as a mean of the measurements. The treatment led to a
continuous gradient of water table depths in the experimental area.
We tested for community assembly changes along the gradient using a null model approach. Null
models were built by randomly sampling species from the regional species pool. Abundance
weighted mean (CWM) was calculated for each trait. Response of the plot to the flooding gradient
could be detected when observed trait CWM of the observed community differed from the
randomly generated null community.
Short-term trait-based analysis of the gradient seemed to suggest a clear functional response of the
grassland communities to winter flooding. In May 2011, the first year of sampling, the treatment
had acted as a heavy disturbance, causing a high coverage of dead leaves, probably dead because of
submergence and oxygen depletion in the root zone. This lead to a steep decrease in species
richness towards flooded plots, and trait CWMs were responding at both ends of the gradient. In
2012 and 2013, however, we found no effect of the gradient on the CWM on any traits. However,
linear regression coefficients seemed to indicate that the change was going in a direction, as results
from 2012, where intermediate of those of 2011 and 2013 for four out of six traits. By dividing the
CWM of 2011 by those of 2011, we quantified the rate of change between the two years. This
showed us that communities in both dry and wet end of the hydrological gradient were responding
much faster than those under stable condition. We hereby underlined that the rate of functional
change is more important than instantaneous observations.
This study reveals the complexity of community assembly responses to the predicted increase in the
frequency of extreme climatic events. Extreme event occurring only once may cause unpredicted
changes in community structure, mostly because of die-backs. Repeating disturbances events may
send the ecosystem towards new states. Event-based studies, such as this one, can capture the
response of ecosystems to extremes in weather pattern, which might be very different from
responses to stable environmental gradient. Higher levels of flooding stress seemed to drive
communities towards conservative strategies, but over time, the effect of the gradient diminished.
Response ratios helped understand the course of these community changes
Extreme climatic events can shock an ecosystem, and the ecosystem responds to this shock, but over
years it may be less surprised and the events become a regular part of its environment. We
underline the risk of wrongly predicting ecosystem responses to projected climate change using only
instantaneous observations; community assembly is indeed a temporal process that is best captured
and described using more than one observation in time.
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Abstract
There is growing awareness that an intensification of the hydrological cycle associated with climate change
in many parts of the world will have profound implications for river ecosystem structure and functions.
In the present study we link an ensemble of regional climate model projections to a hydrological model
with the aim to predict climate driven changes in flooding regimes in lowland riparian areas. Our specific
aims were 1) to predict effects of climate change on flood frequencies and magnitudes in riparian areas by
using an ensemble of six climate models and 2) to combine the obtained predictions with the distribution
of rich fen communities to explore whether these are likely to be subjected to increased flooding by a
climate change induced increase in river runoff. We found that all regional climate models in the ensemble
showed increases in mean annual runoff and that the increase continued through both scenario periods,
i.e. 2035-2065 and 2070-2099. We found concomitant increases in flood levels and flood frequencies. Flood
levels increased both at sites where the maximum water level was governed directly by river water runoff
and where it was governed by river flow roughness (weed cover). We did not find evidence that the present
flooding regime was an overall key factor determining the distribution of fen vegetation. However, even
minor changes in the number of flood days and flood duration may significantly affect species
compositional patterns within fens and hence the conservation value of these.

Introduction
There is growing awareness that an intensification of the hydrological cycle associated with climate change
in many parts of the world will have profound implications for river ecosystem structure and functions.
Changes in the amount of seasonal precipitation and the intensity and frequency of extreme precipitation
events will directly affect the magnitude of seasonal stream flows and the timing and severity of floods,
which again is likely to influence several stream ecosystem services such as carbon storage, flood control,
aquifer recharge and maintenance of biodiversity (Keddy et al., 2009). During the last decades there has
already been an increasing tendency of flood events mainly caused by heavy precipitation events, probably
related to climate change in some areas in Europe (Bronstert, 2003). In the present study we will focus on
possible consequences of an altered flooding regime for species-rich fen vegetation communities in riparian
areas. These communities were formerly more widespread in lowland areas along streams and in river
valleys (van Diggelen et al., 2006). They are highly valued in nature conservation as they may have a high
fraction of rare species (Bedford and Godwin, 2003; Van Diggelen et al., 2006), and they are embraced by
international legislation such as the Convention on Biological Diversity and the EU Habitats Directive (HD;
Council Directive 92/43/EC).
We believe that alterations in flooding regimes may pose a severe threat to the continued existence of fen
communities in lowland areas because prolonged flooding periods will alter the hydrological conditions
and, with that, bio-geochemical processes that are likely to significantly influence their survival in the areas.
From recent studies we know that low frequency flooding can stimulate species richness within rich fen
areas, but also that frequent or long lasting floods may constitute a risk to their existence within the areas
(Bedford et al., 1999; Lamers et al., 2006; Baattrup-Pedersen et al., 2013a). Consequently, understanding of
the relationships between projected climate change and flood characteristics is highly needed for assessing
the probable impact of environmental changes on riparian diversity. Moreover, measures such as
restoration and management to improve conditions for these communities can easily be jeopardised if not
taking into account how changes in climate may affect spatial and temporal flood patterns and the likely
consequences for rich fen vegetation.
Previous studies that have examined the effects of projected climate changes on seasonal stream flows in
lowland areas have shown that significant changes may occur (Kay et al., 2006; Laforce et al., 2011).
Thodsen (2007) found that a 7% increase in average mean annual precipitation increased runoff by an
average of 12% between the periods 1961-1990 and 2071-2100 in Danish streams applying a HIRHAM
Regional Climate Model (RCM) simulation of the A2 IPCC scenario (Houghton et al., 2001; Christensen and
Christensen, 1998), and comparable results were obtained for a number of other small Danish catchments
also applying HIRHAM RCM data from the IPCC A2 emission scenario (Andersen et al., 2006). Similarly, van
Roosmalen et al. (2007), using the MIKE SHE hydrological model, found climate driven increases in river
runoff and at groundwater level as well, also based on the HIRHAM RCM data and the IPCC A2 and B2
scenarios . Increases in river runoff can have highly significant effects on the flood intensity of the adjacent
riparian areas. Projected increases in peak flows (99th percentile) between 4% and 21% have been
estimated for Danish rivers, indicating that moderate increases in flood levels and frequency may take
place (Thodsen, 2007). These projected increases were obtained by applying one RCM; however, the state
of the art has moved towards basing climate change impact studies on an ensemble of climate models
(Graham et al., 2007; van Roosmalen et al., 2010), which allows for an assessment of the uncertainty
between different RCM projections in the modeling results (Kay et al., 2009). For example, Herrera et al.

(2010) found that an ensemble mean of 9 RCMs improved the projected mean annual precipitation for
Spanish regions compared with 20 km gridded observations.
In the present study we link an ensemble of regional climate model projections to a hydrological model
with the aim to estimate climate change driven changes in flooding regimes in lowland riparian areas in the
temperate zone. Our specific aims were 1) to predict effects of climate change on flood frequencies and
magnitudes in riparian areas by using an ensemble of six climate models and 2) to combine the obtained
predictions with the distribution of rich fen communities to explore whether these are likely to be
subjected to increased flooding by a climate change induced increase in river runoff.
Methods
Study sites
Four riparian sites, River Karup A, River Karup B, River Villestrup and River Sønderup, were selected for the
study, all being situated along medium sized (width 4-13 m) rivers with a natural meandering planform
(Figure 1). All four sites are located in the northern part of the Danish peninsula Jutland. The site of River
Karup A is located about 440 m (straight line distance) from the River Karup B site on the same river
stretch. The climate is relatively humid (Atlantic) with a mean annual precipitation (1961-1990) of around
700 mm yr-1 (not corrected for gauge undercatch), the warmest month being July with 16°C and the
coldest month January with 0°C (Frich et al., 1997; Laursen et al., 1999). The mean annual number of days
with snow cover is 30 (Cappelen, 2010). The rivers are primarily groundwater fed and have a relatively
stable flow regime (Gustard et al., 1992; Ovesen et al., 2000) (Table 1).
The geomorphology of the four study sites is relatively different. The two River Karup sites are located on a
sandy glacial outwash plain from the Weichsel glaciation (the last glaciation), the River Sønderup site is
located on a younger sandy moraine also from the Weichsel glaciation, and the River Villestrup site is
located on a small patch of marine foreland built up since the Atlantic marine regression (8000 B.P.) (Smed,
1982). The land use in the catchments of the four study sites is predominantly agricultural (including
pasture) (Nielsen et al., 2000), and soils are dominantly sandy (Table 2). The riparian areas were covered by
semi-natural grassland vegetation with scattered occurrence of trees and shrubs.
Catchment delineation
For each study site the upstream catchment was delineated using the delineation tool in the SWAT model
(Arnold et al., 1998) on the basis of a 1.6 m LIDAR DEM resampled to a 16 m DEM (KMS, 2010).
Modeling of stream water discharge
The rainfall/runoff model ‘NAM’ (DHI, 2004a) was used to simulate stream water discharge. NAM is a
lumped conceptual hydrological model that describes the hydrological system through 3 linear reservoirs
(Chow et al., 1988; DHI, 2004a). The linear reservoirs are placed in series: (1) surface storage, (2) root zone
storage and (3) groundwater reservoir. Routing of water to the watercourse occurs from the surface as
overland flow, from the surface storage as interflow and from the groundwater storage as base flow. Water
from the additional snow storage can only be transported to the surface storage. Evapotranspiration occurs
from the surface and the root zone storages if water is available. Input climate data to the NAM model is
daily accumulated precipitation (P), reference evapotranspiration (Ep) and daily mean air temperature (T).

The only direct use of temperature in NAM is to determine whether precipitation falls as rain or snow,
where 0 oC is chosen as the discriminating temperature. The degree-day snowmelt model included in NAM
is used and a value of 2 mm day-1 oC-1 is chosen (DHI, 2004b). This value determines the rate of snow melt
and thereby influences the magnitude of peak flows associated with snow melt.
Discharge and water level data
Time series of mean daily discharge for 1989-2010 were available from three permanent stream gauging
stations at River Karup (at Hagebro), River Villestrup (at Ouegård Bro) and River Sønderup (at Vegger Bro).
Water level was recorded continuously at each station and mean daily discharge was calculated using
normal stage-discharge relationships. These were established on a monthly basis from manual
measurements of discharge and water level (ISO, 2011; Herschy, 2009).
Stream water level was recorded at the four study sites on a continuous basis using pressure transducers
from mid-December 2010 to end-May/ mid-July 2011 depending on study site. Water level-water level
relationships were established between the three permanent stream gauging stations and the four study
sites (Table 3). Macrophytes (growing season May – November) were found not to effect the relationships
between the permanent gauging station water level and the study site water level. Water levels at the
gauging station for the control and scenario periods were calculated from the simulated river discharges
using discharge-stage relationships. Separate winter and summer relationships were applied for all three
gauging stations. Discharge-stage relationships were derived from existing summer and winter stagedischarge relationships. Winter (December – April) and summer (May – November) relationships represent
the macrophyte-free and the macrophyte-growing seasons, respectively. As no obstructions to flooding
existed in the study areas, we used water level data to determine flood parameters in the investigated
plots, assuming that once water levels in the streams exceeded plot levels, flooding occurred. Vegetation
plot levels were measured using RTK GPS equipment with a vertical error <20mm (Leica Geosystems, 2010).
Observed climate data
Daily climate data for the period 1989-2009 were obtained from ‘Climate grid Denmark’ (Scharling, 1999a,
b). Grid size is 10 x 10 km for P and 20 x 20 km for Ep and T. Subsequently, all data were spatially converted
into catchment values by area-weighting grid cell values. Ep values were calculated using the Makkink
formula as described by Scharling (2001).
Climate scenario data and downscaling
We used projected climate data from six Regional Climate Models (RCMs) and an ensemble mean of the six
RCMs. All RCMs were run with a 25 km grid resolution and the A1B emission scenario, which is a medium
severity emission scenario (Houghton et al., 2001) for the period 1951-2099. All RCM data were produced
within the ENSEMBLES project framework (Hewitt and Griggs, 2004; Hewitt, 2005). The six RCMs were
(institution/model): C4I/RCA3, DMI/HIRHAM, ETHZ/CLM, KNMI/RACMO, MPI/REMO and SMHI/RCA. For
more information see the ENSEMBLES project website (ENSEMBLES, 2013). The period 1989-2010 was
chosen as control period and the periods 2035-2065 and 2070-2099 as the two scenario periods. The 20352065 scenario period is centered around 2050 and represents the medium time range in the future climate
projections. The 2070-2099 scenario period is centered around 2085 and represents the late part of the
century and the long-time future climate projections.

The delta change method (Gleick, 1986) was used to generate future scenario data for the NAM model. The
model was used assuming that the general hydrological system of the catchments would not be altered
dramatically between the calibration/validation/control period and the future scenario periods. For
temperature, the average monthly difference between the RCM control period and the RCM scenario
period simulations was computed and the changes were added to the observed time series on a daily basis
for the relevant month. For precipitation and evapotranspiration, the ratio between the control and the
scenario simulations was computed as average values for each month and subsequently multiplied with the
observed time series on a daily basis.
Vegetation
A total of 16 large circular plots (49 m2) were delineated within the study sites. These plots covered
different vegetation types including reed beds, meadows and rich fens, but particular focus was placed on
covering rich fens as these are embraced by the EU Habitats Directive. Of the 13 plots, three were located
in the Karup A and four in the Karup B study area, three in Villestrup and three in Sønderup (Figure 7).
Within each plot a number of 0.5 x 0.5 m subplots were established. All species occurring in each subplot
were registered and the vegetation was classified using a species-based classification model for seminatural and natural riparian vegetation types (Nygaard et al., 2009). This model was developed to achieve a
statistical and standardised interpretation of the plant community types protected by the Habitats Directive
for application in the monitoring, assessment and restoration of habitats in Denmark (Baattrup-Pedersen et
al., 2011).
Results
Runoff calibration
Three “NAM” hydrological models were calibrated and validated, one for each river discharge gauging
station, using a standard split sample method. Besides the overall water balance, emphasis was placed on
high flows which may flood the study sites. and validation statistics therefore include both the general
water balance and the distribution of high flows (Table 4).
Temperature
The ensemble mean changes in mean annual temperature between the control and the 2035-2065 and
2070-2099 scenario periods, respectively, were found to be 1.4 and 2.5 °C at all three sites. For the 20352065 scenario period the increase ranged between 1.0 and 2.2 °C, with the lowest increase given by the
DMI/HIRHAM model and the highest given by the ETHZ/CLM model. For the 2070-2099 scenario period the
increase ranged between 1.9 and 3.5 °C, the lowest increase projected by the DMI/HIRHAM model and the
highest given by the C4I/RCA3 model (Figure 2).
Precipitation
Precipitation is the most important parameter affecting river discharge in Danish catchments (Andersen et
al., 2006; Thodsen, 2007; van Roosmalen et al., 2010). Mean control period precipitation was quite similar
between the 3 studied catchments. The Karup catchment exhibited slightly higher (around 14%) winter
(Oct. – Feb.) precipitation rates than the two other catchments whose monthly precipitation rates were

highly similar. The mean control period precipitation was 816 mm yr-1 for Karup, 757 mm yr-1 for Villestrup
and 749 mm yr-1 for Sønderup, respectively (not corrected for gauge undercatch).
The ensemble mean annual precipitation was projected to increase by 4% and 8% between the control and
the 2035-2065 and 2070-2099 scenario periods, respectively. The projected changes by the individual
RCMS ranged from -1% to 8% for the 2035-2065 scenario period and from 2% to 17% for the 2070-2099
scenario period (Figure 3).
Large variations occurred between the RCM projections for individual months. Generally, the projected
precipitation levels were found to increase between October and March and to decrease in August and
September (Figure 3).
Potential evapotranspiration
Potential evapotranspiration (Epot) is an input parameter to the NAM hydrological model. Epot was
calculated using the Makkink formula and varied with temperature and global radiation. Mean annual Epot
changes were small, ranging from -2% (DMI/HIRHAM) to 3% (KNMI/RACMO) with an ensemble mean of 1%
for the 2035-2065 scenario period. For the 2070-2099 scenario period, changes ranged from -6%
(DMI/HIRHAM) to 3% (ETHZ/CLM) with an ensemble mean of 0% (Figure 4).
Runoff
Generally, the most significant changes in river runoff for the 2035-2065 scenario period appeared when
applying the DMI/HIRHAM RCM and the smallest changes when applying the MPI/REMO RCM (Figure 5).
The ETHZ/CLM and the C4I/RCA3 models showed relatively large increases during the winter months
(Figure 5). The most notable changes for the 2070-2099 scenario period were obtained applying
DMI/HIRHAM RCM, which corresponds with the projected changes in precipitation (Figure 3). For both
scenario periods the smallest changes occurred when applying the MPI/REMO RCM. Larger increases were
seen for the 2070-2099 scenario period than for the 2035-2065 scenario period. The ensemble mean
showed the largest increases during winter. Decreases in mean monthly river discharge were mostly
projected to occur in September and October (MPI/REMO RCM) and most notably in the catchment of
River Sønderup catchment, the least base flow influenced river and therefore the most responsive (Table
1).
Water level
The changes in runoff affect river water levels. The water levels at the four study sites were calculated
using the water level to water level relationships previously established. Mean Average Error (MAE)
between the observed water levels and the simulated water levels during the control period was
calculated. MAE was -0.03 m for River Karup, -0.13 m for River Villestrup and -0.05 m for River Sønderup,
respectively. However, mean monthly MAE was larger than the annual mean. Therefore, the simulated
water levels (both control and scenario periods) were corrected for this monthly bias.
Flooding
Flooding characteristics were determined for plots with rich fen vegetation with the highest and lowest
elevation in the study areas in order to represent the existing gradient in flooding intensity. The mean
annual and the minimum and maximum number of flood days were calculated for the observed, control

and both scenario periods (Table 5). At all sites the highest elevated vegetation plot did not flood during
the observation period except at River Sønderup, which, on average, flooded 1.1 day yr-1.
The differences between the observed period and the control period (Table 6) result from both errors in
the modeling set-up and from errors introduced by the missing data in the observed water level time
series. The mean annual number of flood days increased throughout the entire scenario period for the
lowest elevated vegetation plots. In all cases the increases were greater between the early and the late
scenario periods than between the control and the early scenario period.
Several vegetation plots were examined within each study site (15-25), but flood characteristics were only
determined for plots with rich fen vegetation (3-5). Flood statistics were calculated for the minimum and
maximum impact RCM as well as for the ensemble mean for the control and the two scenario periods for
plots with rich fen vegetation at the highest and lowest elevation in the study sites (Figure 6). At the River
Karup sites and at the River Sønderup site the highest mean water levels were recorded between October
and March, reflecting river runoff patterns. At River Villestrup the highest water levels occurred between
July and November, reflecting that high density of the in-stream macrophyte (weed) cover (Figure 6).
Relatively large differences in the number of mean monthly flood days occurred between the four study
sites (Figure 6). There was generally only little difference between the minimum change estimated for the
control period and for the 2035-2065 scenario period. Thus, there was a slight increase between November
and April, no changes in May and June and small decreases between July and October. In some cases the
maximum estimated change yielded more than a doubling of the mean monthly number of flood days. At
the River Villestrup site, which generally experienced the highest water levels during summer, a large
increase was modeled from July to September. The ensemble mean generally showed a moderate increase
in number of flood days for all months.
For the late scenario period (2070-2099) the projected changes were generally larger (Figure 6). The
projected changes for the minimum and the ensemble mean estimates were generally most pronounced
between November and March for the River Karup sites and the River Sønderup site. The changes between
April and October were generally small (in absolute values). For River Villestrup the changes were again
most pronounced in the late summer/early autumn period. The maximum projected changes for the late
scenario period were all obtained by applying the DMI/HIRHAM RCM model, which projected a different
precipitation pattern than the other five RCMs. The maximum changes were significant, especially for the
River Karup and the River Villestrup sites (Figure 6).
Flood maps for the 99th flow percentile are shown for the four study sites in Figure 7. Note the differences
between Table 5 and Figure 7, all days being included in the analysis in Table 5, whereas only the largest 1%
discharge events are included in Figure 7. The differences in the extension of the flooded area when
comparing the 99 percentile runoff between the control period and the ensemble mean for the two
scenario periods are modest for all four sites. The rich fen plots are located in both flooded and nonflooded areas at the 99th flow percentile. No direct relationships were observed between the areas flooded
by the rivers and the location of rich fen vegetation (Figure 7).

Discussion
Comparison of runoff results
The results of the projected future changes in runoff patterns in the present study are in line with other
findings for Danish streams, showing relatively large increases (20% ensemble mean) in winter and smaller
increases (10% ensemble mean) in late summer/early autumn (Andersen et al., 2006; Thodsen, 2007; van
Roosmalen et al., 2007). Similar changes in runoff patterns have been projected for other north-western
European rivers (Arnell, 2004; Fowler and Kilsby, 2007; Gellens and Roulin, 1998). There was, however, a
large uncertainty in the projections. We found a particular large uncertainty related to the precipitation
data produced by the RCMs (Figure 4; Christensen et al., 2007). A similar uncertainty has been found
previously (Christensen et al., 2001; Rivington et al., 2008; van Roosmalen et al., 2010), specifically in
studies predicting effects of projected climate changes on hydrology, where the main source of uncertainty
most frequently arises from the projected climate model data (Arnell, 2003; Graham et al., 2007; Kay et al.,
2009; Prudhomme and Davies, 2009; Thodsen, 2007).
Uncertainties
To cope with some of this uncertainty we used an ensemble of RCMs and calculated an ensemble mean.
The ensemble mean may provide a better estimate in cases where biases of the incorporated RCMs are
both positive and negative (Kjellstrom et al., 2011). We furthermore used the delta change method that
compensates for some RCM bias, as it utilises the change in the RCM climate parameter between different
periods. Therefore, the bias would be the same for the control and the scenario period and would not
impose a further large bias on future climate scenarios. Another type of systematic bias may have been
introduced by using the delta change method, however. Thus, changes in precipitation patterns were
applied to a time series of measured values. This means that the number of rainy days in a given month
was identical in the control and the scenario periods, even if the amount of precipitation differed
substantially. In observed precipitation time series a positive correlation has been found between monthly
precipitation values and number of days with precipitation. We increased the highest observed
precipitation values with the same factor as the low values, which may have led to overestimation of the
highest precipitation events and, with that, the highest daily river runoff values and the highest flood levels.
The advantages and shortcomings of the “delta change” and “scaling” approaches have been discussed in
detail by Graham et al. (2007).
In addition to this overall uncertainty in our modeling results coming from the climate data, a number of
other sources may contribute to the uncertainty, although with less importance. Thus, the uncertainty
linked to measured climate and hydrology data was relatively small. As for the climate data, the largest
error came from the precipitation measurements with a general undercatch at the precipitation gauge,
especially when catching snow. Additionally, there was an error originating from the extrapolation from
point measurements to the 10 km precipitation grid (Allerup and Madsen, 1980; Halldin, 1988) and a
general uncertainty regarding daily river discharge from stage – discharge relations at the runoff gauging
stations being around 5% (Ovesen et al., 2000). The uncertainty introduced by the hydrological model NAM
when converting climate data to river runoff was minor too (see Table 4). Uncertainty introduced by the
water level to water level relationships between the permanent water level monitoring stations and the
study sites was also relatively small as the two water levels correlated well (Table 3). In comparison, the
uncertainty introduced when converting simulated daily runoff values to water levels at the permanent

water level monitoring stations was larger, reflecting that the water discharge to water level relationship
not only depends on runoff and season as assumed in this study. We calculated the water levels using two
different equations, one for the weed-covered and one for the weed-free period, respectively. The weed
cover is influenced by a number of other factors than runoff and season, however. For example, high flows
will erode the weeds and strongly affect the amount of overwintering weeds (Sand-Jensen, 1998), which
will add to the complexity of the water discharge to water level relationship.
Results and relevance for rich fen vegetation
Despite variability between RCMs and the uncertainty linked to the modeling approach, we found that
flood levels and flood frequencies increased at all sites for all RCM future climate projections. Flood levels
increased both at sites where the maximum water level was governed directly by river water runoff and
where it was governed by river flow roughness (weed cover). This result is in line with several other studies
that have simulated future climate high flows and floods for North West Europe (Bell et al., 2012; Cameron,
2006; Pilling and Jones, 2002; Rojas et al., 2012). We did not find evidence that flooding was an overall key
factor determining the distribution of fen vegetation within the investigated areas. Thus, some plots with
fen vegetation already flood regularly today as indicated by the 99 percentile runoff maps, whereas other
plots never flood. In two of the study sites, along River Villestrup and River Karup (B), it seems that fen
plots were located in areas likely to experience increased flooding intensity for both scenario periods, even
though projected changes were small when comparing the ensemble mean of the RCM with the control.
However, even minor changes in number of flooding days and flooding duration may significantly affect
species compositional patterns within fens, the fraction of low productive fen species and the conservation
value of the fen area (Baattrup-Pedersen et al., 2013a; Mejlhede et al., unpubl. data). For example, fen
areas that never flood today may experience an increase in species richness in the future, reflecting that
flooding at low frequency (>0-3 times per year) may stimulate species richness in rich fen areas, whereas
areas that already flood today may experience a decline in species richness (>3 times per year) (Wassen et
al., 2002; Baattrup-Pedersen et al., 2013b). It is likely that the predicted prolonged flooding will mediate
changes in vegetation composition. Flooding can be an important stress factor for plants that inherently do
not possess traits enabling survival in submerged conditions (Banach et al., 2009a), and species adapted to
flooding will over time increase in abundance. For example reed bed species that have aerenchyma in the
tissues facilitating oxygen transport to the roots likely have a competitive advantage during longer floods as
compared to small and low-productive fen species that easily get totally inundated during floods (Banach et
al., 2009b). These species furthermore have an advantage if the availability of nutrients increases, which is
probable for many lowland areas with high intensity agriculture in the catchment (Baattrup-Pedersen et al.,
2013b).
We expect that the most severe consequences for fen vegetation will occur in areas experiencing
intensified flooding during summer and/or early autumn, as predicted along River Villestrup. The water
table is generally lower in riparian areas during summer and nutrient rich flood water may therefore
infiltrate the soil and increase the availability of nutrients directly. In the investigated streams total
nitrogen varied between 3.3-7.4 mg L-1 and total phosphorus between 105-143 µg L-1. We believe that
these concentrations may pose a risk for a range of low productive fen species (Bedford et al., 1999;
Baattrup-Pedersen et al., 2011; Baattrup-Pedersen et al., 2013b). Furthermore, flooding during summer

may have a stronger effect on soil bio-geochemical processes than flooding during winter because elevated
temperatures enhance microbial conversion rates and, with that, nutrient cycling within the areas. A
previous study revealed that inundation led to increased nutrient mobilization with elevated contents of
phosphate as a result of iron reduction immediately following flooding and enhanced nitrate availability
following flooding (Banach et al., 2009b). Therefore, increased summer flooding likely increases the risk of
also internal eutrophication that possibly will mediate significant changes in community composition. It has
previously been observed that low productive fen species occupy only part of their potential habitat in
riparian areas and that their absence from more productive habitats arises from the effects of shading by
tall reed bed species that grow faster and have a higher biomass and therefore exclude slower growing fen
species due to the intense competition for light (Kotowski et al., 2006). In line with these findings we expect
that species able to exploit elevated nutrient levels probably will have a strong competitive advantage in
the areas under future climates, whereas low-productive fen species over time may be excluded from some
areas.
Conclusions
All RCMs in the ensemble showed increases in mean annual runoff for all three rivers, and the increase
continued through both scenario periods, i.e. 2035-2065 and 2070-2099. The increase was largest during
winter and early spring and was mainly driven by increased winter precipitation. Low increases and in some
cases decreases were projected for August, September and October.
Flood levels and flood frequencies increased at all sites for all RCM future climate projections. Flood levels
increased both at sites where the maximum water level was governed directly by river water runoff and
where it was governed by river flow roughness (weed cover). We did not find evidence that the current
flooding regime was an overall key factor determining the distribution of fen vegetation within the
investigated areas. However, even minor changes in number of flooding days and flooding duration may
significantly affect species compositional patterns within fens and hence the conservation value of the fen.
We expect that the most severe consequences for the conservation value of the fen areas will take place in
areas experiencing intensified flooding during summer due to increased external and internal
eutrophication of the areas.
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Figure 1 Overview of study sites

Figure 2 Mean monthly projected temperature changes for six RCMs and the ensemble mean. The 6 RCMs are C4I/RCA3,
DMI/HIRHAM, ETHZ/CLM, KNMI/RACMO, MPI/REMO and SMHI/RCA. Left: Changes between the control period 1989-2010 and
the scenario period 2035-2065. Right: Changes between the control period 1989-2010 and the scenario period 2070-2099.

Figure 3 Projected mean monthly changes in precipitation for six RCMs: C4I/RCA3, DMI/HIRHAM, ETHZ/CLM, KNMI/RACMO,
MPI/REMO and SMHI/RCA. Left: Changes between the control period 1989-2010 and the scenario period 2035-2065. Right:
Changes between the control period 1989-2010 and the scenario period 2070-2099.

Figure 4 Mean monthly projected potential evapotranspiration (Epot ) changes for six RCMs and the ensemble mean, the 6 RCMs
being C4I/RCA3, DMI/HIRHAM, ETHZ/CLM, KNMI/RACMO, MPI/REMO and SMHI/RCA. Left: Changes between the control period
1989-2010 and the scenario period 2035-2065. Right: Changes between the control period 1989-2010 and the scenario period
2070-2099. Epot is calculated using the Makkink formula. Please note the difference in y-axis scales.

Figure 5 Mean monthly changes in river discharge, calculated with NAM for six RCMs and the ensemble mean in three study
catchments. The 6 RCMs are C4I/RCA3, DMI/HIRHAM, ETHZ/CLM, KNMI/RACMO, MPI/REMO and SMHI/RCA. Left: Changes
between the control period 1989-2010 and the scenario period 2035-2065. Right: Changes between the control period 19892010 and the scenario period 2070-2099. Top: River Karup. Middle: River Villestrup. Bottom: River Sønderup. Note that Y-axis
scales differ.

Figure 6 Mean monthly number of flood days (mean monthly flood frequency) at the most flooded vegetation plot at all four
study sites: (1) River Karup A, (2) River Karup B, (3) River Villestrup, (4) River Sønderup. Left (a): Control period (1989-2010) and
the 2035-2065 scenario period. Right (b): the 2070-2099 scenario period. Min.: results of minimum impact (on mean annual
flood days) RCM. Max.: results of maximum impact (on mean annual flood days) RCM. Ensemble mean: the impact of the RCM
ensemble mean of the six RCMs in the ensemble: C4I/RCA3, DMI/HIRHAM, ETHZ/CLM, KNMI/RACMO, MPI/REMO and
SMHI/RCA.

Figure 7 Flood maps of the four study sites. A: River Karup A, B: River Karup B, C: River Villestrup, D: River Sønderup. The flooded
area at the 99 percentile runoff (1% highest runoff) is shown for the control run and for the ensemble mean runs of the 2050
(2035-2065) scenario period and the 2085 (2070-2099) scenario period. The vegetation plots all contain protected vegetation.

Table 1 Flow and flood statistics for the four study sites during the period 1989-2010. Base flow index (Gustard et al., 1992).
Catchment area River discharge Highest mean
Lowest mean
2
3 -1
(km )
(m s )
monthly discharge monthly discharge
3 -1
3 -1
(month/ m s )
(month/ m s )
River Karup A
516
6.5
Mar / 8.0
Aug / 5.0
River Karup B
516
6.5
Mar / 8.0
Aug / 5.0
River Villestrup
125
1.4
Jan / 1.7
July / 1.2
River Sønderup
109
1.2
Jan / 1.6
July / 0.8

Base flow
index (%)
92
92
93
78

Table 2 Land use and soil characteristics of the study catchment sites. “Coarse sand” contains >75% coarse sand (200 μm-2000
μm) and less than 5% clay (<2 μm), “fine sand” contains >50% fine sand (20 μm-200 μm) and less than 5% clay (Madsen et al.,
1992).

Agriculture
%
River Sønderup
72
River Villestrup
66
River Karup A&B
57

Forest
%
12
19
24

Urban
%
4
4
3

Nature
%
9
8
13

Dominant Catchment
soil type
area (km2)
Fine sands
109
Fine sands
118
Coarse sands
516

Table 3 Relationships between measured water levels at three permanent river gauging stations and measured water levels at
the four study sites. M.A.E. is mean absolute error. M.D. is maximum difference between simulated and observed values.

Study site
River Karup A
River Karup B
River Villestrup
River Sønderup

Perm. gauging station
River Karup
River Karup
River Villestrup
River Sønderup

R2
0.97
0.97
0.98
0.93

M.A.E. (m)
0.00
0.00
0.00
0.00

M.D. (m)
0.05
0.06
0.08
0.08

Table 4 Validation statistics for the three hydrological models set up for the monitoring stations. WBL % is the modeled water
2
2
balance error in %, NS is the Nash-Sutcliffe model efficiency coefficient (Nash and Sutcliffe, 1970). BR is the R × (1- the slope
deviation from 1 on a plot of simulated and observed daily runoff) (Abbaspour, 2009). 75%, 90% and 99% are the percent error
between modeled and observed percentiles of daily runoff (99% being the 1% highest flow). Max % is the percent error on the
maximum daily flow.

R. Sønderup
R. Villestrup
R. Karup

WBL %
0.6
0.1
-0.4

R2
0.80
0.72
0.86

NS
0.62
0.75
0.84

BR2
0.80
0.72
0.86

75%
3
2
0.3

95%
11
11
4

99%
0.9
8
1

Max %
5.6
-2.2
-0.5

Table 5 Mean annual number of flood days for the vegetation plots with the lowest and highest elevation at four study sites and
the ensemble mean for all vegetation plots at each study site. Observed period (1989-2010); Control period (1989-2010);
Scenario period 2050 (2035-2065); Scenario period 2085 (2070-2099). Observed period water levels were calculated from water
levels at the permanent water level monitoring stations.

Observed period
Control period
Scenario period 2050 ensemble mean
Scenario period 2085 ensemble mean

River Karup A
River Karup B
River Villestrup River Sønderup
-1
-1
-1
-1
Flood days/yr
Flood days/yr
Flood days/yr
Flood days/yr
mean (low/high) mean (low/high) mean (low/high) mean (low/high)
0.05 (0.3/0)
15 (33/0)
5.1 (48/0)
2.6 (7.6/1.1)
0.28 (1.6/0)
27(46/0)
4.1 (27/0)
0.9 (3.6/0.2)
0.57 (2.5/0)
38 (62/0)
6.7 (46/0)
1.2 (4.7/0.2)
1.12 (4.4/0)
53 (89/0)
11 (73/0)
1.7 (6.6/0.3)

Table 6 Mean annual number of flood events for rich fen plots, with average (lowest/highest) elevation at each study site.
Observed period (1989-2010); Control period (1989-2010); Scenario period 2050 (2035-2065); Scenario period 2085 (2070-2099).
Observed period water levels were calculated from water levels at the permanent water level monitoring stations.

Observed period
Control period
Scenario period 2050 ensemble mean
Scenario period 2085 ensemble mean

River Karup A
River Karup B
River Villestrup River Sønderup
-1
-1
-1
-1
Flood events/yr Flood events/yr Flood events/yr Flood events/yr
mean (low/high) mean (low/high) mean (low/high) mean (low/high)
0.03 (0.2/0.0)
2.9 (5.5/0.0)
0.9 (7.0/0.0)
1.5 (3.3/0.8)
0.1 (0.6/0.0)
3.6 (5.6/0.0)
1.0 (6.0/0.0)
0.4 (1.6/0.1)
0.2 (0.6/0.0)
4.4 (6.3/0.0)
1.3 (7.4/0.0)
0.6 (2.1/0.1)
0.3(1.0/0.0)
5.2 (7.9/0.0)
1.8 (9.1/0.0)
0.9 (2.9/0.2)
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ABSTRACT
Streams and rivers constitute a dense network with a large interface to the surrounding landscape and are thus highly susceptible to anthropogenic
pressures related to land-use activities in adjacent riparian and upland areas. In the present study, we investigated the inﬂuence of catchment
characteristics on potential propagule and species recruitment from sediment in lowland stream ecosystems. We tested the following hypotheses:
(1) catchment characteristics affect species recruitment from stream sediment in both stream and riparian habitats and (2) recruitment of species
associated with undisturbed fen-meadow habitats is higher in places with natural vegetation in the riparian zones. A large number of wetland
species emerged from the stream sediment and sediment recruitment and therefore can act as an important dispersal corridor for common species
in stream ecosystems. The recruited propagules were dominated by terrestrial species, but amphibious and aquatic species also appeared,
particularly in the artiﬁcial stream channels. These included among others species within the genera Ranunculus sp., Callitriche sp. and
Potamogeton sp. The large between-site differences in land-use characteristics in the riparian zones of the studied stream reaches, both locally
and along upstream reaches, were not reﬂected in species recruitment from the stream sediments. Thus, most recruited species were common
and widely distributed, and they were dominated by species with ruderal and competitive life history strategies, whereas only few species
associated with fen-meadow vegetation were recruited. From these ﬁndings, we infer not only that hydrochorous dispersal of species can be a
potential efﬁcient dispersal vector in agricultural landscapes but also that limitations can exist as to which species can be recruited. We suggest
that further studies are performed to elucidate this issue further. Copyright © 2012 John Wiley & Sons, Ltd.
key words: hydrochory; vegetation; land use; restoration
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INTRODUCTION
Streams and rivers constitute a dense network with a large
interface to the surrounding landscape, and they are therefore
highly susceptible to anthropogenic pressures related to landuse activities in adjacent riparian and upland areas. In
lowland regions, the anthropogenic pressure from agricultural
production is high, resulting in both enhanced nutrient loading
from point and diffuse pollution sources and hydromorphological changes, such as channelization, dredging, reinforcement of
banks and construction of lateral dikes. In general, these
modiﬁcations entail a more homogeneous ﬂow, decreased
channel complexity, reduced river dynamics and decreased
longitudinal, vertical and lateral connectivity (e.g. Kondolf,
2006; Elosegi et al., 2010).
Changes in hydromorphological stream and river characteristics may have implications for the dispersal of species within
stream and river ecosystems (Jansson et al., 2000; Merritt and
Wohl, 2002). Channelization of streams and rivers may
facilitate hydrochory (i.e. downstream transport of waterborne
propagules) because the channels are straight and narrow, but
*Correspondence to: A. Baattrup-Pedersen, Bioscience, Aarhus University,
Vejlsøvej 25, PO Box 314, DK 8600 Silkeborg, Denmark.
E-mail: abp@dmu.dk

Copyright © 2012 John Wiley & Sons, Ltd.

at the same time, channelization can obstruct dispersal
because of reduced land–water interactions. For example,
during high winter ﬂows, restricted ﬂooding of the adjacent
riparian areas is likely to prevent deposition of propagules
transported in homogenous and deeply incised channels.
Therefore, despite the recent ﬁnding that river beds can
function as signiﬁcant stores of viable propagules (Gurnell
et al., 2008), these may only seldom reach the riparian areas.
Species recruitment from hydrochorously dispersed species
within the river channel itself may also be restricted in
physically modiﬁed systems because of uniform ﬂow patterns
and absence of retentive structures (Engström et al., 2009).
Understanding the mechanisms that generate and maintain
species diversity in stream ecosystems is a necessity to
successfully restore impacted systems. It is generally believed
that the heterogeneity in habitat conditions in stream ecosystems, the presence of strong gradients over the land–water
ecotone as well as their function as migration corridors for a
wide range of species are important for the high diversity
observed in stream ecosystem (e.g. Ward et al., 1999).
Additionally, a strong local–regional connection in species
pools is thought to exist in river landscapes, which may add
to their high diversity (Mouw and Alaback, 2003).
Theoretically, the richness of propagules deposited in
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riparian areas increases with larger stream size (Nilsson
et al., 2010), reﬂecting that the stream accumulates and
transports propagules from an increasing catchment area.
However, intense agriculture in the catchment is likely to
affect this pattern, and more species can be expected to
occur in sediment originating from streams situated in
catchments with high percentages of natural vegetation
holding source populations compared with agriculturaldominated catchments.
Although compelling evidence exists that hydrochory can
be a key process behind the dispersal of species in stream
and river ecosystems (Nilsson et al., 2010) and large
quantities of plant propagules have been recorded in stream
sediment as well as in deposits in riparian areas (Vogt et al.,
2006; Gurnell et al., 2008; Riis and Baattrup-Pedersen,
2011), to our knowledge, no attempts have been made to
investigate the inﬂuence of catchment characteristics on
species recruitment from the sediment species pool in
lowland stream ecosystems. To elucidate this issue, we
analysed plant recruitment in stream and riparian habitats
by using stream sediment from two lowland stream reaches
with contrasting land-use characteristics in upstream
riparian zones. Speciﬁcally, we tested the following research
hypotheses: (1) catchment characteristics affect species
recruitment from stream sediment in both stream and
riparian habitats and (2) recruitment of species associated
with undisturbed fen-meadow habitats is higher in places
with natural vegetation in the riparian zones.

METHODS
Sampling site description and sediment sampling
For the plant recruitment experiment, sediment was collected
in two distinct 100-m long stream reaches located in rivers
Skjern (hereafter Skjern) and Vorgod (hereafter Vorgod;
Figure 1). The catchments of the two stream reaches were
delineated from elevation contours on a national digital
topographic map 1: 25 000 (Nielsen et al., 2000). The
catchment areas of the reaches were 82 km2 for Skjern and
249 km2 for Vorgod. Land uses were determined for the whole
catchment upstream, the sampling reaches and in the riparian
areas, the latter deﬁned as a 50-m-wide zone in proximity to
the stream reaches in the catchment upstream, the sampling
site using the Analysis Tools in ESRI ArcGIS 9.2. Two
sources of digital land cover data were combined to determine
land cover: a national land cover raster map (25 m grid) with
12 land cover classes (Nielsen et al., 2000) and information
on land use mandatorily reported each year by all farmers to
the Danish Ministry of Agriculture as a requirement for
obtaining European Union subsidies (DFFE, 2008). The latter
source contains information on ﬁeld location and crop type.
Land cover polygons were reclassiﬁed as agriculture,
Copyright © 2012 John Wiley & Sons, Ltd.

permanent grass, forest, natural dryland vegetation, such as
grassland and heath, and natural wetland vegetation, such as
fens and meadows, lakes, streams and urban areas.
Both catchments were dominated by agriculture that
constituted 52% of the catchment area in Skjern and 79%
of the catchment area in Vorgod. In proximity to the
streams, however, large differences in land uses occurred
(Figure 1). Along a 50-m-wide zone upstream, the sampling
reach 34% of the land was used for agriculture in Skjern
compared with 69% in Vorgod and riparian forest and
wetland vegetation constituting 40% in Skjern compared
with only 8% in Vorgod. The riparian vegetation locally at
the sampling site also differed between the two reaches,
Skjern being bordered by riparian forest, fen and fen-meadow
vegetation and Vorgod by improved meadow vegetation and
pasture (Baattrup-Pedersen, unpublished data).
Approximately 60 l of stream bed sediment were
collected in April 2008 from the upper 2–3 cm layer by
using a pump placed in 7–8 different zones at each of the
stream reaches. These zones were carefully selected in
marginal areas with deposits of silt and sand, as these are
the areas previously identiﬁed to contain the maximum
number of species and propagules (Gurnell et al., 2007).
After sampling, the sediment was allowed to settle in large
plastic tanks for 24 h before transport to the experimental
facility. The texture of the collected sediment is given in
Table 1. As expected, the collected sediment was dominated
by ﬁne substrates, conﬁrming that it originated from
deposition zones within the rivers. Table 1 also shows the
sediment content of organic matter, nitrogen (N) and carbon
(C). Organic matter was determined in subsamples of
approximately 5 g following drying at 110  C for at least
16 h and 2 h of combustion at 550  C. C and N were measured
in subsamples of approximately 0.01–0.02 g on a Carbo-Erla
CHN-analyzer.
Experiment
The plant recruitment experiment was run for a total of 5
weeks from the 6th of May to the 10th of June under three
different experimental conditions: meadow-like conditions
in an indoor facility, meadow-like conditions in a protected
outdoor facility and artiﬁcial stream channels The sediment
sampled from each of the stream reaches was thoroughly
mixed to ensure sample consistency before assignment to
one of the three experimental conditions. Three replicates
were made with sediment from each of the stream reaches.
Meadow-like conditions were created in perforated containers
(60  40 cm) ﬁlled with a growth medium consisting of a
mixture of sand and commercial sterile peat (2/3 to 1/3). The
containers were placed in tanks ﬁlled with approximately
5 cm of tap water to keep the growth medium moist. A total
of 3 l of sediment was evenly deposited on the surface of the
River Res. Applic. 29: 855–863 (2013)
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Urban
Agriculture
Forest
Heathland
Wetland
Lake

River Vorgod
River Skjern

Figure 1. Map showing the location of the sampling sites in rivers Vorgod and Skjern. The catchment areas of the sampling sites are delineated
on the map and comprise 82 and 249 km2 for rivers Skjern and Vorgod, respectively. Land uses in the catchments were classiﬁed into urban,
agriculture, forest, dryland and wetland natural vegetation and lakes.

growth medium in each container. Three containers with
sediment from Skjern and three containers with sediment from
Vorgod were placed indoors in a greenhouse with daylight
and a mean temperature of 20  C during the experiment.
Similarly, three containers with sediment from Skjern and
three with sediment from Vorgod were placed outdoors
Table I. Characteristics of the sampled stream sediment from rivers
Skjern and Vorgod used in the propagule recruitment experiment

Sediment particle size-class (%)
>2 mm
2 mm–250 mm
250–125 mm
125–63 mm
<63 mm
Nitrogen (%)
Carbon (%)
Organic matter (%)

River Skjern

River Vorgod

2.59
62.04
23.54
8.47
3.37
0.040.00
0.610.02
1.560.12

0.54
65.81
24.92
5.62
3.10
0.030.01
0.580.09
1.620.21

Copyright © 2012 John Wiley & Sons, Ltd.

protected by a transparent shed roof. Tap water was supplied
every second day to the tanks holding the containers to avoid
dry out. The temperature of the water in the tanks varied
between 17 and 24  C during the experiment.
The experimental stream facility consisted of six artiﬁcial
channels, each being 12 m long and 0.60 cm wide with an
overall slope of 5%. The water in the stream channel
originated from a small stream situated close to the stream
facility. The content of total phosphorus in the stream water
entering the artiﬁcial channels was 24 mg l 1, total nitrogen
was 1.55 mg l 1, PO4-P was 8 mg l 1 and NO3-N was 1.44 mg
l 1. The water was continuously pumped from the stream into a
reservoir feeding the six channels. Water discharge varied
between 4.1 and 5.0 l s 1 throughout the experimental period.
The bottom substratum in the stream channels consisted of both
coarse and ﬁne particles, such as sand, gravel and stone placed
in ﬁve alternating sequences of pools and rifﬂes. Water depth
varied from 2–3 cm in rifﬂe sections to approximately 20 cm
in pool sections, and current velocity varied between 3 and
30 cm s 1. Sediment from Skjern was transferred into three
River Res. Applic. 29: 855–863 (2013)
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artiﬁcial channels and that from Vorgod into another three
channels. A total of 6 l of sediment was transferred to each of
the artiﬁcial channels into ﬁve areas with high current velocity
(rifﬂe sequences) and then allowed to distribute and settle in
downstream areas within the channel. The temperature of the
water in the channels varied between 9 and 12  C during the
experimental period.
Once every week, emergence of propagules was registered
in the containers and in the artiﬁcial stream channels. Most
propagules emerged from seeds (>90%). New individuals
emerging in the containers were marked with coloured pins
by using one particular colour for each week. Once a plant
individual was identiﬁed to species, it was removed to avoid
effects of competition within the containers/channels. The
experiment lasted 6 weeks. A previous study conducted in a
similar type of stream sediment showed that 95% of the seeds
had germinated after 6 weeks (Riis and Baattrup-Pedersen,
unpublished data).
Data analysis
Species compositional patterns were analysed by applying
detrended correspondence analysis (DCA) to log-transformed
abundance data. A total of 49 species and 108 plots were
included in the analysis. Indicator Species Analysis was
performed to identify indicator species for sediment origin
and treatment. The indicator values were tested for statistical
signiﬁcance by using Monte Carlo permutations. Only
signiﬁcant indicator species (p < 0.05) were used in the data
interpretation. Effects of experimental treatment conditions,
sediment origin and time on propagule recruitment, mortality
and species recruitment were tested using repeated-measure
analysis of variance tests. The data were log + 1 transformed
prior to analysis. Principal response curves (PRC) were used
to analyse the effect of experimental treatment conditions over
time on the composition of the emerged species/emerged
species composition. This method provides the ﬁrst principal
component of the treatment effect against time. Species scores
having ﬁt values over 0.02 were entered into PRC
diagrams. Multivariate analyses were performed in
CANOCO, Version 4 for Windows (ter Braak and Smilauer,
1998). The Indicator Species Analysis was carried out in
PC-ORD (McCune and Mefford, 1999), and analysis of
variance tests were performed in SAS 4.0.4 (SAS Institute
Inc., Cary, North Carolina, USA, 2001).

RESULTS
Recruitment, mortality and diversity
We identiﬁed a total of 1505 propagules emerging under
meadow-like conditions in the indoor facility, 1037 propagules
under meadow-like conditions in the outdoor facility and 1117
Copyright © 2012 John Wiley & Sons, Ltd.

propagules in the artiﬁcial stream channels (Table 2). The total
number of propagules recruited varied signiﬁcantly with
sediment origin (F = 18.5, p < 0.01), treatment conditions
(F = 35.38, p < 0.0001) and time (F = 238.01, p < 0.0001;
Table 3), being highest in sediment originating from Skjern
and highest under meadow-like conditions in containers kept
indoors (Figure 2A). Propagule mortality varied insigniﬁcantly
with sediment origin but signiﬁcantly with both treatment
(F = 9.73, p < 0.01) and time (F = 16.50, p < 0.0001; Table 3).
Mortality was highest under meadow-like conditions outdoors,
intermediate under meadow-like conditions indoors and lowest
in the artiﬁcial stream channels (Figure 2B). The mortality
increased abruptly under meadow-like conditions after 4
experimental weeks but remained low in the artiﬁcial stream
channels (Figure 2B). The number of species emerging during
the experimental period varied signiﬁcantly with treatment
conditions (F = 12.70, p < 0.001) and time (F = 45.46,
p < 0.0001; Table 3) but not with sediment origin (F = 0.09,
p > 0.05). The total number of species identiﬁed during the
experiment was 41 under meadow-like conditions in containers
kept indoors, 24 in containers kept outdoors and 15 in the
artiﬁcial stream channels (Table 2). The number of emerging
species increased steadily throughout the experimental period
in the artiﬁcial channels and under meadow-like conditions in
the indoor facility but not under meadow-like conditions
outdoors (Figure 2C).

Compositional patterns
Overall, the recruited species were dominated by terrestrial
species (80%), but some amphibious and aquatic species also
appeared. The composition of the community emerging during
the experiment varied with treatment conditions, sediment
origin and time (Table 2 and Figure 3). Species recruited
in the artiﬁcial stream channels included mainly aquatic
species (83%), Callitriche sp. accounting for approximately
70% and Ranunculus sp. for 11%. Besides aquatic species,
also liverworts, amphibious (e.g. Berula erecta, Myosotis sp.,
Sparganium sp. and Nasturtium sp.) and terrestrial species
(e.g. Poa sp., Agrostis sp. and Ranunculus repens) occurred
in the artiﬁcial stream channels. One aquatic species
(Callitriche sp.) also emerged under meadow-like conditions
but with low frequency (<5%). There was a great overlap in
species recruited under meadow-like conditions indoors and
outdoors, and only two species out of 24 were unique for the
outdoor containers (Cirsium palustre and Chamomilla sp.).
Sediment origin also signiﬁcantly affected species recruitment
(DCA2, F = 8.88, p < 0.05). The variation in DCA1 was higher
for the Vorgod than for the Skjern sediment (Figure 3A). At the
same time, there was lower overlap in compositional patterns of
the communities emerging in the artiﬁcial stream channels and
those emerging under meadow-like conditions (Figure 3A).
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Table II. Total number of propagules recruited per litre of sediment grouped into species after 6 weeks under three different experimental
conditions: meadow-like conditions in an indoor facility (IF), meadow-like conditions in a protected outdoor facility (ME) and artiﬁcial
stream channels (ST). Species are ordered in decreasing importance
Meadow (IF)
Species

Meadow (ME)
#Propagules

Juncus bufonius (jun buf)
Nasturtium sp. (nas sp)
Juncus articulatus f. submerses
(jun art)
Epilobium sp. (epi sp)
Callitriche sp (call sp)
Salix sp. (sal sp)
Urtica dioica (urt dio)
Deschampsia cespitosa (des ces)
Stellaria alsine (ste als)
Poa pratensis (poa pra)
Poa sp. (poa sp9
Carex rostrata (car ros)
Sparganium sp. (spa sp)
Polygonum aviculare (pol avi)
Agrostis canina (agr can)
Salix cinerea (sal cin)
Stachys palustris (sta pal)
Festuca rubra (fes rub)
Phalaris arundinacea (pha aru)
Myosotis sp. (myo sp)
Betula sp. (bet sp)
Holcus lanatus (hol lan)
Lotus pedunculatus
var. pedunculatus (lot ped)
Alnus glutinosa (aln glu)

322.00
93.00
19.33

Rumex hydrolapathum (rum hyd)
Torilis japonica (tor jap)
Agrostis tenuis (agr ten)
Salix cinerea (sal cin)
Berula erecta (ber ere)
Carex sp. (car sp)
Gnaphalium uliginosum (gna uli)
Lycopus europaeus (lyc eur)
Lemna minor (lem min)
Ranunculus repens (ran rep)
Silene sp. (sil sp)
Barbarea stricta (bar str)
Filipendula ulmaria (ﬁl ulm)
Artemisia vulgaris (art vul)
Persicaria maculosa
ssp. maculosa (per mac)
Sagina procumbens (sag pro)
Senecio aquaticus (sen aqu)

0.00
0.67
0.67
0.67
0.67
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33

16.00
14.33
5.33
4.00
2.67
2.67
2.00
1.67
1.67
1.00
1.00
1.00
1.00
1.00
0.67
0.67
0.67
0.67
0.67
0.67
0.67

Species

Salix sp. (sal sp)
Epilobium sp. (epi sp)
Juncus articulatus (jun art)
Callitriche sp. (call sp)
Carex sp.(car sp)
Festuca rubra (fes rub)
Phalaris arundinacea (pha aru)
Gnaphalium uliginosum (gna uli)
Myosotis sp. (myo sp)
Poa sp. (poa sp)
Poa pratensis (poa pra)
Cirsium palustre (cir pal)
Lycopus europaeus (lyc eur)
Betula sp. (bet sp)
Sparganium sp. (spa sp)
Chamomilla sp. (cha sp)
Labiacia (LAM)
Lemna minor (lem min)
Ranunculus repens (ran rep)
Holcus lanatus (hol lan)

434.00
326.00
83.00
52.00
46.00
37.00
16.00
9.00
4.00
4.00
3.00
3.00
3.00
3.00
2.00
2.00
2.00
2.00
1.00
1.00
1.00
1.00
1.00

Species

#Propagules

Callitriche sp.(call sp)
Ranunculus sp. (ran sp)
Nasturtium sp (nas sp)

131.17
21.33
20.17

Glyceria ﬂuitans (gly ﬂu)
Poa sp. (poa sp)
Sparganium sp.(spa sp)
Marchantiophyta (MAR)
Agrostis sp. (agr sp)
Myosotis sp. (myo sp)
Ranunculus repens (ran rep)
Elodea canadensis (elo can)
Juncus sp. (jun sp)
Lemna minor (lem min)
Potamogeton sp. (pot sp)
Berula erecta (ber ere)

4.50
3.00
1.50
1.17
1.17
0.50
0.50
0.50
0.17
0.17
0.17
0.17

1.00

0.33
0.33

The inﬂuence of sediment origin on species recruitment is
also evident from the identiﬁed indicator species
(Figure 3B). We found that Callitriche sp. and Agrostis sp.
were signiﬁcant indicators for the communities emerging
from Skjern sediment in the artiﬁcial stream channels,
whereas Ranunculus sp., Glyceria ﬂuitans and liverworts
were signiﬁcant indicators for the communities emerging
Copyright © 2012 John Wiley & Sons, Ltd.

#Propagules

Juncus bufonius (jun buf)
Nasturtium sp. (nas sp)
Juncus sp. (jun sp)

Lotus pedunculatus var.
pedunculatus (lot ped)

Stream (ST)

from Vorgod sediment in the artiﬁcial channels. We also
identiﬁed signiﬁcant indicator species for the communities
emerging under meadow-like conditions. Nasturtium sp.
was a signiﬁcant indicator for the community emerging
from Skjern sediment in the outdoor containers, and
Epilobium sp., Juncus bufonius, Stellaria alsine and Polygonum aviculare were signiﬁcant indicators for the communities
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Table III. Effects of experimental treatment conditions, sediment origin and time on propagule and species recruitment, mortality and
compositional patterns. F-values and signiﬁcance levels are given

Total propagule recruitment
Mortality
Total species recruitment
DCA1
DCA2

Sediment

Treatment

Time

Time x treatment

18.50**
0.32
0.09
1.78
8.88*

35.38***
9.73**
12.70**
47.29***
12.13**

238.01***
16.50***
45.46***
2.39*
3.98*

44.77***
9.93***
10.97***
1.41
2.58*

Data were log-transformed prior to analyses.
***p < 0.001;
**p < 0.01;
*p < 0.05.

emerging in indoor containers. Juncus articulatus and
Urtica diocia, on the other hand, were signiﬁcant indicators
for the community emerging from Vorgod sediment in
indoor containers. The compositional differences among
treatments declined during the experimental period
(Figure 4), reﬂecting that the fraction of shared species
increased (e.g. Myosotis sp., Agrostis sp. and Poa sp.). At
the same time, compositional differences between communities emerging from the Vorgod and Skjern sediment
increased in the artiﬁcial stream channels (Figure 4).
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DISCUSSION
Our study provide clear evidence that stream bed sediment can
provide a signiﬁcant amount of viable propagules, as observed
also in previous studies (Cellot et al., 1998; Gurnell et al.,
2008), and that sediment origin plays a signiﬁcant role for
the number of propagules recruited in both stream and riparian
habitats. A large number of common wetland species emerged
from the sediments from both study reaches, and sediment
recruitment can therefore act as an important dispersal corridor
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Figure 2. Temporal development in total propagule recruitment (A), mortality (B) and species recruitment (C) from stream sediment

originating from rivers Skjern (closed symbols) and Vorgod (open symbols) during the experimental period under three different
experimental conditions: meadow-like conditions in an indoor facility, meadow-like conditions in a protected outdoor facility and in
artiﬁcial stream channels.
Copyright © 2012 John Wiley & Sons, Ltd.
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emerging from stream sediment from rivers Skjern (closed symbols) and Vorgod (open symbols) during the experimental period and under
different experimental conditions: meadow-like conditions in an indoor facility, meadow-like conditions in a protected outdoor facility and in
artiﬁcial stream channels (left panel). Species recorded as well as signiﬁcant indicator species for the different treatment conditions and
sediment are given (right panel). For abbreviations, see Table 2.

for common species in stream ecosystems. Despite large
differences in land-use characteristics in the riparian zone,
both at the local sampling site and along upstream reaches,
sediment origin was not found to inﬂuence total number of
species recruited or the number of species recruited associated
with natural riparian vegetation. Thus, species emerging from
the Skjern sediment were not particularly associated with
riparian forest or wetland vegetation that constitute a major
part of the riparian zones upstream the Skjern sampling site
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Figure 4. Principal response curves diagram and species scores (bK)

on principal response curves axis 1 showing the effect of time and
treatment on species composition. The communities emerging
from river Skjern sediment in the indoor facility are used as a
baseline in the diagram. Only species with ﬁt values above 0.02
are shown.
Copyright © 2012 John Wiley & Sons, Ltd.

compared with the River Vorgod sampling site. Similarly, we
did not observe any species indicative of fen and meadow
habitats among the emerging species from the Skjern
sediment, despite high coverage of these habitat types in
proximity to the sampling site. In contrast, one species
indicative of Danish fen habitats was observed to emerge
from the Vorgod sediment, Lotus pedunculatus (Dybkjaer
et al., 2011).
We ﬁnd that recruitment of species associated with
fen-meadow vegetation (Dybkjaer et al. 2011) from
deposited sediment was limited also when the sediment
originated from a stream situated in an area with
widespread occurrence of natural wetland vegetation in
the riparian zone. Consequently, it seems that hydrocohrous dispersal of fen-meadow species is limited and,
therefore, that sediment recruitment can have limitations
as to which species can be recruited. We infer that high
levels of agriculture in the catchment of both Vorgod
and Skjern contribute to the limited recruitment of fenmeadow species. It has been shown that the soil seed
pool is affected by high levels of agriculture and that
stress-tolerant species are replaced by competitive
and ruderal species as land-use intensity increases
(Klimkowska et al. 2010). The dominance of ruderal
and competitive life strategies among the recruited
species in this study can reﬂect that the sediment seed
pool is affected by land use in a similar way. The seeds
from these species may reach the sediment seed pool in
streams by any of the means by which they normally
disperse such as wind, animals, overland ﬂow of
surface water and, to a lesser extent, human activity
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(Nilsson et al., 2010) and thereby impoverish the
sediment species pool.
The number of propagules and species that emerged
from the stream sediments varied signiﬁcantly with
habitat conditions. As expected, we found many more
propagules and species emerging under meadow-like
conditions than in the artiﬁcial stream channels.
Additionally, emergence occurred faster under meadowlike conditions and reached saturation approximately 3
weeks after experiment start-up, both regarding the
number of propagules and species as well as compositional patterns. On the other hand, compositional
changes occurred throughout the experimental period in
the artiﬁcial stream channels. These temporal changes
were primarily driven by the later emergence of amphibious and terrestrial species than of aquatic species. Thus,
approaching the end of the experiment, we observed an
increasing number of propagules from a limited number
of amphibious species, for example, Myosotis sp.,
Nasturtium sp., Glyceria ﬂuitans, and terrestrial species,
for example, Poa sp., Ranunculus repens, Agrostis sp., in
the stream channels, and the compositional patterns
therefore became more similar to those under meadow-like
conditions. The effect of prolonged water logging
conditions is complex as ﬂooding for some species may
induce seed dormancy and, with this, poor seed germination (Mollard et al., 2008), whereas others come out of
dormancy when submerged (e.g. Baskin et al., 1993,
1996, 2000) or simply need low oxygen pressure to
germinate (Leck, 1996; Lorenzen et al., 2000). Our
observation that amphibious and terrestrial species can
germinate under submerged conditions suggests high
tolerance to prolonged submergence of species associated
with riparian habitats.
A large majority of the propagules emerging during
our experiment were terrestrial species. This result agrees
with a number of previous studies concluding that
propagules and species found in stream sediment are
primarily terrestrial despite the aquatic environment of
the sampled species pool (Boetdeltje et al., 2003; Gurnell
et al., 2007). In addition to the terrestrial species, however, we recorded higher numbers than usual of propagules from aquatic species (Boetdeltje et al., 2003;
Gurnell et al., 2007; Riis and Baattrup-Pedersen, 2011),
primarily in the artiﬁcial stream channels, including
Ranunculus sp., Callitriche sp. and Potamogeton sp.,
which are major species groups in Danish streams
(Riis and Sand-Jensen, 2001), and Elodea canadensis.
This result reﬂects that standing water conditions probably are unsuitable for the investigation of propagule
recruitment of aquatic species from stream sediment.
We did not observe saturation in the number of species
emerging in the artiﬁcial stream channels during the
Copyright © 2012 John Wiley & Sons, Ltd.

experiment, suggesting that an experimental period >6 weeks
is required to encounter all species recruitable from
sediment in artiﬁcial channels. We were not able to
identify Ranunculus sp., Callitriche sp. or Potamogeton
sp. to species level and cannot, therefore, determine if
recruited propagules from these species groups represented only widely distributed and common species or if
less widely distributed species occurred as well, such as
Potamogeton alpinus and Callitriche hamulata (Riis and
Sand-Jensen, 2001).
Generally, aquatic species are thought to reproduce
mainly via dispersal of vegetative organs or fragments
(Combroux et al., 2001, 2002; Boetdeltje et al., 2003; Riis
and Sand-Jensen, 2006), reproduction by seeds playing only
a limited role. Several factors seem to affect the sexual
reproduction of aquatic plants. Some studies suggest that
the age of plant populations affects the mode of
reproduction (Sun et al., 2001), and other investigations
have shown that the relative proportions of sexual versus
asexual reproduction vary widely within a plant species
because of differences in environmental parameters
(Honnay and Bossuyt, 2005; Pollux et al., 2007). Also,
spatial variation in water depth and current velocity have
been shown to affect the mode of reproduction of various
aquatic plant species by limiting the ability to produce
emergent ﬂower-bearing stems in deep habitats or fastrunning streams (Haslam, 1978; Boeger and Poulson,
2003). Our study was not targeted towards quantiﬁcation
of sexual/asexual reproduction in aquatic species; however,
most (>90%) of the propagules and species that emerged
during the experiment were recruited from seeds, suggesting
that sexual reproduction may contribute signiﬁcantly to the
dispersal of aquatic species in stream ecosystems, an issue
that clearly deserves more attention in future studies.
Perspectives for restoration of fen-meadows
Even though the sampling site in Skjern and upstream
reaches are among the least anthropogenically disturbed
areas in Denmark and a hot spot for natural riparian
vegetation, we did not observe recruitment of species that
are valuable for the restoration of formerly more widespread
fen-meadow communities. Therefore, hydrochorous species
dispersal may not have the potential to be an efﬁcient
vector for the dispersal of species associated with these
communities in Denmark. However, we suggest that further
studies that more profoundly investigate linkages between
species composition in the riparian vegetation and
recruitment from stream sediments are necessary to reach
ﬁrm conclusions on this aspect. This is particularly
important as we ﬁnd that natural species recruitment is
preferable to the use of active measures to re-introduce
target species into restored stream ecosystems.
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Species Recruitment following Flooding, Sediment
Deposition and Seed Addition in Restored Riparian
Areas
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Abstract
In recent years an increasing number of streams have been
restored to improve conditions for natural fen and meadow
vegetation to develop in the associated riparian areas, but
with modest success. Here we apply a controlled and replicated approach to investigate the role of flooding, sediment
deposition, and seed addition for species recruitment in
riparian areas with different types of standing vegetation.
We expect that species recruitment is restricted in areas
where the vegetation is dominated by fast-growing productive species because competition for light will make
the establishment of new species difficult, especially for
low-productive target species. We found that the naturally
recruited species were few, mostly common, and widely
distributed species. A majority of the recruited species,
including target species added as seeds into the sediments,
emerged in all areas independent of the characteristics of
the standing vegetation. We observed significant temporal

Introduction
In recent years, many lowland stream ecosystems have been
restored in Northern Europe to improve conditions for the
establishment of mesotrophic fens and meadow communities in the riparian areas, but generally with modest success (Grootjans et al. 2002; Bissels et al. 2004; Klimkowska
et al. 2007; Van Dijk et al. 2007). As riparian areas are complex hydrological systems with different hydrological flow
paths (Dahl et al. 2007; Hoffmann et al. 2011), the adopted
restoration techniques are likely to be crucial for the outcome
of restoration (Lucassen et al. 2005; Stromberg et al. 2007).
However, it is not yet possible to disentangle the effects of
different hydrological restoration methods on vegetation development (Klimkowska et al. 2007).
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changes in compositional patterns throughout the experimental period (May to October). These changes were especially pronounced in areas with fen/fen-meadow vegetation
and were closely associated with the emergence and growth
of species originating from the deposited sediments (e.g.
Equisetum pratense, Poa trivialis, Urtica dioica), including
the seeded target species (Lychnis flos-cuculi and Lotus
pedunculatus) and with a decline in fen-associated mosses
and small sedges. Compositional changes were also associated with shifts toward more productive species in areas
previously dominated by low and intermediately productive species. We infer that flooding and sediment deposition
play a limited role for recruitment of target species in
riparian areas and that sediment deposition may entail a
risk of losing diversity in riparian areas.
words: catchment; fen, hydrochory, land use,
meadow, species diversity, target species.

Key

It is widely accepted that interactions between groundwater
and surface waters from flooding strongly control the spatial
pattern of habitats within alluvial riparian areas (Grootjans
et al. 2006; Schipper et al. 2007; Yang et al. 2011) and that
flooding increases the spatial variability by creating topographic heterogeneity through processes of sediment deposition and erosion (Naiman & Decamps 1997; Kronvang et al.
2009). Therefore, an open mosaic pattern of vegetation may
develop in riparian areas that correspond to differences in
topography on a small spatial scale (Nicol et al. 2003). In
addition, flooding can supply seeds from upstream reaches
and theoretically disperse species from the whole catchment
species pool, thereby promoting high input of species in hydrologically restored areas (Goodson et al. 2003; Moggridge &
Gurnell 2010). In fact, the life cycles of many riparian species
are timed to coincide with periods of high flow, or flood pulses,
to optimize their dispersal to suitable habitats (Jansson et al.
2005; Gurnell et al. 2008).
Here we study the effect of flooding on species recruitment in riparian areas. Flooding is central in many restoration
projects but evidence for flooding induced changes in the
vegetation are limited (Klimkowska et al. 2010). By applying
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Figure 1. Map showing the location of the stream valley used for the experiment as well as the location of treatment and control plots in areas A, B, and
C, respectively. Right: The flooding setup with stream water from Kastbjerg Å being pumped into the treatment plots.

a controlled and replicated approach we investigate (1) how
a prolonged flooding followed by sediment deposition affect
species recruitment in riparian areas and (2) if species recruitment is linked to characteristics of the standing vegetation. We
expect that species recruitment is restricted in areas where the
standing vegetation is dominated by fast-growing productive
species because competition for light likely makes the establishment of new species difficult, especially for low-productive
target species (Kotowski et al. 2006). To mimic conditions
in restored riparian areas, we performed a prolonged artificial flooding followed by deposition of natural sediments. In
addition to naturally occurring propagules, the sediment was
enriched with seeds from selected target species for restoration of mesotrophic fen and meadow communities (BaattrupPedersen et al. 2005). The study was focused on the early
establishment as it has frequently been emphasized that the
early establishment phase is the most critical period in the life
cycle of a plant (Grime & Curtis 1976; Isselstein et al. 2002;
Kotowski & van Diggelen 2004).

Methods
Study Site and Experimental Setup

The riparian area used for the experiment was located along
Kastbjerg stream situated south of Mariager Fjord in the
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north-eastern part of Jutland, Denmark (Fig. 1). Kastbjerg
stream is channelized, dredged, and regularly maintained
to avoid flooding of the adjacent riparian areas, permitting
us to experimentally manipulate flooding to test species
recruitment from deposited sediments. The deposited sediment
was collected from a large floodplain just after flooding
receded and immediately transported to the experimental site.
We therefore assume that the abundance and diversity of
propagules in the sediments were unaffected by the handling
procedure. The sediment had accumulated from a 287 km2
large catchment area with mainly agriculture (71%) but also
natural vegetation (21%) and urban areas (7%).
A total of 30 circular plots (1 m in diameter) were established in the riparian area with 10 plots (5 control plots and
5 treatment plots) in each of three experimental areas (areas
A, B, and C; Fig. 1). Each area covered approximately 30
× 30 m. The three areas had different types of vegetation.
We used a species-based classification model to characterize the vegetation in the areas. This model has been developed to achieve a statistical and standardized interpretation of
plant community types for application in monitoring, assessment, and restoration in Denmark (Nygaard et al. 2009; see
Baattrup-Pedersen et al. 2011 for more details). The vegetation in areas A and B was fen/fen-meadow vegetation, whereas
the vegetation in area C was degraded meadow vegetation. We
also used Ellenberg’s indicator values for nutrient availability
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(Ell-N), moisture (Ell-F), and light (Ell-L; Ellenberg et al.
1992) to characterize the vegetation, where Ell-N is closely
linked to the productivity of the plant community (Ertsen et al.
1998). Ellenberg’s indicator values are based on an assignment of indicator values for specific environmental conditions
to a large number of species (3,000) in the western part of
Central Europe. Weighted averages can therefore be used to
interpret environmental conditions from assemblage patterns
and are widely used in ecological studies (Ertsen et al. 1998;
Van Landuyt et al. 2008; Dupré et al. 2010). Finally, indicator species for the three areas were identified by Indicator
Species Analysis and tested for significance by Monte-Carlo
Permutation tests (Dufrene & Legendre 1997).
All 30 plots were delineated by a frame, both to avoid ingrowth from vegetation outside the experimental plots and
to control flooding (Fig. 1). To resemble a natural flooding
event, water was pumped continuously from Kastbjerg stream
into the treatment plots from early January to mid-April
2009. The water level was approximately 10 cm during the
flooding period. Following flooding, sediments were added in
an approximately 5 cm thick layer to each of the treatment
plots. Such amounts of sediments can be deposited in restored
riparian areas in Denmark (Kronvang et al. 2007, 2009).
The deposited sediment contained a mixture of naturally
occurring propagules that had been exposed to natural environmental conditions during the winter period, along with seeds
of target species for restoration of Danish riparian areas. A
total of 300 seeds each of Potentilla palustris L., Lychnis floscuculi L. and Lotus pedunculatus Cov was added to each plot.
Only 136 seeds of Carex panicea L. and 70 of Briza media L.
could be added due to limited seed availability. Lychnis floscuculi was present in area A prior to the experiment and L.
pedunculatus was present in both areas A and B prior to the
experiment. All seeds originated from natural populations in
Denmark and were kept under dry, dark, and cold conditions
prior to use. To test seed viability, 30 seeds from each species
were germinated in a greenhouse during May and June under
a natural light regime and at 2◦ C above air temperature.
Vegetation surveys were performed prior to the experiment
in July 2008 and monthly from May to October 2009. The
frequency of species, both those occurring naturally and those
originating from the deposited sediments was registered using
a 50 × 50 cm square with a fixed grid pattern (16 subquadrates). All species occurring in each sub-quadrate were
registered and an overall frequency of each species was
calculated. Nomenclature follows Tutin et al. (1964–1993).
Data Analysis

We used two different approaches to test the treatment effect
on the vegetation, that is, a before/after and a control/treatment
comparison. The before/after comparison was based on data
collected in July 2008 (before) and in July 2009 (after).
The control/treatment comparison was based on data collected
monthly in control and treatment plots from May to November
2009. Species richness, Shannon diversity, and evenness were
calculated in control and treatment plots in the three areas and
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weighted averages of Ell-N, Ell-F, and Ell-L were calculated
to describe nutrient, humidity and light preferences of the
communities, respectively (Ellenberg et al. 1992).
Species compositional patterns and changes over time were
characterized by applying a Principal component analysis
(PCA) to abundance data including control and treatment plots
from 2008 and 2009. A total of 84 species and 210 plots were
entered into the analysis.
Effects of treatment over time on species richness, Shannon
diversity and evenness as well as on Ell-N, Ell-L, and Ell-F
were tested by a set of univariate repeated measures analysis
of variances (ANOVAs) with plant community type treated as
a random effect. In cases of significant treatment effect the
response was further predicted within the three community
types (A, B, and C) using best linear unbiased prediction of
random effect (BLUP; Henderson 1975).
Principal response curves (PRC), the multivariate counterpart to repeated measures ANOVA, were used to test the effect
of treatment over time on community composition in the three
habitat types together and separately. This method is a partial
form of the constrained linear ordination method of redundancy analysis (RDA) that plots the first principal component
of the treatment effect against time, expressing the treatment
effects (Cdt ) as deviations from the control at the community
level. Monte-Carlo permutation tests (499 permutations) were
carried out to evaluate the statistical significance of the differences between treatment and control. Species scores having fit
values over 0.04 were entered into the PRC diagrams.
The frequency of the seeded target species were further
analyzed using cumulative logit models with month as regression variable and area and treatment as classification variables
(Agresti 1990). Frequencies were grouped into the following
five frequency classes prior to analysis: class 1:0, class 2: [0;
0.25], class 3: [0.25; 0.50], class 4: [0.50; 0.75] and, finally,
class 5: [0.75; 1].
Multivariate analyses (PCA and PRC) were performed in
CANOCO, Version 4 for Windows (ter Braak & Smilauer
2002). All other analyses were performed in SAS 4.0.4 (SAS
Institute Inc., Cary, NC, U.S.A.).

Results
Existing Vegetation

Generally, the fen/fen-meadow vegetation in areas A and B
was more species rich compared to the degraded meadow
vegetation in area C (ANOVA, Bonferroni t test, p < 0.05,
Table 1). The productivity of these communities was lower
as inferred from lower weighted averages of Ell-N (ANOVA,
Bonferroni t test, p < 0.05, Table 1) and lower heights of
the vegetation in the areas (Table 1). We identified Holcus
lanatus L., Stellaria alsine Grimm and Lychnis flos-cuculi
L. as indicator species for the plant community in area A,
Epilobium palustre L., Cirsium palustre (L.) Scop. and Mentha
aquatica L. as indicator species for the plant community in
area B, and Epilobium hirsutum, Urtica dioica L., and Typha
latifolia L. as indicator species for the plant community in
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Table 1. Summary of vegetation characteristics of experimental areas A, B, and C prior to treatment in 2008.
Area A

Species richness
Shannon diversity
Evenness
Ell-N
Ell-F
Dominant vegetation height (cm)

Area B

Area C

Mean

SD

Mean

SD

Mean

SD

17.8a
2.58a
0.89
2.73a
5.06a
20–50

2.7
0.18
0.03
0.23
0.53
—

15.3a
2.38a
0.88
2.56a
5.84b
50–100

2.6
0.19
0.03
0.42
0.73
—

10.7b
2.06b
0.88
3.75b
6.11b
100–200

2.3
0.19
0.12
0.63
0.87
—

Mean values and SD are given for species richness, Shannon diversity, evenness, Ell-N and Ell-F.
Different letters indicate significant differences between means (ANOVA, Bonferroni t tests, p < 0.05).
As to vegetation height, the dominant height is given.
Areas A and B can be characterized as fen/fen-meadow vegetation and area C as degraded meadow vegetation.

area C. The above mentioned community characteristics did
not differ significantly between plots allocated to treatment and
control prior to the experiment in 2008 (ANOVA, p > 0.05).
New Species

New species within each experimental area were defined as
species observed in July 2009 in any of the treatment plots
but not in July 2008 in either treatment or control plots. The
number of new species was 21 in area A, 11 in area B,
and 16 in area C (Table 2). Seven species were new in all
areas, four were new in two of the three areas, and three
were new in one of the three areas. Altogether six species
that were imported by the sediment were unique for area A
(Bromus hordeaceus, Plantago major, Poa annua, Polygonum
aviculare, Tripleurospermum perforate, and Viola palustris),
and one species was unique for area C (Carex panicea). The
established life strategies of the new species were primarily
competitive and ruderal according to Grime (1979; Table 2).
Seeded Target Species

We found that seedling emergence varied considerably among
the five target species introduced with the deposited sediments.
Potentilla palustris did not emerge in the greenhouse or in
the experimental area, Briza media emerged in the greenhouse (3% of the seeds) but not in the experimental area and
C. panicea emerged in the greenhouse (13%) and in one of
the experimental areas (four individuals in area C). In contrast, numerous seedlings of L. flos-cuculi and Lotus pedunculatus were observed both in the greenhouse (23 and 37%,
respectively) and in treatment plots. The treatment caused
a significant increase in the frequency of L. flos-cuculi and
L. pedunculatus in area C using both the before/after and
control/treatment analytical approach (cumulative logit, p <
0.05). The frequency of L. flos-cuculi also increased in area A
using the before/after approach (cumulative logit, p < 0.05),
but not using the control/treatment approach (cumulative logit,
p < 0.05).
Community Response to Treatment

Flooding, sediment deposition, and seed addition did not
affect species richness, Shannon diversity, and evenness in
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Table 2. New plant species in experimental area A, B, and C following
flooding, sediment deposition and seed addition are marked with +. New
species were defined as species observed in July 2009 in any of the
treatment plots but not in July 2008 in either treatment or control plots.
Species in bold were added as seeds to the sediments before its deposition
in the experimental plots. P indicates that the species was present in the
area before the experiment in July 2008 and/or that the species was present
in control plots in July 2009. The life strategy according to Grime (1979)
is indicated in parentheses.
Species

Agrostis capillaris L. (CSR)
Alopecurus geniculatus L. (CR)
Arrhenatherum elatius (L.) Beauv.
Ex J & C. Presl (C)
Bromus hordeaceus L. (R)
Carex panicea L. (S)
Epilobium hirsutum L. (C)
Epilobium montanum L. (CSR)
Epilobium parviflorum L. (R-CSR)
Equisetum pratense Ehrh.
(CR-CSR)
Festuca pratensis Hudson (CSR)
Funaria hygrometrica
Gnaphalium sylvaticum L.
Isolepis setacea (L.) R. Br.
Lotus pedunculatus Cav. (SC)
Lychnis flos-cuculi L.
Plantago major L. (R-CSR)
Poa annua L. (R)
Poa trivialis L. (CR-CSR)
Polygonum aviculare L. (R)
Ranunculus sceleratus L. (R)
Rumex obtusifolius L. (CR)
Sisymbrium officinale (L.) Scop.
Stellaria graminea L. (R)
Stellaria media (L.) Vill. (R)
Tripleurospermum perforata (R)
Trifolium repens L. (CSR-CR)
Urtica dioica L. (C)
Viola palustris L.

Area A

Area B

Area C

+
+
+

+
+
+

+
+

P
+
P
+

+
P
P
+
+

+
+
P
+
+
+
+
+
P
P
+
+
+
+
+
+
+
P
+
+
+
+

P
P

+
+
+
P
+
+

P

+

+

+
+
+
+

P
+
+

+
P
+
+

+
P

R, ruderal; C, competitive; S, stress-tolerant.

any of the investigated areas (Fig. 2; Table 3; F = 1.68,
p < 0.05). A significant time × treatment interaction was
observed, however, and the temporal development in richness
and diversity therefore varied among control and treated plots
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Figure 2. Temporal development in species richness, Shannon diversity, weighted means of Ell-N, Ell-F, and Ell-L in treatment (dotted) and control
(solid) plots following flooding, sediment deposition, and seed addition in area A, B, and C (±SD; n = 5).
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Table 3. Effects of time in univariate repeated measures ANOVAs examining effects of treatment on species richness and Shannon diversity and weighted
means of Ell-F, Ell-N, and Ell-L.
Effect of treatment

Species richness
Shannon diversity
Ell-N
Ell-F
Ell-L

Treatment
F value (1..2)

Time
F value (5..164)

Time × treatment
F value (5..164)

Area A
T value (2)

Area B
T value (2)

Area C
T value (2)

1.68
3.03
40.31∗
6.87
24.36∗

23.45∗∗∗
28.91∗∗∗
5.92∗∗∗
1.56
2.77∗

15.02∗∗∗
20.46∗∗∗
1.69
0.87
0.84

−5.14∗

−5.23∗

−3.96

−4.44∗

−2.87

−3.38

F -values and significance levels are indicated.
Degrees of freedom are given in parentheses.
Effects of treatment on response variables when significant was further predicted within community types (A, B, and C) using best linear unbiased prediction of random
effect (BLUP).
T -values and significance levels are given.
***p < 0.001. ∗∗ p < 0.01, ∗ p < 0.05.

(Table 3; F = 15.02, p < 0.05). Initially, the treatment caused
a decline in richness and diversity in areas A and B but
not in area C (Fig. 2). This initial difference in richness and
diversity between control and treated plots in areas A and B
disappeared later in the growing season (Fig. 2). The treatment
also affected the weighted averages of Ell-N (Table 3; F =
40.31, p < 0.05) and Ell-L (Table 3; F = 24.36, p < 0.05),
whereas the weighted means of Ell-F were unaffected by
treatment (Table 3; F = 6.87, p < 0.05). The increase in EllN using BLUP was significant in areas A (Table 3; T =
−5.14, p < 0.05) and B (Table 3; T = −5.23, p < 0.05)
suggesting a productivity increase within these areas. The
predicted increase in Ell-L was significant in area A (Table 3;
T = −4.44, p < 0.05), but not in areas B and C.
The PCA ordination summarises the initial compositional
differences among the three areas and changes in the communities following flooding, sediment deposition, and seed
addition. The first two PCA axes explained 27.6% (15.6 and
12.0%) of the variability in species composition. The first PCA
axis reflected compositional differences among the three areas
before the treatment, and the second PCA axis reflected the
successional trends in the treated plots (Fig. 3). This trend primarily reflected the successful establishment of new species,
e.g. Equisetum pratense, Urtica dioica, and Poa trivialis and
the seeded species, L. flos-cuculi and L. pedunculatus (Fig. 3).
Overall, there was a highly significant sediment treatment
effect on species composition (RDA; F = 21.53; p = 0.002).
Species positively affected by the treatment have low bk values
in the PRC diagram, whereas species negatively affected
by sediment treatment have high bk values (Fig. 4a). The
treatment effect was also significant when analyzing for effects
within the areas separately (RDA; F = 26.71, p = 0.002). In
the PRC diagram, area C control plots are used as a baseline
(Fig. 4b). The treatment effect on species composition was
stronger in areas A and B than in area C (Fig. 4b). At the same
time species composition became more similar in the treated
plots as a whole compared to control plots (more similar bk
values in Fig. 4b at the end of the experiment) indicating
that compositional differences among the existing communities
diminished in response to sediment addition.
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Discussion
While flooding is widely regarded as a significant vector for species dispersal in riparian areas (Andersson &
Nilsson 2002; Goodson et al. 2003; Vogt et al. 2006; Gerard
et al. 2008) and large quantities of plant propagules have
been recorded in deposits created by flooding (Skoglund
1990; Riis et al. submitted), linkages between species recruitment and adopted restoration techniques, such as sources
of water, extent of water level rise, or fluctuation patterns,
have received only limited attention (Klimkowska et al. 2007).
In this study, we found that prolonged flooding and ensuing sediment deposition were insufficient to significantly
increase the establishment of fen and meadow species in
the investigated riparian area. Thus the recruited species
from the deposited sediments were mostly common and
widely distributed disturbance-tolerant opportunistic species
having competitive and ruderal life strategies (Grime 1979),
whereas stress-tolerant species that are considered as target species for restoration in Danish riparian areas were
only represented by the seeded species (Baattrup-Pedersen
et al. 2005).
Limited dispersal of species has been identified as a main
obstacle in the restoration of species-rich fens and meadows in some studies (Hölzel & Otte 2003; Bischoff 2002;
Bissels et al. 2004), while others show that a high number of
species, including target species for restoration, may emerge
from deposited material along streams and rivers (Nilsson &
Grelsson 1990; Vogt et al. 2006; Moggridge et al. 2009). We
infer that the limited recruitment of target species besides those
being introduced into the sediments can be closely coupled to
high levels of agriculture (70%) in the catchment of the source
floodplain. It has been shown that the soil seed pool is affected
by high levels of agriculture and that stress-tolerant species
are replaced by competitive and ruderal species as land use
intensity increases (Klimkowska et al. 2010). The dominance
of ruderal and competitive life strategies among the recruited
species in this study can reflect that the sediment seed pool
is affected by land use in a similar way (Baattrup-Pedersen
et al. 2012).
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Figure 3. PCA biplot of species abundance data from three areas, two with fen/fen-meadow vegetation (A and B) and one with degraded meadow
vegetation (C). Sample scores are based on average values of five control plots and five treatment plots within each habitat type. The lines and arrows
show the time course within each habitat type in control and treatment plots. Data included are July data from 2008 (before the experiment) and May,
June, July, August, September, and October data from 2009 (after the experiment). A total of 84 species and 210 plots were included in the analysis.

We did not find large difference in species recruitment
among the studied areas. A slightly higher number of species
were recruited in the fen area compared to the degraded
meadow area, but at the same time there was a great overlap in
the species recruited. Therefore, characteristics of the standing
vegetation seem to play an insignificant role for species
recruitment in the investigated areas. This finding can reflect
that flooding and sediment deposition created regeneration
niches for the introduced species. Colonization gaps have
been shown to be important for the early establishment
of many ruderal species (Grime 1979; Gerard et al. 2008),
especially in productive communities (Hölzel 2005; Donath
et al. 2006). In addition, deposition of sediments can have
caused a delay in growth of the standing vegetation. This
may further have released competitive interactions within
the areas and enabled the establishment of new species. We
infer that the successful recruitment of the seeded target
species, Lychnis flos-cuculi and Lotus pedunculatus in the
most productive area is closely linked to a competitive release
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the first month after flooding and sediment deposition. We
do not know if these species can persist within the area;
however, as competition for light has been shown to exclude
low- productive species from productive habitats (Kotowski
et al. 2006). It is possible, however, that the preservation of
target species if they establish in restored riparian areas can
be warranted by regular floodings.
While characteristics of the standing vegetation only played
a limited role for species recruitment from the deposited
sediments, we observed that sediment deposition significantly affected species composition within the existing vegetation as well as the productivity level as inferred from
the increase in Ell-N. These changes were especially pronounced in the fen/fen-meadow habitats (areas A and B) and
were closely related to an increase in the abundance of sediment recruited species and a decrease in the abundance of
several slow growing fen-associated mosses (Calliergonella
cuspidate, Brachythecium rivulare, and Plagiomnium ellipticum) and small sedges (Carex rostrata and Cirsium palustre).
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Figure 4. PRC diagrams and species scores (bk ) on PRC axis 1 showing the overall treatment effect of flooding, sediment deposition and seed addition
(dotted symbols) on species composition relative to control (open symbols) (A) and the treatment effect in the three experimental areas (A, B, and C)
separately relative to control in area C (B). Only species with fit values above 0.04 are shown. Species abbreviations: Alopecurus geniculatus (Alo gen);
Berula erecta (Ber ere); Brachythecium rivulare (Bra riv); Calliergonella cuspidate (Cal cus); Caltha palustris (Cal pal); Cardamine pratensis (Car pra);
Carex nigra (Car nig); C. rostrata (Car ros); Cerastium fontanum (Cer fon); Cirsium palustre (Cir pal); Comarum palustre (Com pal); Dactylorhiza
majalis (Dac maj); Epilobium hirsutum (Epi hir); E. palustre (Epi pal); Equisetum palustre (Equ pal); E. pratense (Equ pra); Festuca rubra (Fes rub);
Filipendula ulmaria (Fil ulm); Funaria hygrometrica (Fun hyg); Galium palustre (Gal pal); Geum rivale (Geu riv); Gnaphalium sylvaticum (Gna syl);
Holcus lanatus (Hol lan); Juncus effusus (Jun eff); Lotus pedunculatus (Lot ped); Lychnis flos-cuculi (Lyc flo); Myosotis palustris (Myo pal);
Plagiomnium ellipticum (Pla ell); Poa pratensis (Poa pra); Poa trivialis (Poa tri); Potentilla anserina (Pot ans); Ranunculus acris (Ran acr); Ranunculus
sceleratus (Ran sce); Rhytidiadelphus squarrosus (Rhy squ); Rumex acetosa (Rum ace); Taraxacum sp. (Tar sp.); Tripleurospermum perforatum (Tri per);
Urtica dioica (Urt dio); Vicia cracca (Vic cra).

Moreover, species composition in the fen/fen-meadow habitats in areas A and B became more similar to that in the
degraded meadow habitat in area C following sediment deposition within the areas. Thus after one growing season it could
be observed that the sediment treated plots as a whole became
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more similar in their species composition compared to the
control plots.
The findings obtained in this study indicate that restoration
measures can conflict with the conservation of riparian habitat diversity. In particular, morphological rehabilitation that
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intensifies flooding dynamics within the riparian areas and sedimentation of particulate organic matter can impose a risk for
the conservation of riparian habitat diversity. The effects of
flooding and sediment deposition observed here may be temporary. However, our findings highlight an issue that clearly
needs attention in future studies to enable a holistic planning
of restoration measures to assure that these take into consideration also the conservation status of the riparian plant
communities.

Implications for Practice
• Restoring flooding to lowland stream ecosystems situated

in agricultural landscapes may not mediate compositional changes towards species-rich mesotrophic fen and
meadow communities. This is likely to require introduction of propagules.
• Productive standing vegetation in the riparian area is not
a major obstacle toward recruitment of low-productive
species considered as target species for restoration. Low
productivity species establish well in areas dominated
by productive species, at least during the first growing
season.
• Restoration of stream ecosystems should consider effects
on riparian habitats. Particularly measures that involve
sedimentation may impose a risk for the existing vegetation both by enhancing productivity and by mediating
a homogenization of the riparian communities.
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SUMMARY
1. Effects of the frequency and duration of flooding on the structural and functional characteristics
of riparian vegetation were studied at four sites (n = 80, 50 · 50 cm, plots) along medium-sized
naturally meandering lowland streams. Special focus was on rich fens, which – due to their high
species richness – are of high priority in nature conservation.
2. Reed beds, rich fens and meadows were all regularly flooded during the 20-year study period,
with a higher frequency in reed bed areas than in rich fen and meadow areas. In rich fens, species
richness was higher in low frequency flooded areas (£3 year)1) than in areas with a high frequency
of flooding (>3 year)1) or no flooding, whereas species richness in reed beds and meadows was
unaffected by flood frequency.
3. The percentage of stress-tolerant species was higher in low intensity flooded rich fen areas than
in high intensity and non-flooded areas, indicating that the higher species richness in low
frequency flooded rich fens was caused by competitive release. We found no indication that
increased productivity was associated with high flooding frequencies.
4. We conclude that the restoration of morphological features in stream channels to increase the
flooding regime can be beneficial for protected vegetation within riparian areas, but also that
groundwater discharge thresholds and critical levels for protected vegetation should be identified
and considered when introducing stream ecosystem restoration plans.
Keywords: eutrophication, hydrology, lowland streams, meadow, plant community, rich fen

Introduction
Stream and river ecosystems remain among the most
threatened of all ecosystems, despite several international
agreements and national protection policies (Sala et al.,
2000). In Europe, the Water Framework Directive (WFD)
is a major driver for the protection and restoration of
streams, requiring implementation of water management
plans, protective and restorative measures and environmental quality objectives at the entire catchment scale. In
recent years, management focus has shifted from improving water quality by reducing organic pollution, eutrophication and the inflow of toxic substances to improving
the hydrological and morphological characteristics of

stream ecosystems, mainly by restoring local-scale aquatic
and riparian habitats by either adding boulders or large
wood or by restoring the morphological features of stream
channels (Bernhardt et al., 2005; Jähnig et al., 2011).
Stream channel morphology can play a crucial role for the
aquatic and groundwater-dependent riparian habitats
included in article 6 of the WFD (Hammersmark et al.,
2009; Baattrup-Pedersen et al., 2011; Loheide & Booth, 2011).
Therefore, effects of morphological alterations on these
habitats should be considered together with those on instream habitats in restoration planning and management.
Restoration of hydromorphological features increases
hydrological connectivity and flooding disturbance in
riparian areas (Kronvang et al., 2007; Hoffmann, Kronvang
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& Audet, 2011), and as a consequence, habitat distribution
and turnover, which in turn can affect developments in
compositional patterns across space and time (e.g. Naiman
et al., 2008). Thus, increased connectivity between streams
and associated riparian areas inevitably leads to stronger
influence of river dynamics on riparian communities.
Different response patterns have been observed with flooding of riparian ecosystems, all indicating a high complexity
of ecological processes. Diversity patterns may be linked to
gradients in flooding regimes, which is in accordance with
the intermediate disturbance hypothesis (Day et al., 1988;
Pollock, Naiman & Hanely, 1998) predicting that diversity
peaks at intermediate intensities or frequencies of disturbance (Connell, 1989; but see Higgins, Rogers & Kemper,
1997; Mouw, Stanford & Alaback, 2009).
In lowland regions, nutrient availability, from point and
diffuse sources, can be significantly enhanced in streams
draining catchments dominated by agriculture (Hoffmann
et al., 2006). In Denmark, annual mean concentrations of
total phosphorus (P) are up to five times higher in streams
situated in catchments dominated by agriculture compared
to streams situated in catchments dominated by natural
vegetation (Wiberg-Larsen et al., 2010). Consequently,
flooding by stream water may significantly increase nutrient
availability. Additionally, mobilisation of nutrients may
occur during flooding due to interference with biochemical
processes in the soil (Lamers et al., 2006). Productivity
increases often lead to competitive exclusion of highly
specialised species with low competitive potency, thereby
reducing overall diversity (Grootjans et al., 2006). Consequently, flooding may impose a threat to species-rich
communities associated with low nutrient availability
(Wassen, Peeters & Venterink, 2002; Klaus et al., 2011).
In this study, we investigate the direct influence of flood
frequency and duration on the structural and functional
characteristics of riparian vegetation. By investigating
linkages between the flooding regime and the spatial
distribution of different groundwater-dependent vegetation types in riparian areas (rich fens, meadows, reed
beds) and diversity patterns within these vegetation
types, we aimed to obtain new insight for use in the
planning of stream restoration. We had special focus on
rich fens. Historically, European lowlands had welldeveloped rich fen vegetation in stream and river valleys,
and these assemblages are highly valued in nature
conservation due to high diversity and the presence of
many rare species (Bedford & Godwin, 2003). However,
rich fens are severely threatened because of hydrological
changes related to intensive agriculture and urban development (van Diggelen et al., 2006) and are embraced by
the EU Habitats Directive.

Methods
Study sites
The four study sites were located along three mediumsized naturally meandering streams. They are among
some of the least disturbed stream ecosystems in Denmark and were selected because of the occurrence of rich
fen vegetation in the riparian areas. Two sites were
located on River Karup, one site on River Villestrup and
one site on River Soenderup (Fig. 1). The Karup A and B
sites were located about 440 m apart. The riparian areas
were covered by natural and semi-natural grassland
vegetation with scattered occurrence of trees and shrubs.
Geomorphology of the four study sites differed: the River
Karup is situated on sandy outwash plains from the
Weichsel glaciation, River Villestrup is situated on a small
patch of marine foreland built up since the Atlantic
marine regression (8000 B.P.) and River Soenderup is
located on a younger sandy moraine from the Weichsel
glaciation. All river catchments sites are dominated by
agriculture, constituting 53% (Karup), 64% (Villestrup)
and 71% (Soenderup) of the total catchment area
(Table 1). Anthropogenic drainage was approximated
from a digital elevation grid map showing the agricultural
need for drainage in the catchment (Olesen, 2009) determined by combining soil types with landscape types. The
area of the catchment with anthropogenic drainage varied
between 23% and 26% of total catchment area, which is in
the lower range for Danish catchments (Baattrup-Pedersen et al., 2012).

Flood parameters and water chemistry 1989–2009
Time series on mean daily discharge for 1989–2010 were
available for three permanent river gauge stations situated close to the study sites. Water levels were recorded
continuously at each station, and mean daily discharge
was calculated using normal stage–discharge relationships. Stage–discharge relationships were established on
a monthly basis from manual measurements of discharge
and water level (Herschy, 2009). The stream water level at
the four study sites was continuously recorded using
pressure transducers from December 2010 until March
2011. Subsequently, water level–water level relationships
were established between the three river gauge stations
and the four study sites. Correlation coefficients were in
all cases high (r2 > 0.9; P < 0.05), and therefore, water
levels at the four study sites could be calculated using the
established water level–water level relations. As no
obstructions to flooding existed in the study areas, we
used water level data to determine flood parameters in
 2013 Blackwell Publishing Ltd, Freshwater Biology, 58, 817–827
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Fig. 1 Map of the four study sites. Two sites were located on River Karup (Karup A: E499950 N6252920 and Karup B: E500050 N6252530), one
site on River Villestrup (E560860 N6284200) and one site on River Soenderup (E536685 N6304485). Plots delineated for vegetation analyses were
selected to represent major vegetation types within the study areas. Abbreviations indicate vegetation type. F=rich fens; M=meadow; R=reed
bed; Mi=Mire; A=acid fen.

the investigated plots, assuming that once water levels in
the streams exceeded plot level flooding occurred. Vegetation plot levels were measured using RTK GPS
equipment with a vertical error <20 mm (Leica Geosystems).
We extracted three long-term flood parameters from the
datasets. Average annual flood frequency was calculated
as the average number of times a plot was flooded during
1989–2010, average duration of floods was calculated as
the average number of days a plot was flooded during a
flood and total flooding period was calculated as the total
number of days a plot was flooded per year. Water
chemistry data from the three rivers were extracted from
the Danish national monitoring programme on the aquatic
environment (Wiberg-Larsen et al., 2010). As a starting
point, stream water was sampled monthly and analysed
 2013 Blackwell Publishing Ltd, Freshwater Biology, 58, 817–827

in the laboratory according to European standards for
levels of orthophosphate (EN ISO 6878), nitrate (EN ISO
13395), total nitrogen (N) (EN ISO 11905-1) and total
P (EN ISO 6878). However, because of changes in the
monitoring programme during 1989–2010, data were not
available for some years.

Vegetation
A total of 16 circular plots of 49 m2 were delineated within
the study areas in 2010. The plots exhibited major
vegetation types, but particular focus was placed on the
protected community type rich fens. Of the 16 plots, four
were located in the Karup A and Karup B study areas, five
in Villestrup and three in Soenderup (Fig. 1). Within each
of these plots, five 0.5 · 0.5 m subplots were randomly
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Table 1 Catchment land use and stream reach characteristics of the four study areas. Flooding regime parameters are minimum and maximum
values in the investigated plots for 1989–2010. Mean ± SD stream water chemistry values for 1989–2010. ()) signifies that concentrations were
decreasing and (+) signifies that concentrations were increasing during the study period. For further details see Methods
Karup A

Karup B

Villestrup

Soenderup

Catchment characteristics
Catchment size (km2)
Arable land (%)
Urban (%)
Drainage intensity (%)

516
53
5
23

516
53
5
23

124
64
7
24

109
71
6
26

Stream characteristics
Width (m)
Discharge (L s)1)
Total N (mg L)1)
Nitrate (mg L)1)
Total P (lg L)1)
Phosphate (lg L)1)

9
400
3.30 ± 0.86 ())
2.60 ± 0.54 ())
105 ± 33 ())
27 ± 12

11–13.5
400
3.30 ± 0.86 ())
2.60 ± 0.54 ())
105 ± 33 ())
27 ± 12

4.5–6
367
7.16 ± 0.61 ())
6.49 ± 0.75 ())
143 ± 47 ())
84 ± 17 ())

5.2
355
7.43 ± 1.06 (+)
6.70 ± 0.87
140 ± 52
85 ± 29 ())

Flooding regime
Frequency of floods (year)1)
Days flooded (days year)1)
Duration of floods (days flood)1)

0–0.2
0–0.3
0–2.0

established. Species frequencies were registered using a
square with a fixed grid pattern dividing the frame into
nine quadrates in all subplots. All species occurring in
each sub-quadrate were registered and an overall frequency of each species was calculated for all subplots.
Nomenclature follows Tutin et al. (1964–1993).

Data analysis
Plant community structure was analysed by applying a
Detrended Correspondence Analysis (DCA) to the dataset
comprising 80 plots and 103 species, followed by a
hierarchical cluster analysis of DCA1-3 axes scores to
identify plant community types occurring within the areas
using Ward’s method of linkages and squared Euclidean
distance as dissimilarity measure. Indicator species
analysis (Dûfrene & Legendre, 1997) was used to identify
indicator species for the identified plant communities. For
each species, an indicator value was calculated and tested
for significance using Monte Carlo permutations. These
analyses were performed using the PC-Ord 4.41 software
package (McCune & Mefford, 1999).
Species richness (S), Shannon diversity (H), weighted
averages of Ellenberg’s indicator values for nutrient
availability (Ellenberg N), moisture (Ellenberg F; Ellenberg et al., 1992) and the relative contribution of species
with Grime’s (1979) stress-tolerant (S, SC and SR) and
ruderal (R) life strategies were also calculated for the 80
subplots. Ellenberg values are based on assignments of

0–5.1
0–32.7
3.6–7.3

0–7.0
0–47.6
1–6.8

0.8–3.3
1.1–7.6
1.4–2.3

indicator values for specific environmental conditions for
a large number of species (>3000) occurring in the
western part of Central Europe. Weighted averages can
be used to interpret environmental gradients from
assemblage patterns and are widely used in ecological
studies (Ertsen, Alkemade & Wassen, 1998; van Landuyt
et al., 2008; Dupré et al., 2010). Finally, to compare the
identified plant communities with a statistical and
standardised interpretation of plant community types
protected by the Habitats Directive in Denmark, each
plot was categorised into a community type using a
species-based classification model commonly used in
Danish monitoring, assessment and restoration programmes (Nygaard et al., 2009).
To explore linkages between flood frequency and duration and vegetation characteristics, we grouped the investigated plots into three flooding categories for each flooding
parameter. Group 1 included plots that were never flooded
during the studied period; group 2 included plots with a
low flood frequency (>0–3 year)1) and duration (>0–
5 days flood)1), and group 3 included plots with a high
flood frequency (>3 year)1) and duration (>5 days flood)1). We then applied a mixed model with site as
random factor, plots nested within site and subplots nested
within plots also as random factors and cluster as fixed
factor to test the effect of flood frequency on a number of
plant indices in the clusters. These analyses were performed in SAS (SAS software 9.2; SAS Institute Inc., Cary,
NC, USA) using the MIXED procedure.
 2013 Blackwell Publishing Ltd, Freshwater Biology, 58, 817–827
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Results
Stream and site characteristics
The study streams were all medium-sized (5–14 m wide)
with low among-site variation in stream discharge (355–
400 L s)1; Table 1). Average total-N, nitrate, total-P and
phosphate concentrations in the stream water were lower
in Karup compared with Villestrup and Soenderup
(A N O V A , P < 0.05; Table 1), and declined during the
period 1989–2009, with the exception of phosphate concentrations in Karup, and increasing total-N concentrations in Soenderup. Annual frequency of floods, average
duration of floods and total flooding period were similar
among the four study areas, but there were considerable
within-area variations in the flood parameters (Table 1).

Plant communities
A total of 103 species were observed in the 80 subplots at
the four study sites. The floristic variability was high both
among and within the sites (Fig. 2a,b). The vegetation was
categorised into rich fen, acid fen, reed bed, meadow,
humid fallow field and mire applying the habitat classification model to subplot species lists (Fig. 2a). The first
DCA gradient (DCA 1; total inertia 4.94, eigenvalue 0.50)
was positively correlated with eutrophication, inferred
from weighted averages of Ellenberg N indicator values
(Ell-N r = 0.84; P < 0.05), and negatively correlated with
humidity, inferred from weighted averages of Ellenberg F
indicator values (Ell-F; r = )0.76; P < 0.05). The second
DCA gradient (DCA 2 eigenvalue 0.30) was positively
correlated with humidity (Ell-F; r = 0.43; P < 0.05) and
400

flood parameters (flood frequency; r = 0.31; P < 0.05;
duration of floods; r = 0.33; P < 0.05 and total days
flooded; r = 0.34; P < 0.05).
In a cluster analysis of DCA1-3 axes scores (Fig. 2b), we
identified three plant community types (clusters 1–3).
There was considerable overlap between the groups
obtained from the cluster analysis and vegetation types
identified using the habitat classification model. Plots
occurring in cluster 1 (46 plots) were mainly classified as
rich fen (40 plots); however, a few plots were classified as
mire (four plots), acid fen (one plot) and reed bed (one
plot). Plots occurring in cluster 2 were classified as
meadow (nine plots), humid fallow field (six plots) and
rich fen (five plots), and plots occurring in cluster 3 (14
plots) were classified as reed bed (six plots), meadow
(four plots) and rich fen (four plots). The acid fen and mire
plots were excluded from further analysis because of low
similarity to cluster 1 plots, indicating that vegetation in
these plots was primarily influenced by precipitation and
flooding and only minimally by discharging ground water
(Peter M. Andersen, unpubl. data).
A total of 19 indicator species were identified in cluster
1, of which six are listed as indicator species for rich fen
(Table 2). By comparison, only four species were identified as indicator species for clusters 2 and 3, but these
included indicator species for meadow (cluster 2) and
reed bed (cluster 3) vegetation (Table 2). The overall
similarity between the groups identified from cluster
analysis and the habitats classified from the classification
model, as well as the similarity between the indicator
species identified and those listed as indicator species for
rich fens, meadows and reed beds led us to characterise

400

Rich fen
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Reed bed
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Mire

(a)

(b)

200
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Axis 2

200

Karup B
Karup A
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Reed bed (C3)

0

Meadow (C2)

0

Rich fen (C1)

–200
–200

0
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400

–200
–200

0
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Fig. 2 Detrended Correspondence Analysis biplot based on species abundance data from 80 subplots situated in four study areas covering
major vegetation types within the study areas. Identified vegetation types using a species-based classification model are superimposed on 2A.
Study sites and identified clusters are superimposed on 2B.
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Table 2 Indicator species for rich fen (cluster 1), meadow (cluster 2)
and reed bed (cluster 3) vegetation at the four study sites. Observed
indicator values (IV) and mean indicator values and SD obtained
from randomised groups are given. The statistical significance (P) of
the indicator values was tested using Monte Carlo permutation tests.
An asterisk indicates that the species has been listed as indicator for
either rich fen, reed bed or meadows using the habitat classification
model (Nygaard et al., 2009)

Species

Observed
IV

Mean IV
from
randomised
groups

Rich fen (cluster 1)
Plagiomnium ellipticum
Calliergonella cuspidata
Carex rostrata
Galium palustre*
Galium uliginosum*
Carex disticha*
Lotus pedunculatus*
Menyanthes trifoliata
Festuca rubra
Carex nigra var. nigra
Comarum palustre
Climacium dendroides
Stellaria palustris
Lychnis flos-cuculi*
Viola palustris
Juncus articulatus*
Dactylorhiza maculata
Carex panicea

75.6
75.4
73.6
69.4
66.7
58.5
54
53.7
47.4
46.7
46.4
41.5
39
36.9
36.6
29.9
29.3
26.8

Reed bed (cluster 2)
Glyceria maxima*
Filipendula ulmaria
Brachythecium rutabulum
Carex diandra
Meadow (cluster 3)
Ranunculus repens
Holcus lanatus*
Poa pratensis ssp. pratensis*
Galium aparine

SD

P

21.2
22.7
22.2
20.8
20.7
18.2
25.4
17.7
29.8
22.5
16.9
14.4
14.0
19.6
13.2
14.2
11.5
11.1

4.89
5.00
4.89
4.89
4.83
5.20
4.78
4.88
4.28
5.01
4.93
4.91
4.92
5.37
4.69
5.09
4.45
4.78

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.003
0.001
0.001
0.001
0.002
0.013
0.003
0.014
0.005
0.015

93.5
56.4
22.3
21.6

17.6
26.5
13.1
10.6

5.21
4.87
4.44
4.62

0.001
0.001
0.045
0.028

80
63.2
56.7
39.8

13.7
22.0
31.2
14.3

4.72
5.15
4.38
4.82

0.001
0.001
0.001
0.002

cluster 1 as rich fens, cluster 2 as a meadows and cluster 3
as reed beds.
Species richness and Shannon diversity differed among
the rich fen, meadow and reed bed clusters (P < 0.05;
Fig. 3). Median species richness was significantly higher
in the rich fen cluster (22 species) compared to the
meadow (15 species) and the reed bed (nine species)
clusters. Shannon diversity differed markedly among the
rich fen (2.90), the meadow (2.42) and the reed bed (1.93)
clusters. Weighted averages of Ellenberg nutrient values
were significantly lower in rich fen (3.9) compared to
meadow (5.1) and reed bed (5.1) clusters, and moisture
values were significantly lower in meadow (6.9) than in
rich fen (8.0) and reed bed clusters (8.2; P < 0.05; Fig. 3).

Community characteristics and flooding regime
Plots with rich fen, meadow and reed bed vegetation were
not systematically distributed along gradients in flooding
intensity at the four study sites (Fig. 1). Instead, both rich
fen, meadow and reed bed vegetation were regularly
flooded during the period 1989–2010 (Table 3). The flood
frequency and the duration of the floods were, however,
significantly higher in plots with reed bed vegetation
compared to plots with rich fen vegetation (A N O V A
Bonferroni t-test, P < 0.05).
Rich fen, meadow and reed bed vegetation responded
differently to flooding as shown by the interaction term in
the applied models (Table 4). Species richness in rich fen
areas was higher in plots with low flood frequency
compared to plots with high flood frequency and plots
without flooding (Table 5 and Fig. 4), whereas species
richness in meadow and reed bed areas was similar in
plots with and without flooding. The frequency of stresstolerant species was also higher in rich fen plots with low
flood frequency compared to plots with high flood
frequency and plots without flooding (Fig. 4). In meadow
and reed bed areas, the frequency of stress-tolerant species
was higher in plots with high flood frequency compared
to plots with low flood frequency and plots without
flooding (Table 5). The frequency of ruderal species, in
contrast, was not affected by flood frequency in rich fen,
reed bed or meadow areas (data not shown). Overall,
similar results were obtained when testing the effects of
duration of floods on the vegetation (data not shown).
Flooding intensity did not affect the weighted averages
of Ellenberg F in rich fen areas and meadow areas,
whereas a slight increase with increasing flood frequency
was observed in reed bed areas (Table 5 and Fig. 4).
Similarly, flooding intensity only marginally affected
productivity levels. Thus, the weighted averages of
Ellenberg N did not vary with flooding intensity in rich
fens and meadows (Fig. 4). In reed bed areas, on the other
hand, the weighted averages of Ellenberg N were higher
in high frequency flooded plots than in low frequency and
non-flooded plots (Table 5).

Discussion
Flooding of vegetation in riparian areas
Flooding is a natural feature of unregulated mediumsized lowland streams (Pollock et al., 1998; Wassen et al.,
2002; Schipper et al., 2007; Osawa, Mitsuhashi & Ushimaru, 2010), although marked differences occur in the
frequency, timing and duration due to differences in
 2013 Blackwell Publishing Ltd, Freshwater Biology, 58, 817–827
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Fig. 3 Box–whisker plots (minimum, 25%, median, 75%, maximum) showing variability in species richness (A) and Shannon diversity (B),
weighted averages of Ellenberg N (C) and Ellenberg F (D) in rich fens (cluster 1), meadows (cluster 2) and reed beds (cluster 3) within the four
study areas.

Table 3 Means and ranges of flood frequency, duration of floods and
total flooding period in plots situated at four study sites with rich fen,
meadow and reed bed vegetation. Flood parameters were calculated
for the period 1989–2010. Different letters indicate significant differences between means (A N O V A , Bonferroni t-tests, P < 0.05)

Frequency of
floods (year)1)
Days flooded
(days year)1)
Duration of
floods (days flood)1)

Rich fen
(cluster 1;
n = 40)

Meadow
(cluster 2;
n = 14)

Reed bed
(cluster 3;
n = 20)

0.8a (0–5.1)

1.1ab (0–7.0)

2.2b (0–4.4)

2.9 (0–32.7)

6.4 (0–47.6)

9.3 (0–32.7)

1.2 (0–6.4)

1.3 (0–6.8)

2.3 (0–7.3)

climate, geology and topography. Likewise, although
flooding occurred regularly in our study areas, flood
frequency varied both within and among areas. A high
spatial variability in flood frequency was also found by
Pollock et al. (1998) for similar-sized wetland areas in
southeast Alaska.
It is generally accepted that flooding plays a key role in
sustaining the temporal and spatial heterogeneity of
riparian habitats by creating a mosaic of habitat patches,
ecotones and successional stages characterised by different biotic communities (Ward, 1998). The importance of
flooding for riparian communities can be seen as distinct
patterns of zonation from the stream channel to the valley

Table 4 Effects of flood frequency (grouped into 0 year)1, >0–3 year)1 and >3 year)1), community type (cluster 1–3) and interactions between
flood frequency and community type on species richness, frequency of stress-tolerant life strategies (Grime, 1979) and weighted averages of
Ellenberg F and Ellenberg N
Frequency (year)1)

Community

Variables

F

P

F

P

F

P

Species richness
Stress-tolerant species
Ellenberg F
Ellenberg N

0.02
3.39
4.67
0.07

0.9786
0.0411
0.0135
0.9330

28.23
12.25
11.93
14.82

<0.0001
<0.0001
<0.0001
<0.0001

3.64
3.05
0.82
0.97

0.0170
0.0244
0.5211
0.4332
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Table 5 Means and SD of species richness, frequency of stress-tolerant life strategies (Grime, 1979), weighted averages of Ellenberg F and
Ellenberg N in plots with rich fen vegetation (cluster 1), meadow vegetation (cluster 2) and reed bed vegetation (cluster 3) exposed to different
flooding frequencies. Different letters indicate significant differences between means (P < 0.05)
Flood frequency (year)1)
Community type

Parameter

0
N = 20

Rich fen (cluster 1)

Meadow (cluster 2)

Reed bed (cluster 3)

Species richness
Stress-tolerant species
Ellenberg F
Ellenberg N

Species richness
Frequency of stress-tolerant species
Ellenberg F
Ellenberg N

Species richness
Frequency of stress-tolerant species
Ellenberg F
Ellenberg N

edge (Wassen et al., 2002, Wassen et al., 2002; Kotowski &
van Diggelen, 2004; Budke, Jarenkow & Teixeira de
Oliveira-Filho, 2010; but see Higgins et al., 1997; Mouw
et al., 2009). In our study, however, we found no distinct
patterns of zonation of vegetation. Reed beds, rich fens
and meadows all flooded regularly during the 20-year
study period, although flood frequency was higher in
plots with reed bed vegetation than in plots with rich fen
vegetation.
It is well established that rich fens develop in areas with
large supplies of base-rich nutrient-poor ground water,
originating from precipitation water dissolving calcium
carbonate during its flow through the sediments (Wassen
et al., 1992; Amon et al., 2002; Grootjans et al., 2006; Boomer
& Bedford, 2008). Furthermore, rich fens tend to have more
stable water levels than other riparian habitats, particularly in temperate regions (Amon et al., 2002). Our study
revealed that rich fens can also occur in areas that are
occasionally flooded (on average one time per year for
1.2 days), indicating that flooding does not critically alter
conditions for growth of rich fen species. The ability of rich
fen species to tolerate floods has been observed elsewhere
(Kotowski et al., 2006; Schipper et al., 2007) and probably
reflects adaption to anoxic conditions sustained by continuous inputs of ground water that stabilise water levels
and maintain saturation.

a

>0–3

>3

N = 15

N=5

19.7 (6.5)
27.7a (6.4)
8.1a (0.3)
4.0a (0.3)

28.5 (5.2)
35.3b (4.7)
7.9a (0.3)
3.8a (0.3)

15.6a (1.8)
28.7a (4.1)
8.4a (0.2)
4.3a (0.1)

N = 15

N=1

N=4

15.6a (4.3)
17.4a (7.2)
6.8a (0.5)
5.1a (0.5)

7.0 (–)a
29.0 (–)ab
6.43 (–)a
5.29 (–)a

12.0a (2.2)
33.8b (10.3)
6.9a (0.7)
5.0a (0.7)

N=4

N=4

N=6

a

7.5
10.1a
7.8a
5.9a

(1.7)
(9.4)
(0.2)
(0.4)

b

a

9.0
3.2a
7.8a
5.1b

(2.8)
(4.5)
(0.5)
(0.6)

8.5a
23.4b
8.9b
4.9b

(1.0)
(7.7)
(0.4)
(0.3)

Richness patterns along gradients in flooding intensity
Our study showed that flooding results in an increase of
species richness in rich fens. Species richness was higher
in areas that were flooded at low intensity compared to
areas that never flooded. This result was surprising,
suggesting that low frequency flooding can stimulate
species richness in regions with intensive agriculture
and moderate nutrient concentrations in the flooding
water (total N 3.3–7.4 mg L)1; total P 105–143 lg L)1).
However, this finding disagrees with earlier reports
suggesting that flooding and increased nutrient concentrations result in a loss of rich fen species (Amon et al.,
2002; Lamers et al., 2006). A possible explanation could
be that high discharge rates of ground water cause the
fen root zone to be saturated with nutrient-poor ground
water, thus limiting the infiltration of nutrient-rich
stream water during flooding (Lamers et al., 2006;
Boomer & Bedford, 2008; Banach et al., 2009). This
interpretation is supported by Banach et al. (2009) who
observed that the nutrient status of flooding water had
only a limited effect on internal nutrient mobilisation in
areas with low infiltration rates, whereas mobilisation
rates were higher in areas with higher infiltration. We
found no clear indications of increased productivity
(Ellenberg N) in rich fen areas, supporting the conjecture
 2013 Blackwell Publishing Ltd, Freshwater Biology, 58, 817–827
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rich fen communities, but further studies are needed to
test this conjecture.
The increase in species richness in rich fen areas was
related to an increase in the percentage of stress-tolerant
species. The finding that the frequency of stress-tolerant
species increased at low flooding intensities suggests that
flooding stimulates species richness by releasing competitive interactions (sensu Grime, 1979); a possible explanation is that flooding improves conditions for the growth of
stress-tolerant rich fen species by delaying growth of
species with higher growth rates. In support of this, it has
been observed that rich fen species occupy only part of
their potential habitat in riparian areas and that their
absence from more productive habitats is due to the
effects of shading by tall reed bed species (Kotowski et al.,
2006). We did not find an increase in the number of
ruderal species in areas of high flooding intensity,
probably indicating that sedimentation and erosion processes, by creating niches for the regeneration of ruderal
species (Nilsson, Gardfjell & Grelsson, 1991; Gerard et al.,
2008), played an insignificant role for plant community
structure. However, these processes may be important for
community structure of more flooded parts not included
in our study.

50

Frequency Grime S/SC/SR

Species richness

(a)
40
30
20
10
0
50

(b)

40
30
20
10
0
5.0

(c)

Ellenberg N

4.5
4.0
3.5

Conclusion

3.0
9.0

Riparian areas of lowland streams, although naturally rich
in nutrients, are often affected by agricultural activities
resulting in eutrophication. The negative impacts of
eutrophication on riparian vegetation are widely recognised in the literature (Lamers et al., 2006; Banach et al.,
2009; Baattrup-Pedersen et al., 2011; Klaus et al., 2011),
and therefore, we were surprised that our study failed to
reveal a negative impact of low flood frequency on the
distribution and diversity of protected rich fen vegetation
in Danish lowland riparian areas. Rather, low frequency
flooding was found to stimulate species richness and the
growth of low productive species within the rich fen
areas. This result is likely linked to the limited infiltration
of flood water due to high discharge rates of ground water
in the rich fens and, therefore, limited impacts of nutrients
in the flooding water on soil biogeochemical processes.
We conclude that the restoration of morphological features in stream channels to increase the hydrological
connectivity can be beneficial for protected vegetation
within riparian areas, but also that groundwater discharge
thresholds and critical levels for protected vegetation
should be identified and considered in connection with
implementation of stream ecosystems restoration measures.

(d)
Ellenberg F

8.5
8.0
7.5
7.0
0

>0-3

>3

Frequency (year–1)
Fig. 4 Box–whisker plots (minimum, 25%, median, 75%, maximum)
showing variability in species richness (A), frequency of stresstolerant life strategies (Grime, 1979) (B) and weighted averages of
Ellenberg N (C) and Ellenberg F (D) in rich fens exposed to different
flooding intensities (0 year)1, >0-3 year)1 and >3 year)1).

that flooding at low intensity did not affect nutrient
availability. The lower species richness in the most
frequent flooded rich fen areas compared to the low
intensity flooded areas may, however, indicate that
frequent or long-lasting floods may constitute a risk to
 2013 Blackwell Publishing Ltd, Freshwater Biology, 58, 817–827
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a b s t r a c t
Wetland habitats are among the most threatened of all ecosystems today and still face an on-going
threat despite several international agreements and national policies. In Europe, the Habitats Directive
(HD) plays an important role in the protection of habitats and species of European importance. In the
present study we use statistical modelling techniques and geographic information systems to explore
linkages between HD Annex 1 listed habitats in wetlands and catchment characteristics, e.g. size, geology
and land uses at various spatial scales (50 m, 100 m, 500 m and whole catchment). Speciﬁcally we test
if we can predict the spatial distribution of protected wetland habitats from catchment characteristics
and additionally that we can identify critical variables and their spatial scale. We ﬁnd that we are able to
use catchment characteristics to predict the occurrence of protected habitats in riparian areas with 76%
correctly classiﬁed habitats. At the catchment scale a low percentage of anthropogenic drainage together
with a high percentage of forest increase the probability of having protected habitats in riparian areas,
whereas at the local scale a low percentage of arable land and a high percentage of natural vegetation
increase the probability of having protected habitats. We believe that the model approach used can
have important implications. Firstly, the model can be used as a screening tool for identifying areas
with potential conservation value. Secondly, the model can also be used as a management planning
tool. Riparian areas are increasingly being used as mitigation measures to reduce loads of nutrients and
toxic compounds to freshwater ecosystems. These measures may interfere with the hydrological and
biochemical settings in riparian areas and threaten communities that are sensitive to eutrophication, e.g.
HD Annex 1 habitats. The model can with a relatively high predictability point to areas where mitigation
measures should be avoided because of conservation interests. Similarly the model can be used to identify
areas that potentially can be restored successfully.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
The area of wetlands has declined markedly during the last two
centuries, and the loss exceeds 50% of the area of peatlands, depressional wetlands, riparian zones and ﬂoodplains in North America,
Europe and Australia (Millennium Ecosystems Assessment, 2005)
mainly due to expanding agricultural, industrial and residential
developments. Furthermore ﬂood control programs and waterway
commerce have greatly modiﬁed existing riparian wetlands largely
through the direct alteration of stream channels, e.g. dam construction, ﬂow regulation, channelization and levy construction (e.g.
Brookes, 1987; Brookes and Long, 1990; Mattingly et al., 1993;
Verdonschot and Nijboer, 2002). This has resulted in draining of

∗ Corresponding author.
E-mail address: abp@dmu.dk (A. Baattrup-Pedersen).
1470-160X/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ecolind.2011.11.012

wetlands, lower regional groundwater tables, cut off oxbows and
meanders, clearing of forests and increased erosion, sedimentation
and channel maintenance with major impacts on natural wetland
habitats (Mensing et al., 1998; Van Diggelen et al., 2006; Tousignant
et al., 2010).
Although ecosystem services of wetlands including biodiversity support are widely appreciated wetlands remain among the
most threatened of all ecosystems (Keddy et al., 2009) and still face
an on-going threat despite several international agreements and
national policies, e.g. The Ramsar List of Wetlands of International
Importance and The Convention on Biological Diversity. In Europe,
the Habitats Directive (HD; more formally known as Council Directive 92/43/EEC on the Conservation of natural habitats and of wild
fauna and ﬂora) plays an important role in the protection of biodiversity of European importance. The HD requires EC Member States
to introduce a range of measures for the protection of habitats and
species listed in its Annexes including over 1000 animals and plant
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species and over 200 habitat types (e.g. special types of forests,
meadows, wetlands, etc.). Several wetland habitats are included in
the Annex 1 of the HD including oligotropic to mesotrophic standing water habitats being permanent or temporary, groundwater
associated habitats, where the water level is at or near the surface of the ground and habitats where surface water ﬂooding is
frequent.
In the present study we use statistical modelling techniques
and geographic information systems to explore linkages between
Annex 1 listed habitats in wetlands and catchment characteristics, e.g. size, geology and land uses at various spatial scales (50 m,
100 m, 500 m and whole catchment). A model that can predict
the spatial distribution of wetland habitats may give insight into
underlying processes affecting the distribution of protected habitats and serve as a basis for the design of survey, research, and
conservation strategies. Furthermore such a model can be used to
identify potential areas of conﬂict between conservation interests
and other uses of wetland services, e.g. the use of wetlands for
water quality improvement (e.g. Hill, 1996; Venterink et al., 2006)
or agricultural developments. The rationale behind this approach is
that catchment processes either directly or indirectly affect habitat conditions in riparian areas (see Mander et al., 2000; Jansson
et al., 2007; Carreño et al., 2008; Schmalz et al., 2009; Klimkowska
et al., 2010; Tousignant et al., 2010). For example large-scale
anthropogenic drainage and groundwater abstraction reduce the
groundwater ﬂow to wetlands (e.g. Van Diggelen et al., 2006). It may
also affect the relative importance of regional and local groundwater, precipitation water and surface water in the areas (Toth,
1999; Grootjans et al., 2006; Dahl et al., 2007) and ﬂow patterns
within the areas (Van Loon et al., 2009; Klimkowska et al., 2010).
The quality of the water that reaches the wetlands may link to agricultural production in the catchment (Allan et al., 1997; Ekholm
et al., 2000; Ferrier et al., 2001; Davies and Neal, 2007) and agricultural management (Andersen et al., 1999, 2005; Vagstad et al.,
2004) directly or indirectly by ﬂooding thereby affecting riparian
habitats. Speciﬁcally we test if we can predict the spatial distribution of protected wetland habitats from catchment characteristics
reﬂecting that human activities in the catchment has implications
even when conducted at large distances from an area and additionally that we can identify critical abiotic variables and their
spatial scale. We use an extensive dataset covering >20,000 plots
situated in >400 different riparian areas distributed throughout
Denmark to test these hypotheses. We use the term riparian area
as we acknowledge that the term wetland is inappropriate in many
places because of drainage either locally or in the catchment. The
areas integrated in the study are representative of riparian areas in
Denmark that are not in use for agricultural production (crops and
grassland) and cover culturally improved meadows and pastures
and Annex 1 listed habitats of HD.

2. Methods
2.1. Study sites and sampling
Vegetation surveys were carried out in 2004 and 2005 in a total
of 454 riparian areas with semi-natural grassland vegetation and
scattered occurrence of trees. The areas were delimited by a 100 m
long stream section reaching 30 m into the riparian area. The areas
were randomly distributed throughout Denmark excluding areas
with agricultural production (crop and grass) as well as areas with
dense tree cover (very rare in Denmark). Surveys were performed
in a total of 21,401 plots each being 10 m × 10 m (Pedersen et al.,
2007). In each plot a cover score value was allocated to plant species
using the following scale: 1: <0.5%; 2: 0.5–1%; 3: 1–2.5%; 4: 2.5–5%;
5: 5–12.5%; 6: 12.5–25%; 7: 25–50%; 8: 50–75%; 9: >75%.

Vegetation data were translated into habitat types using a
species-based classiﬁcation model for semi-natural and natural
riparian vegetation (Nygaard et al., 2009). The model was developed to achieve a statistical and standardised interpretation of
habitat types in Denmark and builds on 13,000 plots and a total of
700 species covering a gradient in human impact ranging from natural habitats with semi-natural vegetation (e.g. mires and ﬂushes)
to culturally improved meadows and pastures. The model comprises Annex 1 habitats of the EU Habitats Directive and is in
accordance with the Interpretation Manual of European Union Habitats (EUR 27, 2007). Habitats not listed in the Annex 1 of the HD
are, similarly to the Annex 1 habitats based on CORINE (Devillers
et al., 1991). CORINE lists biotopes or broad habitats, which are differentiated by the growth form of the vegetation and ecosystem
functions.
The Ellenberg index is a comprehensive indicator system
describing the response of species to a range of abiotic conditions
(Ellenberg, 1979; Ellenberg et al., 1991). Ellenberg N indices were
used to assess productivity level of the community and moisture
preference. Weighted means of Ellenberg N and Ellenberg F were
calculated for each of the 21,401 plots, scoring from 1 to 9, i.e. low
to high preference for nutrients/moisture.
2.2. Abiotic variables
The total set of abiotic variables include soil parent material,
land cover, anthropogenic drainage, low-lying hydromorphic areas,
and the nitrogen ﬁeld balance for agricultural land. For all riparian areas the catchment was delineated from elevation contours
on a national digital topographic map 1: 25,000 (Nielsen et al.,
2000). All variables were scored at ﬁve scales: (i) the total catchment upstream of the stream reach; (ii) a 500 m wide buffer along
upstream stream reaches in the catchment; (iii) a 100 m wide
buffer along upstream stream reaches in the catchment; (iv) a
50 m wide buffer along upstream stream reaches in the catchment;
and (v) an approximately 100 m × 100 m section located immediately upstream the riparian site. The different buffer zones and
the 100 m × 100 m upstream sections were determined using the
Analysis Tools in ESRI ArcGIS 9.2.
Soil parent material was determined from a digital national geological map in 1:200,000 (GEUS, 2008). Soil parent material was
scored at all ﬁve scales as percentage coverage of main classes:
clay, silt, sand, gravel, peat, chalk, and pre-quaternary deposits.
In order to determine land cover two sources of digital land
cover data were combined: a national land cover raster map (25 m
grid) with 12 land cover classes (Nielsen et al., 2000) and information on land use mandatory reported by all farmers annually to the
Danish Ministry of Agriculture as a requirement for obtaining EU
subsidies (DFFE, 2008). This latter source contains information on
ﬁeld location and crop type. Land cover polygons were reclassiﬁed
as arable land, permanent grass, forest, natural dryland vegetation
such as grassland and heath and natural wetland vegetation such
as fens and meadows, lakes, streams and impervious surfaces.
The extent of anthropogenic drainage was approximated from a
new digital 250 m grid map showing the need for drainage (Greve,
2008a) determined by combining soil types in top soil and sub soil
with landscape types and relating to surveys of need for drainage
of agricultural land. It was assumed that a high potential need for
anthropogenic drainage is equivalent to a high extent of actual
anthropogenic drainage. Low-lying hydromorphic areas existing
around year 1900 have been digitized from old maps in 1:20,000
(Greve, 2008b). Many of these areas are anthropogenic drained and
used for agricultural production.
The nitrogen ﬁeld balance for agricultural areas was determined
from annual mandatory reports by all farmers to the Danish Ministry of Agriculture (DFFE, 2008). These reports contain data on
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farm scale consumption of fertilizer and manure. Farm scale data
are converted to ﬁeld scale data by the method documented in
Børgesen et al. (2009). Crop yields are reported annually at the
national level. Nitrogen concentration in crops is determined from
standard ﬁgures. The nitrogen ﬁeld balance is calculated by summing inputs by fertilizer, manure, ﬁxation (Kristensen and Olesen,
1998) and atmospheric deposition (Ellermann et al., 2008) and subtracting the nitrogen yield.
2.3. Model construction
Each of the 21,401 plots was allocated into a conservation status type. Protected types were deﬁned as Annex 1 listed habitats
except for humid tall herb fringe vegetation that is widely distributed in Denmark (Dybkjaer et al., in press). Protected types
hereafter included plots with alkaline fens (7230), periodically
inundated meadows (6410), rivers with muddy banks (3270),
northern atlantic wet heaths (4010), transition mires and quaking
bogs (7140) and calcareous fens (7210).
We used logistic regression analysis to assess the strength of
associations between abiotic variables at different scales and the
occurrence of protected plots in riparian areas (Agresti, 1990). The
variables were entered in a stepwise forward logistic regression
model aiming at predicting the presence or absence of protected
habitats. All variables were evaluated during construction of the
model. The variable with the largest adjusted qui-squared statistics
was entered ﬁrst. The ﬁnal model was considered to be identiﬁed
when all predictors had a signiﬁcant effect and none of the excluded
variables had a signiﬁcant effect. Because the use of different scales
implied that there was overlapping abiotic variables we decided
that once a variable had been entered in the model at one scale it
was excluded as a variable at the remaining scales. For example, the
percentage of arable land within the catchment and percentage of
arable land within a 500 m buffer zone could not be entered in the
same model.
To assess logistic model performance we used Cohens kappa
in addition to the proportion of observations correctly classiﬁed
by the model (OPS). According to Landis and Koch (1977) kappa
values ranging between 0.41 and 0.60 correspond to moderate performance, while values ranging between 0.61 and 0.80 indicate
substantial predictive power. The generality of the prediction of
the logistic regression model was tested by dividing the dataset
into two subsets. Each riparian area was assigned to a subset randomly. One subset was used to construct a logistic regression model
following the same stepwise procedures described previously. This
model was then used to predict the occurrence of protected sites
in the other subset and compared to the actual presence.
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Table 1
Abundance and distribution of habitat types in 454 riparian areas situated in
Denmark. A species based classiﬁcation model was used to translate vegetation data
from 21,401 plots into a statistical and standardised interpretation of habitat types
including those listed in Annex 1 of the HD (Nygaard et al., 2009). Abundance express
the percentage of plots with a given habitat type to the total number of plots investigated and distribution express the percentage presence in all investigated areas.
Habitat codes for Annex 1 habitats are given in parentheses.
Type

Abundance
(percent of
total area)

Distribution
(percent of
all areas)

Improved grassland
Dry tall herb fringes
Meadow
Fallow ﬁelds, humid
Fallow ﬁelds, dry
Humid tall herb fringes (6430)
Mesophile pastures
Alkaline fens (7230)
Reed beds
Meadow, periodically inundated (6410)
Rivers with muddy banks (3270)
Northern Atlantic wet heaths (4010)
Transition mires and quaking bogs (7140)
Calcareous fens (7210)
Acidic fen

17.36
16.40
12.16
10.59
10.15
9.12
8.87
8.32
3.05
2.80
0.83
0.15
0.05
0.13
0.03

62.0
78.6
53.0
56.3
65.1
53.8
44.2
29.0
20.6
23.9
9.6
1.7
2.0
2.0
0.8

calcareous fens 7210) covering only 1% of the total area. In areas
were these Annex 1 habitats were present they rarely covered more
than 5% of the area (Fig. 1). There was a signiﬁcant linear correlation
between abundance of the different habitat types locally and their
distribution (not shown; r2 = 0.98; P < 0.05).
Weighted means of Ellenberg-N varied signiﬁcantly among the
different habitat types (ANOVA P < 0.05; Fig. 2A), and a positive correlation was found between the abundance of the identiﬁed habitat
types and their Ellenberg-N values (r2 = 0.49; P < 0.05). The highest mean Ellenberg-N values were found in dry and humid tall
herb fringes (6.5 and 6.7, respectively), whereas low mean values
were found in fens (4.4) and periodically inundated meadows (4.2).
Weighted mean of Ellenberg-F also varied signiﬁcantly among the
different habitat types (ANOVA P < 0.05; Fig. 2B) and a negative
correlation was found between the abuandance of the identiﬁed
habitat types and their Ellenberg-F values (r2 = 0.48; P < 0.05). Ellenberg F values were particularly high in fens (7.4) and reed beds
(8.2), whereas low mean values were found in improved grassland
vegetation (5.6) and dry fallow ﬁelds (5.4).
3.2. Abiotic variables and conservation status in riparian areas
There were signiﬁcant differences in land cover, N-balance,
anthropogenic drainage intensity, percentage of low lying soils
and parent material in the catchment and/or parts of the

3. Results
0.8

3.1. Coverage, distribution and characteristics of plant
communities in riparian areas
Frequency

0.6

We ﬁnd that improved grassland vegetation (17% of total area)
and dry tall herb fringe vegetation (16%) were the most abundant
habitat types in riparian areas in Denmark and also that these types
were the most widely distributed, deﬁned as percentage presence
in all investigated areas (62%, respectively 79% of the areas; Table 1).
Fallow ﬁelds formerly used for agricultural crop production were
also very abundant (10% and 11% humid and dry, respectively) and
widely distributed (56% and 65%, respectively). Habitat types listed
in the Annex 1 of the HD were represented by humid tall herb fringe
vegetation (9%), fens (8%), periodically inundated meadows (3%)
and some rare types (e.g. rivers with muddy banks 3270, Northern
Atlantic wet heaths 4010, transition mires and quaking bogs 7140,

0.4

0.2

0
0

10

20

30

40

50

60

70

80

90

100

Coverage of HD types (%)

Fig. 1. Frequency of Annex 1 listed habitat types in the Habitats Directive in 21,401
plots situated in 454 randomly distributed riparian areas in Denmark excluding
areas with agricultural production (i.e. crop and grassland).
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Table 2
Summary of upstream land use characteristics to the investigated riparian areas grouped into riparian areas with and without protected habitats. Land use characteristics are given at different spatial scales, i.e. catchment, 500 m,
100 m and 50 m buffer zones upstream to the investigated area and ﬁnally just an upstream section being 100 × 100 m. Signiﬁcant differences in upstream land use characteristics between areas with and without protected
habitats are given at each spatial scale.

Land cover
Arable land
Permanent grass
Forest
Natural dryland vegetation
Natural wetland vegetation
Lake
Stream
Soil parent material
Sand
Gravel
Silt
Clay
Organic
Chalk
Prequart mat.
Others
N-balance
Anthropogenic drainage
Low lying soils
*
**
***

P < 0.05.
P < 0.01.
P < 0.0001.

500 m buffer
Conservation status

100 m buffer
Conservation status

50 m buffer
Conservation status

Upstream section
Conservation status

High

Low

High

Low

High

Low

High

Low

High

Low

62 ± 18**
9±4
18 ± 15***
1±2
1±1
1±3
<1

68 ± 18
8±4
11 ± 11
<1
1±2
<1
<1

60 ± 19**
12 ± 6**
15 ± 15***
1 ± 3***
2±2
2±5
<1

68 ± 19
10 ± 7
10 ± 9
<1
1±2
1±3
<1

54 ± 21***
19 ± 10***
13 ± 15*
1±3
4 ± 3**
3±8
<1

64 ± 21
15 ± 11
10 ± 12
<1
2±3
2±4
<1

52 ± 21***
21 ± 12**
12 ± 15
<1
5 ± 5***
3±8
61 ± 21

61 ± 27
16 ± 11
10 ± 14
<1
3±4
2±5
<1

29 ± 28***
31 ± 27*
14 ± 25**
<1
8 ± 16***
<1
4 ± 9*

49 ± 35
24 ± 27
7 ± 19
<1
2±8
<1
2±5

71 ± 28***
<1
<1
28 ± 28***
<1
<1
<1

52 ± 31
<1
<1
47 ± 30
<1
<1
<1

75 ± 27***
<1
<1
23 ± 27***
<1
<1
<1

57 ± 31
<1
<1
42 ± 31
<1
<1
<1

81 ± 25**
<1
<1
17 ± 24***
<1
<1
<1

70 ± 27
<1
<1
29 ± 26
<1
<1
<1

81 ± 25**
<1
<1
16 ± 24**
<1
<1
<1

73 ± 26
<1
<1
26 ± 26
<1
<1
<1

89 ± 28
<1
<1
8 ± 23**
<1
<1
<1

82 ± 34
<1
<1
17 ± 32
<1
<1
<1

76 ± 18*
34 ± 14***
12 ± 9

70 ± 23
46 ± 17
12 ± 15

74 ± 20*
32 ± 14***
19 ± 12

68 ± 25
43 ± 17
18 ± 19

68 ± 22
26 ± 14***
42 ± 18*

66 ± 27
34 ± 18
35 ± 25

67 ± 23
26 ± 14***
53 ± 21**

65 ± 26
33 ± 18
43 ± 28

54 ± 43
20 ± 20**
68 ± 33*

59 ± 43
30 ± 26
59 ± 41
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Catchment
Conservation status
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Table 3
Pearson correlation coefﬁcients between abiotic variables scored at 5 different
scales, i.e. catchment, 500 m, 100 m, 50 m buffer zones and just upstream the investigated reach (100 m × 100 m). Only correlation coefﬁcients above 0.5 (P < 0.0001)
are given.
Catchment
% arable land

% artiﬁcial drainage

−0.82
0.58

% forest
N-balance
% sand
% clay

−0.88
0.88
500 m buffer
% arable land

% forest
N-balance
% sand
% clay

% artiﬁcial drainage

% low lying soils

−0.86
0.87

−0.99

−0.80
0.57

100 m buffer
% arable land
% forest
N-balance
% low laying soils
% sand
% clay
% sand

% artiﬁcial
drainage

% low lying
soils

−0.53
−0.78
0.80

0.52
−0.54

% clay

−0.73
0.56

−0.98
50 m buffer
% arable land

Fig. 2. Box-whisker plots (median, 25th and 75th percentiles within box and 5th and
95th percentiles as whiskers) of weighted means of Ellenberg N (A) and Ellenberg
F (B) for 15 identiﬁed habitat types in 21,401 investigated plots situated in 454
randomly distributed riparian areas in Denmark (excluding areas with agricultural
production). The habitat types are ranked according to their abundance in the areas
(see Table 1).

% forest
N-balance
% low laying soils
% sand
% clay

% artiﬁcial
drainage

% low lying
soils

−0.55
−0.74
0.77

0.53
−0.55

−0.68
0.56

−0.98

Upstream section
% anthropogenic drainage

catchment between riparian areas with and without protected
habitats (ANOVA P < 0.05; Table 2). Irrespective of the scale analysed we found that riparian areas with protected habitats were
found in catchments or parts of catchments with signiﬁcantly lower
percentages of arable land but higher percentages of land with
permanent grass (excluding catchment scale), forest (excluding
50 m buffer scale) and areas with either wetland or dryland vegetation (excluding catchment scale) compared to riparian areas
without protected habitats (Table 2). Similarly irrespective of the
scale analysed we found that riparian areas with protected habitats were found in catchments or parts of catchments with lower
percentage of anthropogenic drainage (Table 2). There were also
distinct differences in the parent material in the catchment or parts
of catchments between areas with and without protected habitats. Thus the content of sand was signiﬁcantly higher and the
content of clay signiﬁcantly lower in catchments or parts of catchments with riparian areas with protected (except upstream reach
for sand).
The abiotic variables were to some extent inter-correlated.
The most signiﬁcant correlations (r > 0.5) are given in Table 3
for the different scales applied. We ﬁnd signiﬁcant correlations
between land use in terms of percentage arable land, forest and Nbalance. We also ﬁnd signiﬁcant correlations between percentage
anthropogenic drainage and percentage low lying soils, percentage
clay and percentage sand. Finally we ﬁnd signiﬁcant correlations
between soil characteristics.

% sand

% sand
% clay

% sand

−0.51
−0.93

3.3. Model
We ﬁnd that we are able to use catchment characteristics to predict the occurrence of protected habitats in riparian areas with 76%
correctly classiﬁed habitats (Table 4). Several abiotic variables contribute signiﬁcantly to the model. These include catchment scale
variables and upstream section variables. The predictor variables
identiﬁed in the model were not strongly inter-correlated (r < 0.5)
and we therefore infer that the selection of predictor variables performed was valid.
At the catchment scale a low percentage of anthropogenic
drainage together with a high percentage of forest increased the
probability of having protected habitats in the riparian areas
whereas at the local scale a low percentage of arable land and a
high percentage of natural vegetation increased the probability of
having protected habitats. There was also a signiﬁcant negative
inﬂuence of percentage of low lying soils in the catchment on the
probability of having protected habitats in the riparian areas.
The global model and the subset model developed on a subset
of data were qualitatively identical. Cohens kappa for the global
model was 0.49. In comparison the Cohens kappa was 0.38 and
the OPS was 69% for the subset model (compared to 75% in the
global model). The parameters of the two models were not found
to be signiﬁcantly different when applying a t-test (P > 0.05). The
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Table 4
Parameter estimates and statistics for the mixed stepwise logistic model developed.
Predictor variable

Coefﬁcient

SE

Wald X2

P

Anthropogenic drainage (catchment)
Arable land (upstream section)
Open natural vegetation (upstream section)
Forest vegetation (catchment)
Low lying soils (catchment)

0.053
0.021
−0.058
−0.019
0.030

0.0086
0.0083
0.0185
0.0082
0.0145

38.1
27.3
9.8
5.1
4.3

<0.0001
<0.0001
0.0020
0.0235
0.0391

Global model (n = 405); model X2 = 81.8, P < 0.0001, OPS = 75%.

logistic model obtained on the subset dataset was cross-validated
by applying it to the remaining data. The Cohens kappa was 0.56
and the OPS 78%. This result indicate that the logistic models
were unaffected by the particular sample on which they were
developed and the identiﬁed parameters therefore seem of global
validity.
3.4. Case study
To demonstrate the applicability of the mode we performed a
case study on the Danish Voel Bæk catchment. Voel Bæk (catchment size 16.9 km2 ) is located in Jutland. Dominant land uses are
agriculture (77%), forest (8%) and urban areas (6%), whereas natural dry and wet vegetation constitute only respectively 0.7% and
0.3% (Fig. 3). Soil types are sand (USDA nomenclature) in the downstream half of the catchment and loamy sand in the upper half. The
potential need for anthropogenic drainage is on average 43% for the
catchment.
Prior to running the model the Voel Bæk stream was subdivided into 65 reaches each of a length of 100 m. For each reach
the upstream catchment was delineated as well as a 100 m × 100 m
upstream section (Fig. 4). The model parameters: percentage
anthropogenic drainage, percentage forest, and percentage low
lying soils were determined for the upstream catchments. For
the upstream 100 m × 100 m section the model parameters: percentage arable land and percentage open natural vegetation were
determined. We then used the model to describe the probability
of having protected habitats in 30 m × 100 m riparian model target

areas downstream of each 100 m reach using the logistic regression
model:
f = exp (−2.7782 + 0.0531 · ADc + 0.0212 · Au − 0.0581 · ONu
+ 0.0300 · HSc − 0.0187 · Fc )
prob (HD) = 1 −

f
1+f

If prob(HD) ≥ 0.50 then status est = 2; else status est = 1;where
ADc is percentage anthropogenic drainage in the catchment, Au is
percentage arable land in a 100 m × 100 m upstream section, ONu is
percentage natural wetland habitats in a 100 m × 100 m upstream
section, HSc is percentage low lying soil in the catchment and ﬁnally
Fc is percentage forest in the catchment.
Given the present conditions in the catchment the model calculates that only 10 reaches (15%) have a probability > 50% of having
protected habitats and that 5 reaches (8%) have a probability >75%
(Fig. 4).
4. Discussion
4.1. Conservation status in riparian areas
We ﬁnd that 21% of the semi-natural vegetation in Danish
riparian areas consists of habitat types protected by the HD.
Humid tall herb fringe vegetation, that constitute 9%, is generally
widely distributed in Denmark, robust towards perturbation and

Fig. 3. The catchment of Voel bæk being the case study area. The size of the catchment is 16.9 km2 . Dominant land uses are given on the map.

A. Baattrup-Pedersen et al. / Ecological Indicators 18 (2012) 227–235

Fig. 4. Results of a series of logistic regression models performed to calculate the
probability of having protected habitats in segments being 100 m long and 60 m
wide extending 30 m into the riparian area on both side of the stream. Model outputs are given as probability classes of having protected habitats in the segments.
These are based on model parameters operating at the catchment scale (anthropogenic drainage, forest vegetation, low laying souls) and locally in the upstream
100 m × 100 m section (arable land, open natural vegetation) using coefﬁcients given
in Table 4. The outer zone on the ﬁgure corresponds to the 100 m segment entered
in the model whereas the inner zone corresponds to the zone with calculated probability classes.

without special conservation interests (Dybkjaer et al., in press),
whereas the remaining HD protected habitat types constitute 12%
(alkaline fens, periodically inundated meadows, wet heaths, calcareous fens, transition mires and quaking bogs). These habitat
types are generally low productive (low Ellenberg-N) and comprise both standing waters habitats, groundwater habitats where
the water level is at or near the surface of the ground and periodically ﬂooded habitats (high Ellenberg-F). Despite being rather
widespread, i.e. plots with alkaline fens were found in 29% of the
areas and periodically inundated meadows in 24% of the areas,
these habitat types had a very limited distribution within the areas,
indicating that they are under great pressure in riparian areas
in Denmark.
4.2. Model interpretation
We ﬁnd that we can predict the presence of HD protected habitat
types in riparian areas with a high classiﬁcation success (76%) using
abiotic variables derived from maps suggesting that these variables
are closely correlated to abiotic conditions locally in the areas. The
model developed suggests that a combination of variables related to
catchment characteristics (anthropogenic drainage, land-use, percentage low lying soils) and more local characteristics (land-use)
play a highly signiﬁcant role for the distribution of protected habitat
types in riparian areas in Denmark.
The high predictive success of the model and high parameter
estimate for anthropogenic drainage indicate that there is a close
link between catchment drainage intensity and the hydrological
conditions in riparian areas. The range in drainage intensity is quite
narrow in our study. The mean drainage intensity in catchments
with occurrence of protected habitat types in riparian areas is 34%
compared to 46% in areas without occurrence of protected habitat
types implying that even small differences in drainage intensity
regionally can have large implications for the hydrology locally
in riparian areas. The ﬁnding that anthropogenic drainage can be
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crucial for riparian habitats has been reported also in previous studies (Van Diggelen et al., 2006; Van Loon et al., 2009;
Klimkowska et al., 2010) and probably reﬂects that large amounts
of groundwater discharges directly into drainage systems and
streams instead of discharging into the riparian areas thereby
affecting the availability of habitats for water dependent terrestrial
ecosystems.
Our ﬁnding that anthropogenic drainage strongly interferes
with the probability of having protected habitats in riparian areas
can also link to the hydro-morphological characteristics of the
stream channel. Most Danish streams have been channelized, e.g.
widened and deepened (app. 90%; Brookes, 1987) to improve runoff from adjacent agricultural land and to enhance the seepage of
precipitation water. Furthermore dredging is performed regularly
to maintain the stream proﬁle (e.g. Aslyng, 1980). The groundwater level in the riparian area is consequently lowered (Schilling
et al., 2004; Hardison et al., 2009), upwelling groundwater may
not reach the root zone and inﬁltration of precipitation water
may be enhanced (Van Loon et al., 2009), which can have strong
and negative impact on fen and meadow communities in riparian
areas. Thus it has been found that fen and meadow communities
were 5–6 times less common along channelized stream reaches in
Denmark compared to natural stream reaches (Baattrup-Pedersen
et al., 2011).
Catchment anthropogenic drainage can also affect the biogeochemistry locally in riparian areas and thereby the availability of
nutrients for plant growth. Reduced groundwater inﬂow and falling
groundwater tables allow atmospheric oxygen to enter the soil
invoking mineralisation of organic material and the release of large
quantities of nutrients (Venterink et al., 2009). Altered nitrogen
and phosphorus dynamics in response to anthropogenic drainage
inevitable affects the existing plant communities. Both nutrients
are crucial because they may limit plant productivity and therefore have a strong inﬂuence on species composition (Venterink
et al., 2003). If groundwater discharge decreases following drainage
higher nitrogen concentrations in the rooting zone of the vegetation can be expected because of increased mineralisation rates,
in particular in combination with higher nitrogen inputs. Such
changes will affect productivity gradients and vegetation patterns
accordingly reﬂecting that competition intensity for nutrients and
light has been altered (Bridgham and Richardson, 1993; Grootjans
et al., 1985, 1986; Kotowski et al., 2006). This may result in higher
biomass production and as a consequence vegetation types change,
e.g. fens can turn into sedges and meadows into wet grasslands.
These types may still be supported by groundwater or surface water
or a combination of both types of water but they may have stopped
accumulating peat (Grootjans et al., 1996) and will gradually loose
the characteristics of fens and meadows. Sometimes the effects of
anthropogenic drainage may not be visible in the water table inside
the fen, but instead the relative importance of rainwater to groundwater will change growth conditions and a shift from fen to bog
vegetation can take place (Grootjans et al., 2006).
Land use nearby also appears as an important predictor of habitats in riparian areas in our model. We ﬁnd that arable land in the
upstream section reduces the probability of ﬁnding protected areas
whereas open natural vegetation increases the probability. These
predictors can directly link to mechanism that may threat vulnerable vegetation types. Thus spreading of fertilizer and manure on
arable land may increase nitrogen availability in nearby riparian
areas as the atmospheric deposition may increase (Lee and Caporn,
1998; Stevens and Tilman, 2010) as well as the nitrate concentration in discharging groundwater (Kronvang et al., 1995; Ranalli
and Macalady, 2010) and consequently promote changes in vegetation patterns as described above, whereas occurrence of natural
vegetation indicate that impact from nearby area is low. Furthermore the presence of natural vegetation nearby may render the
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communities more robust towards perturbation because the dispersal of species to the area is eased (Verhoeven et al., 2008).
4.3. Model perspectives
We believe that a simple descriptive model based on few variables, which are easily derived from existing maps, and with a
high predictive power as developed here can have important implications. Firstly, the model can be used as a screening tool for
identifying areas with potential conservation value. These have
been mapped within the Natura 2000 network in Europe but outside these areas knowledge on their distribution and conservation
status is limited (Nygaard et al., unpubl. data). Furthermore the
Water Framework Directive (WFD; Council Directive 2000/60/EC)
require member states to establish a register of all protected habitats within river basin districts to protect or improve conditions
for the conservation of habitats and species directly depending on
water.
Secondly, the model can also be used as a management planning tool. Riparian areas are increasingly being used as mitigation
measure to reduce loads of nutrients and toxic compounds to freshwater ecosystems to comply with among others the requirements
of the WFD of good ecological quality in water bodies before 2015
(Hill, 1996; Kronvang et al., 2006; Venterink et al., 2006). These
measures may involve rewetting by ﬂooding or cutting of tile
drains that enter the riparian areas as well as a re-establishment
of streams, ponds and lakes as well as wetlands connected to them.
However these measures may interfere with the hydrological and
biochemical settings in the riparian areas (Hammersmark et al.,
2009) and may threaten communities that are sensitive to eutrophication including most of the Annex 1 listed habitats, e.g. alkaline
fens, periodically inundated meadows, mires and bogs (Grootjans
et al., 2006; Dybkjaer et al., in press). By applying the model it is
possible to identify areas where mitigation measures should be
considered carefully because of conservation interests within the
riparian areas. Based on our ﬁndings here these include app. 12% of
riparian areas in Denmark. Similarly the model can be used to identify areas that potentially can be restored successfully. For example
it may be beneﬁcial to restore areas with low catchment drainage
and restricted agricultural production in the vicinity and to do that
in a spatially coherent manner starting at upstream reaches in the
catchment and then moving downstream to increase groundwater
discharges into the areas thereby improving hydrological conditions for protected habitat types (Van Loon et al., 2009).
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SUMMARY
1. Running waters, including associated riparian areas, are embraced by international legal
frameworks outlining targets for the preservation, protection and improvement of the
quality of the environment. Interactions between stream and river processes and riparian
habitats have not received much attention in the management of stream ecosystems, and
integrated measures that consider both the ecological status of streams and rivers (sensu
EU Water Framework Directive, WFD) and the conservation status of riparian habitats and
species (sensu EU Habitats Directive, HD) are rare.
2. Here, we analysed the influence of stream size, morphology and chemical water
characteristics for the distribution of water-dependent terrestrial habitat types, i.e. alkaline
fens, periodically inundated meadows and meadows in riparian areas in Denmark using
an extensive data set covering a total of 254 stream reaches. A species-based classification
model was used to translate species lists into a standardised interpretation of habitat types
protected by the HD in Denmark.
3. No size dependency was found regarding the distribution of fen and meadow
vegetation. Instead, the distribution of fen and meadow vegetation was strongly affected
by the morphology of the streams. Alkaline fens, periodically inundated meadows and
meadows occurred six, five and four times, respectively, less frequently along channelised
compared with natural stream reaches. Our results indicate that stream channelisation
strongly interfered with the natural hydrology of riparian areas, affecting conditions
needed to sustain protected fen and meadow communities.
4. We also found that water chemistry strongly influenced the occurrence of fen and
meadow vegetation in riparian areas. The probability of finding fen and meadow
vegetation was reduced when total phosphorus (TP) concentration exceeded
40–50 lg P L)1, whereas meadow vegetation responded less strongly to TP.
5. Our findings highlight the importance of restoring hydrology of riparian areas to
improve conditions for fen and meadow vegetation, but also that the water chemistry
should be considered when measures that increase hydrological connectivity result in an
increase in the probability of flooding.
Keywords: eutrophication, Habitats Directive, hydrology, phosphorus, Water Framework Directive
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Introduction
Worldwide, stream and river ecosystems have experienced long-term degradation from various anthropogenic pressures. In lowland regions, these have
mainly been related to agriculture, with significant
pollution of running waters by nutrients and organic
matter as well as by changes in hydro-morphological
features, such as channel re-sectioning and straightening, dredging, reinforcement of banks and building
of lateral dikes (Brookes, 1987; Brookes & Long, 1990;
Mattingly, Herricks & Johnston, 1993; Verdonschot &
Nijboer, 2002; Landwehr & Rhoads, 2003). Additionally, a majority of the associated riparian areas have
been or are still used for agricultural production, and
thus, anthropogenic pressures of both past and
present land use are generally high (e.g. high
amounts of nutrients and interference with the natural hydrology have changed habitat conditions
dramatically). As a consequence, formerly widespread mesotrophic fen and meadow communities
have declined dramatically (Poschlod, Bakker &
Kahmen, 2005; Van Diggelen et al., 2006; Middleton
et al., 2006), and many species that were formerly
widespread are deteriorating rapidly (Ewers & Didham, 2006).
Stream and river ecosystems, including associated
riparian areas, are embraced by international legal
frameworks such as the Convention on Biological
Diversity, the EU Water Framework Directive (WFD;
Council Directive 2000 ⁄ 60 ⁄ EC) and the EU Habitats
Directive (HD; Council Directive 92 ⁄ 43 ⁄ EC), all outlining targets for the preservation, protection and
improvement of the quality of the environment,
including the conservation of natural habitats and of
wild fauna and flora. The HD includes c. 220 habitat
types, and c. 1000 species listed in the directive’s
Annexes that are considered to be of special importance for the European Community. There is a wide
range of types of water dependency amongst riparian
habitats listed in the Annex 1 of the HD, including
surface water habitats and habitats that depend on
saturation conditions, i.e. where ground water is at or
near the surface or where flooding is frequent. These
habitats may also depend directly on aquatic processes or on increased humidity associated with
nearby water. The importance of lotic processes for
riparian habitats has not received much attention in

management, and integrated measures that consider
both the ecological status of streams and rivers and
the conservation status of riparian habitats are rare
(see Palmer, Menninger & Bernhardt, 2010).
Here, we analysed the influence of stream morphological and chemical characteristics for the distribution of habitat types in riparian areas. Particularly, we
anticipated that measures to improve ecological conditions in many lowland streams to meet WFD targets
of good ecological status may involve morphological
rehabilitation (e.g. channel re-configuration and
in-stream habitat improvements), thereby intensifying
the dynamic interactions between lotic and riparian
areas. A major concern of stream rehabilitation is
currently related to more intense flooding of riparian
areas, with surface water that may be nutrient rich,
followed by sedimentation of particulate organic
matter (see Bedford, Walbridge & Aldous, 1999;
Gerard et al., 2008). This can promote growth of
productive species that are able to use the elevated
concentrations of sediment-associated nutrients at the
expense of mesotrophic fen and meadow species.
More insight into the significance of stream characteristics for the conservation status of riparian habitats
may enable a first evaluation of the benefits and risks
associated with stream rehabilitation as well as
insights into measures that can be taken that more
broadly consider the ecosystem.
We analysed the distribution of two protected
habitat types (alkaline fens with habitat code 7230 in
Annex 1 of HD and periodically inundated meadows with habitat code 6410) and one unprotected
habitat type (meadow) along lowland streams in
Denmark. Meadows are similar to the Annex 1
listed habitat types based on the CORINE biotope
manual (Devillers, Devillers-Terschuren & Ledant,
1991). All three habitat types are influenced by
precipitation, ground water and ⁄ or surface water
and therefore dependent on aquatic linkages. Specifically, we hypothesised that (i) alkaline fens,
periodically inundated meadows and meadows are
distributed differently along a stream size gradient,
with their main occurrence along mid-sized streams
as these areas are discharge areas for ground water
and periodically flooded by surface waters and (ii)
the distribution of the three habitat types is related
to both stream morphology and nutrient status of
the stream water.
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Methods

Vegetation surveys

Stream characteristics and water chemistry

Vegetation surveys in the riparian areas were carried
out in 2004 and 2005. The surveyed area was delimited by a 100-m long stream section reaching 30 m into
the riparian area. Surveys were performed in 30
10 · 10 m plots located side by side within each of the
areas. In each plot, a cover score value was allocated
to plant species using a modified van der Maarelsscale (1: <0.5%, 2: 0.1–1%, 3: 1–2.5%, 4: 2.5–5%, 5: 5–
12.5%, 6: 12.5–25%, 7: 25–50%, 8: 50–75%, 9: >75%)
(Van der Maarel, 1979).

A total of 254 stream reaches distributed throughout
Denmark were included in this study. A subset of
these stream reaches judged to be physically unmodified (i.e. natural stream reaches, n = 85) was selected
to test our hypotheses, whereas the remaining sites
were randomly selected and included both natural
and physically modified stream reaches. The stream
reaches were distributed throughout Denmark in
catchments differing in size and with varying geological, hydrological and climatic conditions. For each
stream reach, the catchment area was delineated from
altitudinal contours on a national digital topographic
map 1: 25 000 (Nielsen et al., 2000). The catchment
land use (agriculture, urban, forest and nature) was
extracted from the Danish Area Information System
(Nielsen et al., 2000). The GIS analyses were performed using the ArcGIS software package (ESRI).
Soils in the catchments were dominated by either
clayey tills or sandy deposits from the Weichelean
glaciation.
The stream reaches were grouped into three size
classes: small streams (n = 77), with catchment areas
<10 km2; mid-sized streams (n = 103), with catchment
areas between 10 and 100 km2 and large streams
(n = 74), with catchment areas >100 km2 (corresponding to the WFD typology classes in Denmark; Baattrup-Pedersen et al., 2009) and two morphological
groups: natural and channelised, based on their
cross-section and longitudinal morphology. Natural
streams had no signs of channelisation in terms of
widening, deepening or straightening of the stream
channel. This group included both straight and
sinuous small channels and meandering larger
streams. Channelised streams included reaches showing signs of recovery from dredging and reaches with
indications of dredging on the stream bed and banks.
Stream water was sampled three times: once in
February–March, June and September, with periods of
extreme high discharges avoided, and analysed in the
laboratory according to European standards: orthophosphate (EN ISO 6878), nitrate (EN ISO 13395),
alkalinity (DS ⁄ EN ISO9963-2 1996), total nitrogen (EN
ISO 11905-1) and total phosphorus (TP) (EN ISO
6878). Mean annual concentrations were used in the
analyses.
 2011 Blackwell Publishing Ltd, Freshwater Biology, 56, 1893–1903

Data analysis
Plots were categorised into a vegetation type using a
species-based classification model for semi-natural
and natural riparian vegetation types (Nygaard et al.,
2009). This model was developed to achieve a statistical and standardised interpretation of the habitat
types protected by the HD for application in the
Danish monitoring, assessment and restoration of
habitats. The model builds on 13 000 plots and a total
of 700 species covering a gradient in human impact
ranging from natural habitats, with spontaneous
vegetation (e.g. mires and flushes), to culturally
improved meadows and pastures. Indicator species
for each of the three habitat types, fens, periodically
inundated meadows and meadows, are given in
Appendix S1.
The distribution of alkaline fens, periodically inundated meadows and meadows was calculated as the
number of sites with the presence of these vegetation
types to the total number of sites investigated.
Abundance was calculated as the number of plots
with a type present to the total number of plots
surveyed.
Generalised Linear Models (GLM; Venables &
Ripley, 1999) were used to summarise the relationship
between vegetation types and stream characteristics.
GLMs allow for nonlinearity in the data and also a
wide range of model distributions other than the
normal distribution of the random component. GLM,
with a logit link and binomial error distribution, were
constructed with presence ⁄ absence of fens, protected
meadows and meadows as response variables and
stream size and type as explanatory variables. We
further introduced chemical characteristics of the
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streams as regression variables. The explanatory
capacity of each of these regression variables was
tested individually for each vegetation type. The
constructed models consisted of a regression variable
estimate and two-way interactions between the
regression variable and stream size and type. Interaction terms and regression variables were omitted from
further modelling when insignificant.
Binomial logistic regression, a common statistical
method used to estimate occurrence probabilities in
relation to environmental predictors, was employed
to delineate the relationship between the presence of
fens and meadows and TP in the stream water. The
probability of occurrence of fens, periodically inundated meadows and meadows in relation to TP was
calculated as:


^x
exp ^
aþb

;
PðxÞ ¼
^x
1 þ exp ^
aþb
^ are estimated parameters
where x is TP; ^
a and b
(Agresti, 1990).

Result
Stream characteristics
Catchment land use and chemical stream characteristics for natural and channelised stream reaches are
given in Table 1. The percentage area with urban and
scattered dwellings was lower in catchments of
natural (average 7%) compared with channelised
(12%; Table 2; P < 0.05, t-test) streams, whereas agriculture (60 and 59%) and forest (20 and 19%) were

Land use
Agriculture (%)
Forest (%)
Urban (%)
Chemistry
Total nitrogen (mg L)1)
Total phosphorus (mg L)1)
Nitrate (mg L)1)
Ortho-phosphate (mg L)1)
Alkalinity (mg L)1)

similar. Total nitrogen (TN), TP and nitrate concentrations in stream water did not differ between
natural and channelised stream reaches, but concentrations of ortho-phosphate (0.05 to 0.08 mg L)1) and
alkalinity (2.6 and 3.3 mg L)1) were higher in channelised streams (Table 2; P < 0.05, t-test).
Several of the chemical and physical stream characteristics were significantly correlated. Specifically,
TP was strongly correlated with ortho-phosphate
(r = 0.76; P < 0.0001) and alkalinity (r = 0.50;
P < 0.0001) and less strongly with water depth
(r = 0.24; P < 0.05) and stream slope (r = )0.29;
P < 0.05). Total nitrogen was strongly related to
nitrate (r = 0.98; P < 0.0001) and less strongly to
alkalinity (r = 0.24; P < 0.05).
A strong correlation was found between stream
water chemistry and land use characteristics (Fig. 1).
TP correlated positively with percentage of the catchment area with urban and scattered dwellings
(Fig. 1a; r = 0.67; P < 0.001) and negatively with
percentage of forest (Fig. 1c; r = )0.27; P < 0.05).
Ortho-phosphate also correlated positively with percentage area with urban and scattered dwellings
(Fig. 1d; r = 0.12; P < 0.05) and with percentage area
in crop rotation (Fig. 1e; r = 0.14; P < 0.05), and
negatively with percentage area with forest (Fig. 1f;
r = )0.15; P < 0.05). Total nitrogen correlated positively with percentage area in crop rotation (data not
shown; r = 0.61; P < 0.001) and negatively with percentage of forest (data not shown; r = )0.51;
P < 0.001), and nitrate correlated positively with
percentage area in crop rotation (data not shown;
r = 0.40; P < 0.001), percentage area with urban and
scattered dwellings (data not shown; r = 0.16;

Natural reaches

Channelised reaches

Mean

SD

Mean

SD

60
20
7a

21
20
4

59
19
12b

27
21
17

4.14
0.10
3.44
0.05a
2.58a

3.21
0.05
2.84
0.05
1.70

4.02
0.14
3.38
0.08b
3.29b

Table 1 Catchment land use and stream
chemical characteristics (mean and SD) for
natural (n = 98) and channelised (n = 156)
stream reaches

2.20
0.11
2.50
0.12
1.63

Different letters signify difference between mean values (t-test; P < 0.05).
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Table 2 Results of binary generalised linear models (GLM) used to predict the occurrence of alkaline fens (habitat code 7230 in Annex
1 of HD), periodically inundated meadows (habitat code 6410 in Annex 1 of HD) and meadows (not included in Annex 1 of HD) from
stream size based on catchment size (e.g. small, mid-sized and large) and stream type (e.g. natural and channelised streams)
Stream size
2

Alkaline fens
Periodically inundated meadows
Meadows

Size · type

Stream type
2

v

P

v

P

v2

P

1.16
1.48
3.49

0.56
0.48
0.17

9.70***
6.62**
13.72***

0.0018
0.0101
0.0002

0.50
3.94
0.27

0.78
0.14
0.88

*P < 0.05; **P < 0.01; ***P < 0.001.
HD, Habitats Directive.

Natural

0.8

Channelized

0.8

(a)

0.6

0.6

0.4

0.4

0.2

0.2

0

0

0.8

(b)

Urban and scattered dwellings (%)

Phosphate (mg L–1)

Fig. 1 Relationships between catchment
land use and stream water concentrations
of total phosphorus (TP) and ortho-phosphate: (a) Percentage area with urban and
scattered houses and stream water TP; (b)
Percentage area with agriculture and
stream water TP; (c) Percentage area with
forest and stream water TP; (d) Percentage
area with urban and scattered houses and
stream water ortho-phosphate; (e) Percentage area with agriculture and stream
water ortho-phosphate; (f) Percentage area
with forest and stream water ortho-phosphate.

Total phosphorus (mg L–1)

Urban and scattered dwellings (%)

0.6
0.4
0.2

(d)

0.8

(e)

0.6
0.4
0.2
0

0

Agriculture (%)
0.8

Agriculture (%)
0.8

(c)

0.6

0.6

0.4

0.4

0.2

0.2

(f)

0

0
0

20

40

60

Forest (%)

P < 0.05) and negatively with percentage area with
forest (data not shown; r = )0.26; P < 0.05).

Habitat types and stream characteristics
We did not find any significant effect of stream size on
the distribution of fen and meadow vegetation in
riparian areas (GLM; Table 2; P > 0.05), but the effect
of stream type was highly significant (GLM; Table 2;
 2011 Blackwell Publishing Ltd, Freshwater Biology, 56, 1893–1903

80

100

0

20

40

60

80

100

Forest (%)

P < 0.05). Protected fens occurred six times more
frequently along natural compared with channelised
stream reaches (Fig. 2), protected meadows five times
more frequently and meadows four times more
frequently. Conversely, the abundance of fens and
meadows did not differ significantly between natural
and channelised streams (Fig. 2) or with stream size
(A N O V A , P < 0.05). The abundance of fens varied on
average between 8 (large channelised streams) and
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Presence

80

Abundance

<10 m2

<10 m2

10–100 m2

10–100 m2

>100 m2

>100 m2

Natural
Channelized

60

40

20

0

Percent

60

40

20

0

60

40

We analysed the significance of the measured
physical and chemical characteristics of the streams
for the distributional patterns of the vegetation types.
Alkalinity, together with TP and ⁄ or ortho-phosphate,
was the best predictors of the occurrence of fens and
protected meadow vegetation in the riparian areas
(Table 3). Furthermore, the occurrence of fens and
protected meadows responded similarly to these
parameters irrespective of stream size or type
(Table 3; P > 0.05 for the interaction parameters),
whereas there was a significant interaction between
stream type and ortho-phosphate for the occurrence
of meadows (Table 3; P < 0.05).
Alkalinity and TP had strong negative impacts on
the occurrence of fens and meadows. As alkalinity
and TP were highly inter-correlated, only TP was
used in the logistic regression analysis. The probability of finding fen and meadow vegetation was
strongly reduced when TP concentrations increased
above c. 40–50 lg P L)1 (Fig. 3). The probability was
more strongly reduced for fens (t = )4.33; P < 0.0001)
compared with periodically inundated meadows
(t = )3.36; P = 0.001). The relationship for meadows
was not significant (t = )1.85; P = 0.068).

20

Discussion

0

Fen
(HD)

Meadow
(HD)

Meadow

Fen
(HD)

Meadow Meadow
(HD)

Fig. 2 The occurrence and abundance (mean and SD) of alkaline
fens [habitat code 7230 in Annex 1 of Habitats Directive (HD)],
periodically inundated meadows (habitat code 6410 in Annex 1
of HD) and meadows (not included in Annex 1 of HD) in a total
of 254 riparian areas along streams representing different types
(i.e. natural and channelised) and size classes (e.g. small streams,
n = 77, with catchment areas <10 km2, mid-sized streams,
n = 103, with catchment areas being 10–100 km2 and large
streams, n = 74, with catchment areas >100 km2. Vegetation
surveys were performed in 30 10 · 10 m plots in each area. The
occurrence of fens and meadows was calculated as the number
of sites with fens, respectively meadows, to the total number of
sites investigated within each size class, and abundance was
calculated as the number of plots with fens, respectively
meadows, to the total number of plots investigated in each of the
areas.

43% (small channelised streams), the abundance of
protected meadows varied between 8 (large natural
streams) and 19% (mid-sized natural streams) and the
abundance of meadows varied between 10 (small
channelised streams) and 31% (large channelised
streams).

There are several of types of water dependency
amongst habitats and species listed in the Annex 1
of the EU Habitats Directive. These include oligotrophic to mesotrophic standing water habitats (permanent or temporary), groundwater-associated
habitats where the water level is at or near the surface
and habitats where surface water flooding is frequent.
The focus of our study was on the distribution of
habitats associated with high groundwater levels
and ⁄ or flooding e.g. alkaline fens, periodically inundated meadows and meadows. As these three riparian
habitat types were formerly widespread along European lotic ecosystems (Van Diggelen et al., 2006), they
should be considered in the implementation of the
WFD (WFD CIS Guidance Document No 12. 2003).
The hydrology of riparian areas is influenced by
landscape hydro-geologic settings that encompass the
location of the riparian area in the catchment in
relation to surface and groundwater flows as well as
the geological characteristics in a glacial landscape
(Mitsch & Grosselink, 2007; Vidon & Hill, 2004). It is
widely accepted that aquifer size controls the magni 2011 Blackwell Publishing Ltd, Freshwater Biology, 56, 1893–1903
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Table 3 Results of GLM used to summarise the relationship between alkaline fens (habitat code 7230 in Annex 1 of HD), periodically
inundated meadows (habitat code 6410 in Annex 1 of HD) and meadows (not included in Annex 1 of HD) and stream characteristics.
v2 values for significant parameters and interactions between parameters and size and type of the stream are given
Alkaline fens

Periodically inundated meadows Meadows

Variable Variable ·
size v2
v2
Total nitrogen (mg L)1)
Total phosphorus (mg L)1) 15.18***
Nitrate (mg L)1)
Ortho-phosphate (mg L)1) 21.89***
Alkalinity (mg L)1)
61.56***

Variable ·
type v2

7.01**

Variable Variable ·
v2
size v2

Variable ·
type v2

Variable Variable ·
v2
size v2

6.17**

6.73***

31.71***

7.32***
18.09***

Variable ·
type v2

3.99*

*P < 0.05; **P < 0.01; ***P < 0.001.
GLM, Generalised Linear Models; HD, Habitats Directive.

Probability for occurence

1.0
0.8
0.6
0.4

C

0.2

B
A

0
0

100

200

300
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500

600

700

800

Total phosphorus (µg L–1)
Fig. 3 Probability of occurrence of (a) alkaline fens [habitat code
7230 in Annex 1 of Habitats Directive (HD)], (b) periodically
inundated meadows (habitat code 6410 in Annex 1 of HD) and
(c) meadows (not included in Annex 1 of HD) in response to
stream water total phosphorus (TP) concentration (see Table 3).
The line represents modelled probability of occurrence of the
vegetation type to stream water TP.
exp ð2:79þ31:3TPÞ
(a) Probability ¼ 1  1þexp ð2:79þ31:3TPÞ;
exp ð1:44þ17:0TPÞ
(b) Probability ¼ 1  1þexp ð1:44þ17:0TPÞ;
exp ð1:06þ6:21TPÞ
(c) Probability ¼ 1  1þexp ð1:06þ6:21TPÞ.

tude and seasonality of groundwater flow input to
riparian areas, and hence the conditions that are
needed for fen and meadow vegetation to develop
(Grootjans et al., 2002; Vidon & Hill, 2004; Grapes,
Bradley & Petts, 2006). As aquifer size generally
increases with increasing stream size (Grootjans et al.,
2002), we expected to find more fen and meadow
vegetation in riparian areas along medium-sized and
large streams compared with small streams. Areas
 2011 Blackwell Publishing Ltd, Freshwater Biology, 56, 1893–1903

along mid-sized and large streams are also more
prone to flooding compared with small headwater
streams that may also sustain fen and meadow
vegetation (Wassen, Peeters & Venterink, 2002).
Our finding that only stream morphology affected
the distribution of fen and meadow vegetation suggests that channelisation strongly interferes with the
local hydrology of riparian areas. Channelisation of
lowland streams has often been carried out as part of
instalment of large tile drainage systems; hence,
channelised streams are also incised to improve runoff from adjacent agricultural land and to enhance
seepage of precipitation water. Furthermore, dredging
is often performed regularly to maintain the stream
profile and allow tile drains to work efficiently (e.g.
Aslyng, 1980). The effects of channel incision on
groundwater levels within riparian areas are poorly
documented (but see Schilling, Zhang & Drobney,
2004; Hardison et al., 2009). Schilling et al. (2004)
found that channel incision lowered the water table
from the stream edge to a distance of c. 30 m, resulting
in a much larger unsaturated zone in the near-stream
riparian area. Hardison et al. (2009) found that
increased channel incision was directly associated
with a decline in the riparian groundwater level,
although variability amongst areas can be expected
because of hydro-geologic settings (Vidon & Hill,
2004). Our results indicate that stream channelisation
may lower groundwater tables, ultimately affecting fen
and meadow vegetation. Fens are confined to areas
with a strong and stable inflow of ground water,
typically not more than 10–20 cm the below the surface
(e.g. De Mars, Wassen & Peeters, 1996; Bedford &
Godwin, 2003; Grootjans et al., 2006), whereas mead-
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ows may tolerate more fluctuating conditions (Hammersmark et al., 2009). Hence, even small changes in
groundwater levels may affect particularly shallow
rooted fen and meadow species, explaining the strong
influence of stream morphology on the distribution of
fen and meadow vegetation that we observed.
Changes in stream morphology may also affect the
internal release of nutrients within the riparian areas
(Venterink, Kardel & Kotowski, 2009). A decline in
groundwater level increases aeration of the root zone,
stimulating mineralisation, and hence the availability
of nutrients that can be used for plant growth
(Lamers, Smolders & Toelofs, 2002; Venterink et al.,
2009). Although increased mineralisation rates are
often linked with fluctuating water tables (Devito &
Dillon, 1993), groundwater geochemistry may also
affect nutrient availability under saturated conditions
by controlling internal release rates of nutrients
(Boomer & Bedford, 2008). Enhanced availability of
nutrients can mediate structural changes in vegetation
(Venterink et al., 2003a; Lucassen et al., 2006) and
therefore also contribute to explain the lower occurrence of protected fen and meadow vegetation along
channelised streams.
Generally, it is accepted that flooding plays a key
role in the functioning of riparian ecosystems and in
the maintenance of biodiversity along streams and
rivers. For example, Moggridge, Gurnell & Mountford
(2009) found that flooding introduced a large number
of new species along the River Frome in the UK, Toner
& Keddy (1997) found that flooding durations were
the best predictors for wooded and herbaceous
vegetation in riparian areas in Ottawa, and Wassen
et al. (2002) found that flood variables explained most
of the variation in species composition in an undisturbed floodplain in Poland. Furthermore, BaattrupPedersen et al. (2005) found that riparian species
diversity was highest in potentially flooded areas in
Denmark.
However, the benefits of flooding on protected fen
and meadow vegetation are debated. The main
concern is that flooding may induce eutrophication,
because of the external input of dissolved and
particulate nutrients or through the release of nutrients present in the soil (e.g. Lamers et al., 2002;
Bedford et al., 1999). Our results support this conjecture. We found that the probability of finding
protected fen and meadow vegetation along streams
was strongly reduced when TP concentrations in

stream water exceeded 40–50 lg P L)1, whereas the
probability of finding meadows was less strongly
related to elevated TP. These TP concentrations are
within the range previously obtained for Danish
streams (Wiberg-Larsen et al., 2010); annual average
TP concentrations in streams draining catchments
dominated by natural vegetation was 60 lg L)1 compared with 100 lg L)1 in streams draining catchments
dominated by agriculture. These TP concentrations
correspond to a decline in the probability of finding
protected fen habitats from c. 70 to 35%. The negative
impact of elevated TP concentrations can be mediated
by flooding episodes, especially along natural streams
that can easily flood in periods with high discharges
(Hoffmann et al., 2009). Additionally, stream water TP
has been found to correlate with the intensity of tile
drainage in lowland catchments (Andersen, Kronvang
& Larsen, 2005) and with the area of urban settlements
and scattered dwellings (this study). The observed
negative impact of high TP on the probability of
finding protected fen and meadow vegetation may
therefore also be related to catchment activities that
affect local hydrology in riparian areas such as
drainage and water abstraction (Van Loon et al.,
2009; Klimkowska et al., 2010).

Perspectives for restoration and ecological stream quality
Applied research supporting measures of protection,
management and restoration of Annex 1 habitats in
riparian areas is limited, and therefore, these ecosystems are largely overlooked in river basin management plans. Our study identified clear relationships
between stream characteristics and the occurrence of
protected riparian habitat types (e.g. fens and meadows). These findings are important and should be
considered in the selection of measures that can be
taken to improve the ecological quality of water
bodies in a catchment.
Stream restoration has become widespread in
recent years to improve the ecological quality of
water bodies. Restoration often involves re-meandering of stream channels to improve in-stream habitats
by increasing the physical heterogeneity (Bernhardt
et al., 2005; Palmer et al., 2010), but rarely considers
the hydrological connectivity between the stream and
the riparian area (Moorhead, Bell & Thorn, 2008;
Palmer et al., 2010). We found that stream channel
morphology has a strong impact on the hydrological
 2011 Blackwell Publishing Ltd, Freshwater Biology, 56, 1893–1903
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conditions sustaining protected water-dependent habitat types in the riparian areas, implying that restoration measures should target also site hydrology and
include hydrological connectivity. For example, addition of sediments (e.g. sand and gravel) to the stream
bottom may raise the groundwater level, in particular
if added in a spatially coherent manner within
the catchment (Van Loon et al., 2009). Thus, from
upstream to downstream reaches, sediment addition
may significantly increase the volume of water reaching the riparian areas (Van Loon et al., 2009), thereby
improving conditions for the protection or restoration
of fens and meadows. Such an approach may further
increase the connectivity between habitats, facilitating
the dispersal of fen and meadow species (Nilsson
et al., 2010).
However, the negative relationship that we found
between stream water TP concentration and the
probability of finding protected fen and meadow
vegetation in adjacent riparian areas indicates that
flooding can be a threat to fen and meadow vegetation. Therefore, we suggest that water chemistry (in
particular nutrient concentrations) is considered when
applying measures that increase hydrological connectivity between systems and the frequency of flooding.
This also implies that the widely applied use of
riparian areas for water purification or phosphorus
retention (Venterink et al., 2003b; Kronvang et al.,
2006) to achieve WFD targets of good ecological
quality of lakes or fjords should be re-considered if
areas with protected habitat types are involved. In
addition, it should be acknowledged that flooding
may aid the maintenance of fen and meadow vegetation in places where the stream water is not polluted
(Wassen et al., 2002).
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a b s t r a c t
Eutrophication is a major threat for several species-rich habitat types e.g. fens and meadows in riparian
discharge areas throughout Europe, but few data are available to support the supposition that nutrientcontaminated groundwater from agricultural land is the direct cause for the continued decline of these
formerly widespread habitat types. In the present study we investigated the role of nitrogen for the
distribution of groundwater-dependent vegetation types in discharge areas in Denmark. Speciﬁcally we
hypothesised (1) that the nitrogen availability in riparian discharge areas is linked to agricultural intensity in the topographic catchment and (2) that the spatial distribution of vegetation in riparian areas is
inﬂuenced by nitrogen in the groundwater e.g. high productive reed beds dominate in areas with high
levels of groundwater nitrogen, whereas species rich fens occur in areas with lower levels of groundwater
nitrogen reﬂecting that incoming nutrients inﬂuence the productivity within the areas. We ﬁnd evidence
that the percentage of agriculture in the topographic catchment directly inﬂuenced the amount of nitrate
in the discharging groundwater in the study areas and that groundwater nitrogen is closely coupled to the
distribution of groundwater-dependent vegetation. Meadow and reed bed vegetation being highly productive were associated with higher levels of nitrate in the groundwater compared to low productive rich
fen vegetation. From these ﬁndings we recommend that protected groundwater-dependent vegetation is
mapped in groundwater discharge areas and that only those without presence of protected habitats are
considered in rewetting plans to mitigate nutrient loss from agricultural production.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Stream and river ecosystems worldwide have experienced
long-term degradation from various anthropogenic pressures. In
lowland regions these have mainly been related to agriculture,
with signiﬁcant pollution of groundwater and surface waters
with nutrients and toxic compounds as well as by changes
in hydro-morphological features (Brookes, 1987; Brookes and
Long, 1990; Landwehr and Rhoads, 2003; Mattingly et al., 1993;
Verdonschot and Nijboer, 2002) that affect not only in-stream habitats but also the distribution of habitats in the associated riparian
areas (Baattrup-Pedersen et al., 2011). Additionally, groundwater abstraction and artiﬁcial drainage signiﬁcantly interfere with
groundwater discharge in stream and river ecosystems and even

∗ Corresponding author. Tel.: +45 8715 8776.
E-mail address: abp@dmu.dk (A. Baattrup-Pedersen).

small changes in groundwater levels may affect the distribution of
groundwater dependent ecosystems in the riparian areas (Bledsoe
and Shear, 2000; Johansen et al., 2011).
The inﬂuence of anthropogenic pressures of both past and
present land use has changed riparian habitat conditions dramatically. As a consequence, formerly widespread mesotrophic
fen and meadow communities have declined (Middleton et al.,
2006; Poschlod et al., 2005; van Diggelen et al., 2006), and
many species that were formerly widespread are declining rapidly
(Ewers and Didham, 2006). Today the common perception is that
eutrophication is among the most important threats for several
groundwater-dependent ecosystems e.g. species rich fens and fenmeadows. Reduced groundwater inﬂow and falling groundwater
tables allow atmospheric oxygen to enter the soil invoking mineralisation of organic material and the release of large quantities of
nutrients (Venterink et al., 2009). Additionally, atmospheric nitrogen deposition and inﬂow of nutrient contaminated groundwater
may contribute to eutrophication of discharge areas (Koerselman

0925-8574/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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Fig. 1. (A) Map showing the location of the ten study sites situated along 6 middle-sized rivers in central Jutland. Denmark. More site speciﬁc details are given in Table 1. (B)
The topographic catchment delineated on a map from one of the study sites, Binderup å, and the location of plots used for surveys of vegetation and groundwater nitrogen.

and Verhoeven, 1992; Pieterse et al., 2005). Over the last decade
the inﬂuence from atmospheric nitrogen deposition has declined in
many lowland regions due to the implementation of several mitigation measures in the agricultural production (Diacono et al., 2013;
Hirt et al., 2012), whereas the inﬂuence from nutrient contaminated groundwater may persist or even increase as a consequence
of climate change in many regions throughout Europe and Northern
America (Refsgaard et al., 1999; Stuart et al., 2007, 2011).
In recent years there has been an increased use of riparian
areas to mitigate nutrient loads and toxic compounds to freshwater ecosystems to comply with the Water Framework Directive
(WFD; Council Directive 2000/60/EC; Hill, 1996; Kronvang et al.,
2008; Venterink et al., 2006). These measures may involve cutting of tile drains that enter the riparian area leading directly
to increased nutrient loads which can furthermore interfere with
the hydrological and biogeochemical settings in the riparian areas
(Hammersmark et al., 2009). Such measures may therefore directly
threaten communities that are sensitive to eutrophication including several groundwater-dependent ecosystems e.g. alkaline fens,
periodically inundated meadows and mires (Dybkjær et al., 2012;
Grootjans et al., 2006). These ecosystems are embraced by international legal frameworks such as the Convention on Biological
Diversity, the WFD, and the EU Habitats Directive (HD; Council
Directive 92/43/EC) and measures should therefore be taken to
protect them from further degradation.
The objective of this study was to examine the distribution
of groundwater-dependent vegetation in discharge areas situated
along middle-sized streams in Denmark in relation to dissolved
inorganic nitrogen in the discharging groundwater. Speciﬁcally
we hypothesised (1) that the nitrogen availability in riparian discharge areas is linked to agricultural intensity in the topographic
catchment and (2) that the spatial distribution of vegetation in
riparian areas is inﬂuenced by nitrogen in the groundwater e.g.
high productive reed beds dominate in areas with high levels of
groundwater nitrogen, whereas species rich fens occur in areas
with lower levels of groundwater nitrogen reﬂecting that incoming nutrients inﬂuence the productivity within the areas (Bridgham
and Richardson, 1993; Grootjans et al., 1985, 1986; Kotowski et al.,
2006). All study sites were located in the central Jutland, Denmark,
but signiﬁcant differences existed in topographic catchment area,

soil characteristics and percentage of agriculture in the topographic
catchment varying from 0% to 99.8%. This variability in land use
made our data suitable for testing the effect of agriculture in the
topographic catchment for nitrogen concentrations in discharging
groundwater in riparian areas and concomitant impacts on vegetation characteristics.
2. Methods
2.1. Study sites
Ten study areas were selected along six middle-sized naturally
meandering streams that are among the least disturbed stream
ecosystems in Denmark. Four sites were located at River Karup,
two sites at River Villestrup, one site at River Soenderup, one site
at River Gudenå, one site at River Simested and one site at river
Binderup (Fig. 1A). The riparian areas were covered by semi-natural
grassland vegetation with scattered occurrence of trees and shrubs.
The geomorphology of the study sites differed: the River Karup
and River Gudenå is situated on sandy outwash plains from the
Weichsel glaciation, River Villestrup is situated on a small patch of
marine foreland built up since the Atlantic marine regression (8000
B.P.) and River Soenderup, River Simested, and River Binderup are
located on a younger sandy moraine from the Weichsel glaciation.
The total catchment area varied greatly among study sites ranging from 1042 ha (Karup 2) to 162,081 ha (Gudenå; Table 1). The
percentage of agriculture in the topographic catchments also varied greatly from 0% (Karup 3) to 99.8% (Binderup; Table 1) along
with soil characteristics (Table 1). Generally the soils were wet and
peaty in the study areas. There was, however, a high variability
in groundwater levels and bulk density among plots as shown in
Table 1.
2.2. Study design and water analysis
A total of 51 plots (app. 49 m2 ) were delineated within the study
areas (Table 1). The delineated plots covered contrasting vegetation characteristics. In particular we aimed at ﬁnding rich fen
vegetation in all study sites to be sure to cover the variability in
nitrate discharge associated with this vegetation type. The plots
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Table 1
Study site characteristics. The location of the sites is given in Fig. 1.
River

Site

Topographic
catchment
area (ha)

Agriculture (%)

Binderup
Guden
Karup

Bi1
Gu1
Ka1
Ka2
Ka3
Ka4
Si1
So1
Vil1
Vil2

6.35
162.1
16.7
1.4
1.0
2.5
10.4
12.1
31.2
5.4

99.8
25.0
81.5
88.3
0
56.0
82.2
28.3
77.9
86.0

Soil type in topographic catchment
(%)

Fine sand

Simested
Soenderup
Villestrup

100
0
0
0
0
0
93
83
60
44

Coarse sand
0
94
86
66
42
100
0
0
36
0

were positioned close to each other within an area of maximum
100 m × 100 m (Fig. 1B) and not further than app. 100 m away from
the stream channel. Inundation of the riparian areas from river
ﬂoodings occurred very seldom (Baattrup-Pedersen et al., 2013)
and no inundations took place during the study period. The historic
and recent land-use did not differ among plots within the areas.
Piezometers with an inner diameter of 40 mm and a screen
length of 50 cm (PEH tubes; Rotek A/S, Denmark) were installed to
sample dissolved inorganic nitrogen in the soil water in the plots.
Two piezometers were placed in the centre of each plot at different
depths. The piezometers were inserted into the soil until the screen
reached a water permeable layer, i.e. sand. The upper piezometers
were installed with a screen length of 10 cm and at a depth interval
from 10 to 50 cm (median depth 30 cm) and the deep piezometers were installed with a screen length of 50 cm and at a depth
interval from 60 to 337 cm (median depth 180 cm). Water was
sampled from 61 shallow piezometers, and 59 deep piezometers.
Water samples from the shallow and deep piezometers were taken
in February, March, April, May, June, July, August and November.
We did not sample during winter as the water was frozen in
most of the piezometers. After emptying the piezometers, fresh
water samples were collected using a syringe connected to a 3-mm
(inner diameter) Tygon® tube (Saint-Gobain, Courbevoie, France)
and immediately ﬁltered (0.45 m nylon membrane SNY 4525,
Frisenette, Denmark) into an 11-ml polypropylene tube (Sarstedt,
Nümbrecht, Germany). Nitrate (including nitrite) was analysed on
a Dionex ICS-1500 IC system (Dionex corp.; Sunnyvale, USA) after
ﬁltration of the sample through a 0.22 m nylon membrane ﬁlter (SNY 2225; Frisenette, Denmark) following method (DS/EN ISO
10304, 1996). The concentration of ammonium (NH4 + ) was analysed colorimetrically (DS/EN ISO 6878, 2004).
2.3. Vegetation
In each of the 51 plots, ﬁve 0.5 m × 0.5 m sub-plots were randomly established. Species frequencies were registered using a
square with a ﬁxed grid pattern dividing the frame into nine
quadrates in all sub-plots. All species occurring in each subquadrate were registered and an overall frequency of each species
was calculated for all sub-plots. Nomenclature follows Tutin et al.
(1964–1993).
2.4. Data analysis
To identify and characterise the topographic catchment to each
plot, a differential GPS (Leica Viva GNSS GS08, Leica Geosystems AG,
Heerbrugg, Schweiz) was used initially to determine position and
elevation of the plots. Then using ArcGIS Spatial Analyst and a LIDAR
generated digital elevation model (Miljøministeriet, 2012) (pixel

GL median
(m)

GL 25–75%
quartile (m)

Bulk density
median
(g cm−3 )

Bulk density
25–75%
quartile (g cm−3 )

−0.067
−0.047
0.001
0.013
−0.014
0.119
−0.043
0.000
−0.065
−0.072

−0.254 to 0.050
−0.130 to 0.033
−0.093 to 0.078
−0.127 to 0.055
−0.085 to 0.041
0.026 to 0.190
−0.146 to 0.004
−0.117 to 0.033
−0.294 to −0.019
−0.262 to −0.014

0.657
0.259
0.175
0.139
0.045
0.293
0.105
0.197
0.172
0.181

0.340 to 0.657
0.206 to 0.302
0.109 to 0.495
0.102 to 0.762
0.039 to 0.051
0.117 to 0.413
0.038 to 0.230
0.084 to 0.310
0.172 to 1.108
0.088 to 0.587

Organic
0
6
14
34
58
0
7
17
4
56

size 8 m) the topographic catchment was delineated. To do this the
‘Fill’ operation in ArcGIS was used to ﬁll local sinks in the elevation
model followed by the operation ‘Flow Direction’ to determine the
ﬂow direction for each pixel. The land cover of each topographic
catchment was then characterised combining two sources of digital land cover data: a national land cover raster map (25 m grid)
with 12 land cover classes (Nielsen et al., 2000) and information on
land use mandatory reported by all farmers annually to the Danish
Ministry of Food and Agriculture as a requirement for obtaining EU
subsidies (DFFE, 2008). This latter source contains information on
ﬁeld location and crop type. Land cover polygons were reclassiﬁed
as arable land, permanent grass, forest, natural dryland vegetation
such as grassland and heath and wetland vegetation such as fens
and mesic grasslands, lakes, streams and impervious surfaces. In
addition to land use in the topographic catchment of the plots, land
use was determined in buffers extending from 10 to 1000 m from
the plots into the catchments i.e. 10 m, 25 m, 50 m, 100 m, 250 m,
500 m and 1000 m.
To compare the identiﬁed plant communities with a statistical and standardised interpretation of plant community
types protected by the Habitats Directive (HD; 92/43/EEC on
the Conservation of natural habitats and of wild ﬂora and
fauna) in Denmark, each plot was categorised into a community type using a species-based classiﬁcation model developed
for use in Danish monitoring, assessment and restoration programmes (Nygaard et al., 2009). This model comprises Annex
1 listed habitats of the HD being in accordance with the
Interpretation Manual of European Union Habitats (EUR27, 2007)
as well as habitats not listed in the Annex 1 but included in
CORINE (Devillers et al., 1991). Additionally species richness (S)
and weighted averages of Ellenberg’s indicator values (Ellenberg
et al., 1991) for plant nutrient availability (Ellenberg N; e.g. Hill and
Carey, 1997), used as a measure of productivity (e.g. Müller et al.,
2012; Poptcheva et al., 2009), and moisture (Ellenberg F) were calculated for each of the sub-plots. Ellenberg values are based on
assignments of indicator values for speciﬁc environmental conditions for a large number of species (>3000) occurring in the western
part of Central Europe. Weighted averages can be used to interpret
environmental gradients from assemblage patterns and are widely
used in ecological studies (Dupré et al., 2010; Ertsen et al., 1998;
Landuyt et al., 2008).
To conﬁne our data analysis to plots with meadow, reed bed
and rich fen vegetation of which the latter is one of the Annex 1
listed habitats and therefore embraced by the HD, we excluded
plots with other types of habitats based on the outcome of the
applied classiﬁcation model. In cases with different habitats in the
5 plots used for vegetation registrations we used the dominant
habitat type in the analyses. We ended up by having a total of 8
plots with meadow vegetation, 10 plots with reed bed vegetation
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Table 2
Mean nitrate-N and ammonium-N concentrations and ranges in groundwater in 10 study sites located along 6 middle-sized Danish streams based on measurements in 61
shallow piezometers (depth: 10–50 cm; Shallow GW) and 59 deep piezometers (deep GW; depth: 60–337 cm), respectively. Groundwater samples were taken in February,
March, April, May, June, August and November, omitting months where frozen conditions prevented water sampling.
Month

Nitrate-N (mg L−1 )

Ammonium-N (mg L−1 )

Shallow GW

February
March
April
May
June
August
November

Deep GW

Shallow GW

Deep GW

Mean

Range

Mean

Range

Mean

Range

Mean

Range

0.460
0.394
0.035
0.061
0.072
0.043
0.061

0.017–4.837
0.017–6.763
0.017–0.327
0.017–0.370
0.017–0.921
0.000–0.267
0.017–0.487

1.151
1.100
0.815
1.072
1.215
1.084
0.943

0.011–15.73
0.017–14.553
0.017–13.427
0.017–15.396
0.017–16.779
0.000–14.624
0.017–13.680

0.080
0.102
0.058
0.096
0.064
0.067
0.057

0.000–0.424
0.000–0.423
0.000–0.378
0.000–0.543
0.000–0.603
0.000–0.407
0.000–0.651

0.088
0.080
0.067
0.084
0.070
0.155
0.091

0.000–0.731
0.000–0.719
0.000–0.424
0.000–0.654
0.001–0.277
0.000–4.102
0.000–2.140

and 26 plots with rich fen vegetation. An indicator species analysis
was performed (Dufrene and Legendre, 1997) to identify indicator
species for the three habitat types: meadow, reed bed and rich fens.
For each species an indicator value was calculated and tested for
signiﬁcance using Monte Carlo permutations. These analyses were
performed using the PC-Ord 4.41 software package (McCune and
Mefford, 1999).
To test the ﬁrst hypothesis, that the nitrogen availability in
riparian discharge areas is linked to agricultural intensity in the
topographic catchment we applied a mixed model analysis. Nitrate
and ammonium data were log + 1 transformed. We used percentage of agriculture in a 1000 m buffer zone around the plots as
measure of agricultural impact, as percentages at this spatial scale
explained more of the variability in the data compared to the
other spatial scales considered initially e.g. 10 m, 25 m, 50 m, 100 m,
250 m, and 500 m. Analyses were run separately for nitrate and
ammonium. Locality was entered as a random effect in the model
and sampling date, agriculture in a 1000 m buffer around the site
and groundwater sampling depth as ﬁxed effects. Agriculture was
treated as a regression variable in the analysis and groundwater depth as a qualitative variable (shallow: 10–50 cm and deep:
60–337 cm). The analyses were performed in SAS (SAS software
9.2) using the PROC MIXED procedure. To test the second hypothesis that the spatial distribution of vegetation in riparian areas is
inﬂuenced by nitrogen in the groundwater e.g. high productive
reed beds dominate in areas with high levels of groundwater nitrogen, whereas species rich fens occur in areas with lower levels
of groundwater nitrogen we also applied mixed model analysis
using the PROC MIXED procedure (SAS software 9.2). Again locality was entered as a random effect in the model and sampling
date, groundwater depth e.g. shallow and deep and habitat type
as ﬁxed effects and the interaction between depth and habitat type
also as a ﬁxed effect. We also conducted this analysis for the shallow and deep groundwater respectively. We conducted pairwise
tests by estimating least square means using Bonferroni adjusted
P-values.

3. Results
3.1. Nitrate and ammonium concentrations in the groundwater
We observed a high degree of variability in the amount of
dissolved inorganic nitrogen discharging into the study areas
(Tables 2 and 3; Z = 1.80; P < 0.05). In particular, we found that
the amount of nitrate in the groundwater varied both within
and among the areas and over the year. The overall mean
concentration of nitrate-N did not vary signiﬁcantly with groundwater sampling depth (deep groundwater 60–337 cm: mean
0.90 mg N L−1 ; shallow groundwater 10–50 cm: mean 0.16 mg L−1 ;
F = 1.73; P > 0.05), whereas concentrations of ammonium-N varied
signiﬁcantly with groundwater sampling depth (deep groundwater 60–337 cm: mean 0.084 mg N L−1 ; shallow groundwater
10–50 cm: mean 0.072 mg L−1 ; F = 4.38; P < 0.05). The concentration of nitrate-N changed signiﬁcantly over the year (F = 2.20;
P < 0.05) with higher values during winter than summer (Table 2),
whereas the concentration of ammonium-N remained constant
over the year (F = 1.92; P > 0.05). The amount of nitrate-N varied
with the percentage of agriculture in the topographic catchment
delineated as a 1000 m buffer zone around the piezometers, but
only when considering also the groundwater sampling depth
(Table 3; F = 6.56; P < 0.05). Thus there was a more pronounced
increase in nitrate-N concentrations with increasing proportions
of agriculture in the 1000 m buffer zone in water samples from
the deep piezometers (sampling depth 60–337 cm) as compared
to nitrate-N concentrations in water samples from the shallow
piezometers (sampling depth 10–50 cm; F = 6.56; P < 0.05). Generally there was only low amounts of nitrate-N in both the
deep (sampling depth 60–337 cm) and shallow (sampling depth
10–50 cm) groundwater in plots with <35% of agriculture in the
1000 m buffer zone, whereas concentrations were particularly
high during winter in the deep groundwater piezometers in plots
with >50% of agriculture. The amount of ammonium-N measured also varied signiﬁcantly with the percentage of agriculture

Table 3
Test results from a mixed model testing effects of groundwater sampling time (Date), groundwater sampling depth (shallow: 10–50 cm and deep: 60–337 cm; depth) and
percentage of agriculture in a 1000 m wide buffer zone around the groundwater sampling site (agriculture) on nitrate-N and ammonium-N concentrations in the groundwater
samples. Site was included as a random factor and date, agriculture and depth as ﬁxed variables. Concentrations of nitrate and ammonium were log transformed (+1) prior
to analysis to have normally distributed data.

Random
Site
Fixed
Date
Agriculture
Depth
Agriculture × Depth

DF

Test-value
Nitrate-N

P-value

Test-value
Ammonium-N

P-value

–

Z = 1.80

0.0362

Z = 1.65

0.0494

6.468
1.468
1.468
1.468

F = 2.20
F = 1.53
F = 1.73
F = 6.56

0.0416
0.2171
0.1889
0.0108

F = 1.92
F = 0.26
F = 4.38
F = 3.29

0.0754
0.6124
0.0369
0.0705
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Reed bed

Rich fen

Obs IV

Mean IV

SD

P

45.7
30.9
29.8
28
25.8
25.4
24.9
22
8.5

5.5
5.6
7.3
18.3
12.1
9.3
4.9
9
2.7

2.42
2.53
2.9
3.62
3.44
3.21
2.37
3.16
1.58

0.0002
0.0002
0.0004
0.0208
0.0050
0.0016
0.0002
0.0038
0.0226

Glyceria maxima
Lysimachia vulgaris
Stellaria palustris
Phalaris arundinacea
Scirpus sylvaticus
Veronica scutellata

70.6
30.4
20
16.9
12.5
12.5

16.8
9.6
12.5
5.3
3.3
3.4

3.54
3.15
3.51
2.49
1.86
1.94

0.0002
0.0004
0.0452
0.0042
0.0042
0.0042

Calliergonella cuspidata
Carex nigra var. nigra
Festuca rubra
Plagiomnium ellipticum
Lotus pedunculatus
Carex rostrata
Galium palustre
Carex disticha
Galium uliginosum
Climacium dendroides
Epilobium palustre
Poa pratensis ssp. pratensis
Cirsium palustre
Viola palustris
Lychnis ﬂos-cuculi
Menyanthes trifoliata
Agrostis stolonifera
Juncus articulatus
Rumex acetosa ssp. acetosa
Triglochin palustris
Carex panicea
Eriophorum angustifolium
Stellaria graminea
Myosotis scorpioides
Geum rivale

68.8
68.8
61.8
57.9
52.6
46.5
46.5
46.3
41.7
40.5
40.4
39.9
35.2
33.3
32.2
30.7
29.0
25.1
24.5
22.9
20.6
20.6
19.8
18.4
15.7

21.6
22.00
25.1
18.1
22.1
24.1
22.6
15.8
21.1
15.3
24.3
22.9
27.00
12.2
15.1
16.5
14.5
10.6
13.4
10.8
8.6
8.8
8.7
8.8
8.2

3.49
3.64
3.4
3.63
3.51
3.55
3.67
3.53
3.5
3.57
3.44
3.71
3.46
3.51
3.61
3.53
3.63
3.4
3.52
3.24
2.96
3.12
3.23
3.14
3.05

0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0004
0.0002
0.0002
0.0002
0.0012
0.0014
0.0302
0.0004
0.0010
0.0048
0.0050
0.0040
0.0136
0.0060
0.0056
0.0062
0.0090
0.0174
0.0302

irrespective of the groundwater sampling depth (Table 3; F = 1.53;
P < 0.05).
3.2. Vegetation in the areas
We succeeded in having meadow, reed bed and rich fen vegetation represented in most of our study sites, with meadow
vegetation in six out of ten study sites, reed bed vegetation in eight
out of ten study sites and rich fen vegetation in all study sites. These
habitat types clearly differed in vegetation characteristics (Table 4
and Fig. 2). We found a total of 9 indicator species for the meadow
habitat, 6 indicator species for the reed bed habitat and 25 indicator species for the rich fen habitat (Table 4). Galium aparine and
Urtica dioica had the highest observed indicator values for meadow
habitats, Glyceria maxima and Lysimachia vulgaris had the highest
observed indicator values for reed bed habitats and Carex nigra and
the moss Calliergonella cuspidata had the highest indicator values
for the rich fen habitats.
We found that species richness was signiﬁcantly higher in plots
with rich fen vegetation (median 23.0 species) compared to species
richness in plots with reed bed vegetation (median 8.6 species)
and meadow vegetation (median 10.2 species; Kruskal–Wallis Test
X2 = 254.5; P < 0.0001). The weighted averages of Ellenberg N also

Species richness

Species
Galium aparine
Urtica dioica
Brachythecium rivulare
Equisetum palustre
Brachythecium rutabulum
Ranunculus repens
Galeopsis tetrahit
Epilobium parviﬂorum
Daucus carota ssp. carota

A

30

20

10

0
7

B

6
WA Ellenberg N

Meadow

40

5

4

3
11

WA Ellenberg F

Table 4
Indicator species identiﬁed for meadow, reed bed and rich fen plots. Observed indicator values (IV), mean indicator values and SD obtained from randomised groups
are given. The statistical signiﬁcance (P) of the indicator values were tested using
Monte Carlo permutation tests. Only signiﬁcant indicator species are included in
the table.

5

C

9

7

5
Meadow

Reed bed

Rich fen

Fig. 2. Box-whisker plots (minimum 25%. median 75% maximum) showing variability in species richness (A). Weighted average of Ellenberg N as a measure of
productivity (B) and weighted average of Ellenberg F as a measure of humidity level
among plots with meadow (n = 8), reed bed (n = 10) and rich fen (n = 26) vegetation in ten discharge areas situated along 6 middle-sized rivers in central Jutland.
Denmark.

varied among the habitat types (Kruskal–Wallis Test X2 = 205.3;
P < 0.0001) with the lowest median values in plots with rich fen
vegetation (median 4.0), intermediate values in plots with reed bed
vegetation (median 4.74) and highest values in plots with meadow
vegetation (median 5.16) indicating that the productivity declined
from meadow over reed bed to rich fen vegetation. We observed a
negative correlation between the weighted averages of Ellenberg N
and species richness (linear regression model; F = 1054.4; P < 0.05;
Adjusted R2 = 0.63; Fig. 3) combining all data into a single model.
The weighted averages of Ellenberg F also varied among the habitat types (Kruskal–Wallis Test X2 = 142.5; P < 0.0001) with highest
values in plots with reed bed vegetation (median 8.70), whereas
values were comparable in plots with rich fen vegetation (median
8.20) and meadow vegetation (median 8.31; Fig. 2). We did not ﬁnd
a signiﬁcant correlation between weighted averages of Ellenberg N
and weighted averages of Ellenberg F (P > 0.05).
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No of species

40

A) Meadow

30

80

20

60

10

40

0

20

-10

0
4.5
5.0
WA Ellenberg N

5.5

6.0

Fig. 3. Number of species as a function of weighted averages of Ellenberg N as a
measure of productivity in meadow, reed bed and rich fen habitats applying a linear
regression model (F = 1054.4; P < 0.05; Adjusted R2 = 0.63).

3.3. Linking agriculture in topographic catchment, nitrogen and
vegetation
Rich fen vegetation was generally associated with lower
percentages of agriculture nearby than meadow and reed bed vegetation (Fig. 4). Thus considering the large 1000 m buffer zones, we
found rich fen and meadow vegetation in areas with app. 45% agriculture and reed bed vegetation in areas with app. 70% agriculture
(Fig. 4).
We found that the amount of nitrate-N discharging into the
areas differed signiﬁcantly among study sites (Z = 2.05; P < 0.05;
Table 4), with groundwater sampling depth (F = 4.79, P < 0.05;
Table 4) and with vegetation type (F = 26.36; P < 0.05; Table 4). The
mean concentration of nitrate-N in water samples taken in the
shallow piezometers was 0.10 mg N L−1 in rich fen areas compared
to 0.20 mg N L−1 in reed bed areas and 0.39 mg N L−1 in meadow
areas. Nitrate-N concentrations were generally higher in groundwater samples taken in the deeper groundwater but otherwise
followed the same pattern (rich fen plots: 0.36 mg N L−1 ; reed bed
plots: 0.62 mg N L−1 ; meadow plots 2.90 mg N L−1 ; Table 4). When
comparing the overall mean we also found signiﬁcant differences in
nitrate-N concentrations among habitat types with highest concentrations in meadow plots (1.873 mg N L−1 ; Table 5), intermediate
in reed bed plots (0.430 mg N L−1 ; Table 5) and lowest in rich fen
plots (0.233 mg N L−1 ; Table 5 and Fig. 5). The same pattern also
emerged when analysing only the shallow groundwater (F = 3.47;
P < 0.05; data not shown).
The amount of ammonium-N measured in the groundwater
also differed signiﬁcantly among study sites (Z = 1.88, P < 0.05;
Table 5
Test results from a mixed model testing effects of groundwater sampling time (date),
groundwater sampling depth (shallow: 10–50 cm and deep: 60–337 cm; depth) and
habitat type e.g. meadow, reed bed and rich fen on nitrate-N and ammonium-N
concentrations in the groundwater samples taken in the different habitat types. Site
was included as a random factor and date, habitat type and groundwater sampling
depth as ﬁxed variables. Concentrations of nitrate-N and ammonium-N were log
(+1) transformed prior to analysis.

100

Percentage agriculture

4.0

B) Reed bed

80

60

40

20

0
100

C) Rich fen

80

60

40

20

0
10

25

50

100

250

500

1000

Buffer zone size
Fig. 4. The percentage of agriculture in different sized buffer zones around the plots
i.e. 10 m, 25 m, 50 m, 100 m, 250 m, 500 m and 1000 m with meadow (A), reed bed
(B) and rich fen vegetation (C).

0.5
0.4
0.3
Log NO3

3.5

0.2
0.1
0

DF
Random
Site
Fixed
Date
Depth
Habitat type
Depth × Habitat type

Test-value
Nitrate-N

P-value

Test-value
Ammonium-N

P-value

-0.1

–

Z = 2.05

0.0201

Z = 1.88

0.030

6.517
1.517
2.517
1.517

F = 2.05
F = 4.79
F = 26.36
F = 2.96

0.0580
0.0290
<0.0001
0.0527

F = 1.78
F = 1.04
F = 3.80
F = 1.92

0.1019
0.3075
0.0230
0.1472

Meadow

Reed bed

Rich fen

Fig. 5. Box-whisker plots (minimum, 25%, median, 75%, maximum) of log transformed (+1) values of nitrate-N based on measurements in the shallow (10–50 cm)
and deep groundwater (60–337 cm) in plots with meadow, reed bed and rich fen
vegetation in ten discharge areas situated along 6 middle-sized rivers in central
Jutland. Denmark.
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Table 6
Mean nitrate-N and ammonium-N concentrations and ranges in groundwater sampled in plots with meadow (n = 105), reed bed (n = 126) and rich fen (434) vegetation.
Groundwater samples were taken in February, March, April, May, June, August and
November omitting months where frozen conditions prevented water sampling.
Concentrations are means of measurements in a total of 120 piezometers of which
61 piezometers were positioned to achieve water samples from the shallow groundwater (10–50 cm) and 59 piezometers were positioned to achieve water samples
from the deeper groundwater (60–337 cm). Different letters indicate signiﬁcant differences between mean values based on estimations of least square means and using
Bonferroni adjusted P-values in the comparison.
Habitat type

Nitrate-N
Mean

Meadow
Reed bed
Rich fen

1.873a
0.430a
0.233b

Ammonium-N
Range
0.000–16.779
0.000–1.384
0.000–0.963

Mean
0.059a
0.081ab
0.083b

Range
0.000–0.565
0.000–0.423
0.000–0.898

Table 5) and habitat types (F = 3.80; P < 0.05; Table 5). The mean
concentration of ammonium-N was signiﬁcantly lower in meadow
plots (0.06 mg L−1 ), compared to both reed bed and rich fen plots
(0.08 mg L−1 in both; Table 6). The overall mean concentration
of ammonium-N was app. 30-fold lower than concentrations of
nitrate in meadow plots, ﬁvefold lower in reed bed plots and three
times lower in rich fen plots (Table 6).
4. Discussion
We found that the percentage of agriculture in the topographic catchment inﬂuenced the amount of dissolved nitrogen
discharging into the riparian areas but only if we considered also
the depth of the discharging groundwater. Thus highest levels of
nitrate were found in water sampled from the deep piezometers,
i.e. depth 60–337 cm, in plots with high percentages of agriculture in the topographic catchment, whereas nitrate levels in water
sampled from the shallow piezometers were lower and ﬂuctuated
more during the year. Despite this general trend we also found
that groundwater nitrate levels varied considerably both among
and within the studied areas. Part of this variability can reﬂect differences in the amount and characteristics of water coming into
the areas from regional aquifers, but we also believe that differences in crop and management type in the topographic catchment
(e.g. Schröder et al., 2004) play a role as well as soil characteristics locally in the plots i.e. bulk density and groundwater level.
We ﬁnd that within-area variability in soil characteristics is high
which is likely to give rise to a high temporal and spatial variability
in bio-geochemical processes within the areas (Koerselman and
Verhoeven, 1992; Pieterse et al., 2005). Thus groundwater nitrogen can decrease when the groundwater levels are close to the
surface by denitriﬁcation (Hoffmann et al., 2000, 2006a; Vidon and
Hill, 2005; Vought et al., 1994), or increase when ﬂuctuating or
low water levels favours processes of mineralisation (Venterink
et al., 2009). Furthermore differences in nitrogen uptake rates
by plants may also add to the observed variability in dissolved
nitrogen among the plots. We observed that the proximity of agricultural land inﬂuenced the distribution of habitats in the study
areas as reed bed vegetation generally was found closer to agricultural land compared to rich fen vegetation. This ﬁnding seemed
to be directly coupled to the amount of dissolved nitrogen in
the discharging groundwater. Thus meadow and reed bed vegetation were associated with higher concentrations of nitrogen in the
groundwater than rich fen vegetation. This ﬁnding was expected.
Species typical of meadow (e.g. Deschampsia cespitosa, Festuca
rubra, Holcus lanatus, Agrostis cappillaris) and reed bed (e.g. G. maxima, Phalaris arundinacea, Epilobium hirsutum) vegetation generally
have a higher productivity (Dybkjær et al., 2012; Ellenberg et al.,
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1991; this study) and therefore we expected that these habitat
types would be associated with higher dissolved nitrogen contents
in the groundwater compared to rich fen vegetation being dominated by low productive forbs (e.g. Cirsium palustre, Galium palustre,
Lychnis-ﬂos-cuculi).
The coupling observed here between dissolved nitrogen in the
groundwater and the distribution of different vegetation types in
the study areas strongly indicate that nitrogen contamination of
groundwater can mediate a shift from low-productive and speciesrich fen communities towards highly productive and species-poor
reed bed or meadow communities in discharge areas in agricultural catchments. This process is not easily documented, however.
Contradictory to our ﬁndings, a previous study conducted in the
southern part of the Netherlands did not ﬁnd evidence that nitrogen
contamination of groundwater from agricultural practice constituted a risk for the vegetation in nearby areas (Pieterse et al., 2005).
While high concentrations of dissolved nitrogen were observed
under the cornﬁelds a sudden drop to zero was observed at greater
distance to the cornﬁelds in an area with meadow vegetation.
The authors therefore suggested that nitrate contamination of the
groundwater could not explain why the vegetation in the area was
dominated by highly productive species.
The difﬁculty in documenting the controlling effect of nitrate on
the distribution of groundwater dependent vegetation in agricultural catchments may reﬂect a high temporal and spatial variability
in nitrate contents in the discharging groundwater (Billy et al.,
2011; Hoffmann et al., 2000, 2006b). Summer concentrations of
dissolved nitrogen can be low compared to winter and early spring
concentrations, both due to lower levels of precipitation and therefore diminished leaching of dissolved nitrogen, but also due to
higher rates of plant uptake both from crop and from vegetation
within the riparian areas and, provided that conditions are suitable,
also enhanced rates of denitriﬁcation due to higher temperatures
(Hernandez and Mitsch, 2007). In the present study, we found clear
temporal patterns in the amount of nitrate in the groundwater
during winter months compared to summer months. In particular, nitrate contents in the discharging groundwater were high
in February and March compared to contents measured in April,
May, June and August in groundwater samples taken in the shallow
piezometers.
The high nitrate contents observed in early spring and the sudden drop coinciding with the onset of the growing season indicate
that nitrate availability in early spring played a highly signiﬁcant
role for species growth in the areas. We ﬁnd it likely that rapid
uptake of nitrogen by the vegetation explain the more than tenfold
drop observed in nitrate levels in the shallow groundwater from
March to April although denitriﬁcation may also have contributed
to nitrate removal in the areas (Lind et al., 2013). Species able to
exploit elevated nitrate levels initially in the growth season probably have a strong competitive advantage in the areas and highly
productive species may therefore over time have excluded lowproductive species from plots with high inputs of nitrogen. As a
consequence, we believe that the productivity of the standing vegetation reﬂect the amount of nitrogen discharging into the areas.
It has previously been observed that low productive fen species
occupy only part of their potential habitat in riparian areas and that
their absence from more productive habitats is due to the effects
of shading by tall reed bed species (Kotowski et al., 2006). Similarly, our ﬁndings may indicate that low productive fen species
were excluded from areas with elevated amounts of nitrate in
the discharging groundwater simply because meadow and reed
bed species grow faster and have a higher biomass and therefore
exclude species with slower growth because of intense competition for light in the areas. Actually a review of the literature on
European fens showed that light availability was closely related
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to fertility rather than to the hydrological regime (Kotowski and
van Diggelen, 2004) also suggesting that species competition play a
highly signiﬁcant role for species composition in discharge areas in
Europe. Later on during summer the amount of dissolved nitrogen
in the groundwater is probably closely controlled by plant uptake
and it may therefore be difﬁcult to detect elevated concentrations of
dissolved nitrogen in the discharging groundwater because of rapid
nitrogen uptake by the vegetation in particular in areas with nitrogen or nitrogen co-limited growth. The fast drop observed in nitrate
levels in the shallow groundwater observed here may indicate that
nitrogen was limiting growth in the study areas as observed also in
discharge areas in other parts of Western Europe (Pauli et al., 2002;
Wassen et al., 2005).

rewetting plans to mitigate nutrient loss from agricultural production.
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We ﬁnd evidence that the percentage of agriculture in the topographic catchment directly inﬂuenced the amount of nitrate in the
discharging groundwater in the study areas and that groundwater
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