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Abstract

1. Streams and riparian zones are highly heterogeneous ecosystems. Their high bio-

diversity is promoted by variable flow velocities and water depths, strong hydro-
logical gradients and disturbance regimes. However, human interventions like
damming and channelization have degraded these ecosystems world-wide. And,
although restoration efforts have increased in the past decades, ecological im-

provement is lagging.

. We assessed vegetation development in channelized lowland stream valleys in the

Netherlands, combining innovative restoration measures to the stream and stream
valleys. This “stream valley restoration” entailed construction of narrower and
shallower channels to increase flow velocities during base discharges, meandering
of the watercourse to increase flow and depth heterogeneity and excavation of
banks to create wide v-shaped stream valleys. We evaluated the effects on func-
tional aspects of the developing in-stream and riparian vegetation by comparing

restored stream reaches to nearby unrestored reaches.

. The reduced channel dimensions led to higher flow velocities, which, through in-

teraction with meandering, triggered a higher variability in flow and depth.
Combined with enlargement of the floodplain, this promoted flooding in stream
valleys and created wider environmental gradients. Plant diversity strongly in-
creased in the floodplain area, the land-water interface and the shallow water
habitat at the channel margins, but decreased in the central parts of stream chan-
nels. There, higher flow velocities led to more typically lotic (running water) in-
stream plant communities, indicated by a sharp decrease in floating-leaved species
and an increase in trailing species. Riparian vegetation showed a higher beta-di-
versity across the wider valley slopes of restored reaches, with more wetland spe-
cies in areas with water-tables between 0.0 and —0.6 m, and more upland species

as well.

. Synthesis and applications. This study demonstrates that the combination of

strongly reduced channel dimensions, remeandering and widening of riparian
zones, is effective in restoring in-stream and riparian habitat heterogeneity. The
restoration efforts lead to distinct immediate increases in total and beta-diversity

of many typical stream and riparian plant species. Overall, this stresses the
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1 | INTRODUCTION

Streams and their riparian zones are among the most diverse fresh-
water ecosystems world-wide (Naiman & Décamps, 1997). This
diversity is generated by a high habitat heterogeneity, segregating
species along gradients of water flow, water depth and substrate
type in the aquatic zone (Bornette & Puijalon, 2011; Madsen,
Chambers, James, Koch, & Westlake, 2001) and along the hydro-
logical gradient in the riparian zone (Fraaije, ter Braak, Verduyn,
Breeman, et al., 2015; Naiman & Décamps, 1997; Silvertown, Araya,
& Gowing, 2015). Diversity of stream and riparian vegetation is fur-
ther promoted by natural disturbances caused by water flow and
flooding, which limit local competitive exclusion through uprooting,
burial, or oxygen deprivation of established individuals and gener-
ate space for immigrant individuals that arrive in large numbers via
hydrochory (Fraaije et al., 2017; Nilsson, Brown, Jansson, & Merritt,
2010). Unfortunately, these species coexistence mechanisms have
been disrupted along streams across the world, due to human inter-
ventions like channelization, bank fixation, damming and water-table
regulation (Malmgqvist & Rundle, 2002). In the Netherlands, the vast
majority of streams, typified as lowland streams by their gentle slope
(0%0-5%s0), low flow velocities (0.05-0.6 m/s) and tight connection
between precipitation and discharge (Verdonschot & Nijboer, 2002)
have been channelized in the past to support agricultural land use.
Stream channels were deliberately widened and deepened during
channelization, while stream valleys were narrowed and steepened.
Just like in many agricultural headwater streams across the world,
this led to steep trapezoidal shapes of stream channels and ripar-
ian zones. As a result, stream valley environmental heterogeneity
strongly decreased and flow velocities and flooding were strongly
reduced. Altogether this has reduced the presence of lotic (running
water) biota in the stream, and has diminished seed arrival, establish-
ment and persistence of wetland species in the riparian zone, leading
to a decreased diversity (Baattrup-Pedersen, Friberg, Larsen, & Riis,
2005; Brooker, 1985).

Awareness of the declining biodiversity has triggered stream
restoration in the past decades, often restoring hydrogeomorphic
features (Jahnig et al., 2010). However, ecological improvement was
lower than aimed for in many of these projects. Landscape-scale is-
sues, like pollution and lack of nearby source populations often im-
peded (short-term) ecological recovery (Brederveld, Jahnig, Lorenz,
Brunzel, & Soons, 2011; Jahnig et al., 2010; Rohde, Schiitz, Kienast,
& Englmaier, 2005). Other causes included too specific restoration

goals like restoring floodplains, matching pre-degradation channel

importance of applying restoration measures to both streams and stream valleys

simultaneously, considering them as a single landscape unit.

beta-diversity, flow biotopes, hydrological gradients, macrophytes, plant diversity, riparian

zone, stream valleys, wetland restoration

planforms or targeting specific organism groups, without focusing on
restoring river processes (Bernhardt & Palmer, 2011; Nilsson et al.,
2015; Verdonschot & Nijboer, 2002). Therefore, more innovative
restoration projects have been carried out in channelized lowland
streams recently, targeting the entire stream valley by combining (a)
a reduction in the channel dimension (channel narrowing and bed
raising) to increase stream flow velocities and overbank flow, (b)
remeandering to increase habitat heterogeneity and (c) excavation of
banks to restore a wide, v-shaped stream valley with wider and more
gradually sloping riparian zones. The objective was to re-establish
a more natural range of stream flow velocities (0.1-0.8 m/s), flood-
ing disturbances (10-200 days inundation/year) and environmental
gradients (Eekhout, Hoitink, de Brouwer, & Verdonschot, 2015). It is
important to evaluate the ecological success of this innovative resto-
ration design, particularly for aquatic and riparian vegetation which
provide important ecosystem functions such as food, structure,
habitat diversity, stream water temperature moderation and buff-
ering of nutrient and pollutant fluxes towards the stream (Naiman &
Décamps, 1997). Previously reported success factors for restoration
of in-stream vegetation include more diverse patterns of flow and
depth (Haase, Hering, Jahnig, Lorenz, & Sundermann, 2013; Lorenz,
Korte, Sundermann, Januschke, & Haase, 2012; Llderitz, Speierl,
Langheinrich, Volkl, & Gersberg, 2011), and, particularly for chan-
nelized lowland streams, increases in shallow areas (Lorenz et al.,
2012; Pedersen, Andersen, Nielsen, & Linnemann, 2007; Pedersen,
Baattrup-Pedersen, & Madsen, 2006). For riparian vegetation, diver-
sity increases were often attributed to increased flooding (Baattrup-
Pedersen, Riis, Hansen, & Friberg, 2000; Clarke & Wharton, 2000;
Helfield, Capon, Nilsson, Jansson, & Palm, 2007), or to restored flow
dynamics creating new mud, sand or gravel banks that are open
for colonization by emergent pioneers (Hering et al., 2015; Jihnig,
Brunzel, Gacek, Lorenz, & Hering, 2009; Januschke, Brunzel, Haase,
& Hering, 2011; Rohde et al., 2005). Information on macrophyte re-
sponses to restoring flow velocities in channelized lowland streams
is, however, limited (Pedersen et al., 2006). Moreover, riparian zone
widening has mainly been investigated in the light of other ecosys-
tem services like nutrient and pesticide removal (Smiley, King, &
Fausey, 2011). We currently have very little information on the eco-
logical quality of riparian vegetation in widened riparian zones, or on
functional responses of riparian plant species to widening.

Here, we quantify the responses of both the in-stream and the
riparian vegetation to innovative stream valley restoration measures
that were applied to enhance the ecological quality of channelized

lowland streams, targeting fish, macroinvertebrates and plants. We



FRAAUJE ET AL.

Journal of Applied Ecology 1009

did this for five streams in the Netherlands by surveying hydrogeo-
morphology and vegetation along the complete gradient from the
channel to the upland. Specifically, we evaluated which species can
be expected in the first years after restoration, focusing on life-
history traits, dispersal traits and habitat preferences. Secondly,
we evaluated how this translates into effects on plant diversity. We
hypothesized that the higher in-stream flow velocities result in in-
creased spatial heterogeneity and would promote more rheophilic
(associated to flowing water habitat) plant species and emergent
macrophytes, and thereby total in-stream plant diversity. We also
hypothesized that the wider and more spatially heterogeneous ri-
parian zones would allow utilization of more hydrological niches and
thereby promote a range of wetland species, thereby enhancing

both total and beta-diversity of riparian zones.

2 | MATERIALS AND METHODS

We compared aquatic and riparian habitats of innovatively restored
reaches with nearby unrestored reaches of channelized lowland
streams in the Netherlands, by assessing several physicochemical
variables and responses of the aquatic and riparian vegetation along
stream valley transversal profiles (cross-sections).

2.1 | Study sites

We studied five channelized lowland streams, of which 0.8-2 km
long stream reaches were restored between 2009 and 2011.
These streams included the Hagmolenbeek (HM; 52°13'0.3"N,
6°43'16.9"E), Hooge Raam (HR; 51°42'57.7"N, 5°42'9.3"E),
Kleine Aa (KA; 51°35'39.9"N, 5°16'38.7"E), Luntersche beek (LB;
52°4'46.4"N, 5°32'37.2"E) and Tungelroyse beek (TR; 51°14'42.7"N,
5°53'12.7"E), all restored in 2011 except HM (2010) and the channel
at HR (2009). Average annual discharges of the streams amounted to
0.12, 0.15, 0.85, 0.40 and 1.09 m®/s, respectively, based on hourly
data of local water boards in 2012. All study locations are char-
acterized by sandy soils (Aeolian sand deposits) with catchments
dominated by agricultural land use. The streams flow mainly through
non-forested areas, with water-tables regulated by weirs, and yearly
mowing applied to the aquatic and predominantly herbaceous ripar-
ian vegetation. Restoration involved innovative measures that af-
fected the entire stream valley: removal of weirs and reduction in
channel dimension (channel narrowing and bed raising) to increase
stream flow velocities and overbank flow, remeandering to increase
habitat heterogeneity (not at HR) and excavation of banks to restore
awidened, v-shaped stream valley at all streams. At each study loca-
tion we selected a restored reach and nearby unrestored, still chan-
nelized, reach (distances between them 0.3-1.2 km). Unrestored
reaches were located upstream of restored reaches at HR and KA,
and downstream at HM, LB and TR. During restoration, all pre-
existing vegetation was removed. At HM only, the newly created
riparian zone was sown with Lolium perenne, Trifolium repens and

Phleum pratense subsp. pratense (all species nomenclature following

van der Meijden, 2005) to reduce erosion immediately after res-
toration. No vegetation management occurred yet at the restored
reaches during the study period, except at HM (yearly mowing of
aquatic and riparian vegetation) and KA (yearly mowing of riparian
vegetation).

2.2 | Study design

We compared several physicochemical and vegetation parameters
between paired treatment (restored) and control reaches (unre-
stored) of each study location. In-stream parameters were assessed
in detail at the study locations HM, KA and LB (not at HR and TR
due to time limitation). Riparian habitats were assessed at all study
locations. To capture the higher habitat heterogeneity at restored
reaches while keeping an acceptable sampling effort, in-stream,
three representative sections were selected at the unrestored reach
(all straight stretches) and six sections (three in a bend and three
in straight stretches) at the restored reach. Per in-stream section
five transects were laid out, at least 5 m apart and perpendicular
to the stream flow. Each in-stream transect consisted of a continu-
ous string of plots (25 x 25 cm) completely crossing the channel
(Figure 1). For the riparian habitat, three replicate transects of five
plots (25 x 50 cm) were laid out across the riparian zone within each
reach. Riparian transects were placed perpendicularly to the stream
channel at one side of the stream where land access was permit-
ted and livestock was excluded, with 25-50 m distance between
transects. The plots within a riparian transect covered the complete
hydrological gradient from the channel to just above the estimated
yearly inundation zone, with consecutive distances of ca. 0.5, 1.0,
3.0 and 5.0 m between them (low to high elevation) (Figure 1).

2.3 | Physicochemical variables

We mapped the stream and riparian zone transversal profiles using
a GNSS-GPS Real Time Kinematic rover (Ashtech ProMark 800) in
May 2013. Water-tables and surface water levels were monitored
hourly in 2012 and 2013 using barometrically compensated pressure
transducers (Schlumberger Water Services, Delft, the Netherlands;
Keller Meettechniek B.V., Reeuwijk, the Netherlands) in 1-2 m deep
piezometers at each riparian plot and in surface water level gauges
within 30 m of the nearest riparian transect. Average summer water
levels of the year 2013 (April-October) were used for further anal-
yses. Riparian zone width and channel width were determined for
the average summer water level situation, defined as the distance
between the land-water interface and the highest riparian plot per
transect, and distance between the banks respectively. Flow veloc-
ity was determined once at three to four plots per in-stream tran-
sect, evenly spaced over the central 3/5 part of the stream channel,
during representative discharge conditions in May 2013. Nutrient
availability and substrate characteristics were measured to help in-
terpret vegetation responses. Soil nutrient availability (extractable
N and P) was measured once on three combined soil cores (4 cm di-
ameter, 10 cm depth) per riparian plot, and per in-stream section in
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FIGURE 1 Overview of the experimental set-up in the field, with a representation of cross-sectional profiles below. At each study
location, nine in-stream sections were selected, of which three in the unrestored reach, and six in the restored reach (three in straight
stretches, and three in bends). In each in-stream section five cross-channel transects were laid out perpendicular to the stream flow,
consisting of a continuous string of 25 x 25 cm plots. Riparian plots were laid out in six transects, of which three at the restored reach,
and three at the unrestored reach. Each riparian transect consisted of one in-stream plot and four plots at increasing elevations along the
riparian gradient, up to just above the yearly inundation zone. Piezometers were installed to monitor water levels at riparian plots

April/May 2012/2013 (details in Supporting Information Appendix
S1). In-stream substrate type was recorded per in-stream plot by
visual estimation of the dominant substrate in the first 10 cm of
soil, distinguishing stone (>60 mm diameter), gravel (3-60 mm), sand
(0.25-3 mm), silt (<0.25 mm), hard clay and peat, once in May 2013.

2.4 | Vegetation surveys and species traits

Plant species cover per plot was registered once in June (in-stream,
using a viewing tube) and July/August (riparian zone) 2013, with
cover of layered vegetation summed. We compiled the follow-
ing plant and seed traits: plant C-S-R functional signature (i.e. co-
ordinates in “C-S-R space” providing a numerical index for the
degree of adaptation to a strategy; cf. Hunt et al., 2004), moisture
preference as indicated by Ellenberg F-value (Ellenberg, 1988, ad-
justed by Hill, Mountford, Roy, & Bunce, 1999), and the dispersal
traits plant life span (annual/perennial), seed buoyancy (% seeds
afloat after 1 week in water), seed mass (g) and seed terminal ve-
locity (m/s) (from the LEDA traitbase, Kleyer et al., 2008). For the
in-stream vegetation we classified species using the vegetative
units of vascular plant species of the functional habitat classifica-
tion by Harvey, Clifford, and Gurnell (2008), grouping growth forms
by their association with (a) fast flow: trailing vegetation, species
rooting in the bank but trailing over the water (like Agrostis stolonif-
era or Nasturtium officinale); (b) intermediate fast flow: submerged
fine-leaved macrophytes, submerged species with leaves at least 4
times longer than wide (Potamogeton pectinatus or Ranunculus ssp.);
(c) intermediate slow flow: submerged broad-leaved and emergent
macrophytes, submerged species with leaves less than four times
longer than wide (Callitriche spp.) as well as submerged linear-leaved
plants (Sparganium emersum), and emergent broad-leaved herbs
(Lycopus europaeus) as well as emergent reeds (Typha latifolia); and
(d) slow flow: floating-leaved macrophytes, floating-leaved species

(Potamogeton natans) as well as free-floating species (Lemna spp.). A
complete overview of all identified species and their trait values is
available in Supporting Information Appendix S2.

2.5 | Data analysis

To test if physicochemical or vegetation response variables differed
between restored and unrestored reaches, we compared (general-
ized) linear mixed models (G)LMMs (r package LmMe4; Bates, Maechler,
Bolker, & Walker, 2014) with and without restoration as an explana-
tory variable, using Kenward-Roger F tests (LMMs, r package Im-
erTest; Kuznetsova, Brockhoff, & Christensen, 2017) or chi-squared
likelihood ratio tests (GLMMs) to determine significance (p < 0.05).
Transect, section (only for in-stream) and study site (i.e. a selected
stream) were included as nested random effects (intercept) for
analyses on the plot scale, section nested in study site for analyses
on the in-stream transect scale, and study site for analyses on the
reach, in-stream section and riparian transect scales.

GLMMs were used for analyses on all non-continuous response
variables, using a Poisson error distribution for species richness and
a binomial error distribution for growth form occurrence, substrate
type occurrence and Bray-Curtis dissimilarity of the vegetation.
LMMs were used for analyses on all continuous response variables
(all remaining variables), using log- or arcsine-transformation of re-
sponse variables to improve normality when necessary, based on the
Shapiro-Wilk test (r package stats). Community-weighted trait means
of the vegetation were calculated by incidence weighting, yielding the
mean trait value of all present species with available trait values.

To account for possible differential responses to restoration in-
fluenced by water level we tested the effects of the explanatory
variables restoration, water level (continuous variable to capture
detailed responses along the hydrological gradient) and their in-
teraction for the response variables using the above-described
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models. We tested all combinations of fixed effects and selected
the best model on the basis of Akaike's information criterion (AIC).
Significant model improvement by addition of a fixed effect was
defined as a decrease in AIC by at least 2 units compared to the
reduced model (Burnham & Anderson, 2002).

To analyse beta-diversity (species turnover) along the riparian
hydrological gradient, we first calculated water level distances and
Bray-Curtis dissimilarities of the plant communities between all
pairs of plots within a riparian transect, using the r package veGaN
(Oksanen et al., 2015). We then corrected the observed dissimilar-
ities for differences in alpha diversity between restored and un-
restored reaches using a null-model approach as in Myers, Chase,
Crandall, and Jiménez (2015). In the null model, species in a ripar-
ian transect were distributed at random, while holding the number
of species within each plot constant, thus removing species dis-
tribution patterns along the riparian gradient. Compositional dis-
similarities between all pairs of plots within a transect from these
simulated communities (i.e. expected dissimilarities) were used to
correct the observed dissimilarities. This was done by calculating
a standardized effect size (beta-deviation) obtained by subtract-
ing the mean expected dissimilarity (of 2,000 null model iterations)
from the observed dissimilarities, divided by the standard deviation
of the expected dissimilarities.

3 | RESULTS

3.1 | Physicochemical variables

There were clear differences in physical and chemical characteristics
between the restored and unrestored reaches (Table 1; Supporting
Information Appendix S3 per study location). In-stream, the restored
reaches showed larger areas of shallow water habitats, higher flow
velocities and higher flow and depth variability than unrestored
reaches. The number of plots with silt and stones (bank reinforce-
ment stones) as dominant substrates significantly decreased at
all restored reaches, while sand substrate significantly increased.
Riparian zones of restored reaches were significantly wider than at
unrestored reaches with larger areas of wet riparian habitats (water
tables of 0.0 to -0.3 m) and of moist zones with slightly deeper water
tables (water tables of -0.3 to -0.6 m). Surface water levels showed
larger fluctuations at restored reaches (although this trend was not
significant), leading to an average of 75.2 days/year of overbank flow
versus 0.8 day/year at unrestored reaches. Topsoil removal lowered
soil N and P availability at the restored reaches in the riparian zone

as well as in the stream sediment.

3.2 | Vegetation characteristics, plant life
history and dispersal traits

A total of 159 species were observed in the vegetation surveys
of which 122 at restored reaches and 97 at unrestored reaches.
Average cover per plot was 83% (riparian plots) and 27% (in-
stream plots) at restored reaches, which was clearly lower than at

unrestored reaches (115% and 52%; SD's and model statistics in
Table 2). All study sites were dominated by herbaceous plant spe-
cies. Average cover of woody species was only 3% and 0.04% at the
riparian plots of restored and unrestored reaches respectively. In
the first 2 years after restoration, mainly pioneer species with high
dispersal capacities colonized the restored reaches (see Supporting
Information Appendix S2 for a complete list). These species had sig-
nificantly higher scores for the “ruderal” strategy and lower scores
for the “competitor” strategy (Table 2). Moreover, they had a shorter
life span, lower seed mass and higher ability for water dispersal (seed
buoyancy) than at unrestored reaches. For the riparian vegetation,
seed dispersal ability by wind was also significantly higher (i.e. lower

seed terminal velocity) at restored reaches (Table 2).

3.3 | In-stream vegetation

In-stream vegetation showed a slow colonization after restoration,
toward only half of the coverage of unrestored reaches. Overall,
diversity of the in-stream vegetation did not differ between plots
at restored and unrestored reaches (Table 2). At deeper habitats,
however, diversity was clearly lower at restored than at unrestored
reaches, while at the shallow water habitats near the banks, diversity
was comparable or higher at the restored reaches (Figure 2 upper
panel; significant interaction between restoration and water depth;
Supporting Information Appendix S4). Overall lower Ellenberg F-
values at restored reaches indicate an increase in wetland or terres-
trial species occurring in the stream (Table 2), which was supported
by higher diversities of these species groups at shallow water
habitats near the banks (Ellenberg Fé, F7, F9; Figure 2 right panels;
Supporting Information Appendix S4 for model statistics).

At restored reaches, a shift to more typically lotic in-stream
vegetation communities was observed, indicated by a significantly
lower occurrence and diversity of floating-leaved vegetation (asso-
ciated to slow flow), and a slight increase in trailing species (asso-
ciated to fast flow), although the latter was not significant due to
low overall presence (Figure 3; Supporting Information Appendix
S4 for model statistics). Occurrence of the other in-stream growth
forms showed no overall response to restoration. Significant inter-
actions between restoration and water depth, however, show that
restoration affected these growth forms at specific water depths.
At intermediate water depths, occurrence (and diversity) of the
submerged fine- as well as broad-leaved growth forms was slightly
higher at restored reaches than at unrestored reaches, while for
emergent species this was the opposite. At the land-water inter-
face, on the contrary, emergent species showed a much higher di-
versity at restored than at unrestored reaches (Figure 3; Supporting
Information Appendix S4).

3.4 | Riparian vegetation

Riparian vegetation colonized quickly after restoration, reaching a
significantly higher species diversity than at unrestored reaches at
the reach, transect and plot scale (Table 1). The largest increase in
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TABLE 1 Means * standard deviations of physicochemical characteristics at restored versus unrestored reaches, with the scale of
measurement, and test statistics of LMMs (Kenward-Roger F tests) or GLMMs (chi-squared likelihood ratio tests). Significantly higher values

between restored and unrestored reaches (p < 0.05) are underlined

Restored, mean

(xSD)
Geometry
Channel width (m) 5.32(x2.22)
Channel width, subsection between 0.0 and 0.3 m 2.43 (+1.38)
water depth (m)
Riparian zone width (m) 11.42 (£4.76)
Riparian zone width, subsection with water tables 4.65 (+3.48)
0.0to -0.3 m (m)
Riparian zone width, subsection with water tables 4.98 (£3.65)
-0.3to-0.6 m (m)?
Channel depth (m) 0.42 (+0.35)
Spatial coeff var channel depth (SD/mean) 0.55 (+0.12)
Hydrology
Flow velocity (m/s) 0.16 (+0.08)
Overbank flow (# days in 2012) 75.2 (+49.8)
Spatial coeff var flow velocity (SD/mean) 0.41 (+0.27)
Temp coeff var surf wl (SD/mean E-01, in 2012) 0.17 (x0.13)
Nutrient availability (mg/kg dry soil)
N-avail stream sediment 4,98 (+3.73)
P-avail stream sediment 5.72 (+3.78)
N-avail riparian soil 2.27 (£3.92)
P-avail riparian soil 4.78 (£5.88)
In-stream substrate (% of plots in which a substrate
type dominated)
Gravel 0.4 (x6.4)
Clay 7.1 (£25.7)
Peat 6.4 (£24.5)
Sand 85.3 (+35.4)
Silt 0.8 (+8.7)
Stones 0 (x0)

Note. LMM: linear mixed models; GLMM: generalized linear mixed models.

?0One outlier was removed from this comparison.

diversity was observed in the moist parts of the riparian zone with
water tables of 0.0 to -0.6 m (Figure 2). Species associated with wet
soils (Ellenberg F7, F9) strongly increased in diversity in this zone,
as did species more typical for dry soils (Ellenberg F4, F5; Figure 2,
model statistics in Supporting Information Appendix S4). Mean
Ellenberg F-values of riparian vegetation were similar between re-
stored and unrestored reaches, and a similar vegetation zonation
was observed along the riparian gradient (Figure 2). However, the
wider riparian zones of restored reaches showed a significantly
higher species turnover (beta-diversity) along the hydrological gradi-
ent (Figure 4; Supporting Information Appendix S4). After correction
for differences in alpha diversity (beta-deviation), this difference
remained significant, though with a lower effect size (Supporting

Information Appendix S4).

Unrestored,
mean (+SD) Scale Test statistic p
F
8.22 (+1.51) In-stream transect 18.4 <0.001
1.00 (+0.27) In-stream transect 30.1 <0.001
2.31(x0.38) Riparian transect 1,100.2 <0.001
0.61 (x0.17) Riparian transect 117.7 <0.001
0.75 (£0.26) Riparian transect 88.3 <0.001
0.78 (+0.38) In-stream plot 54.8 <0.001
0.41 (+0.08) In-stream transect 28.6 <0.001
F
0.04 (+0.01) In-stream transect 69.3 <0.001
0.8 (+1.8) Reach 29.2 0.006
0.30 (+0.18) In-stream transect 4.4 0.048
0.14 (+0.08) Reach 3.2 0.147
F
5.98 (+2.21) In-stream section 12.2 <0.001
8.54 (+2.71) In-stream section 32.5 <0.001
6.49 (£3.72) Riparian plot 73.2 <0.001
10.90 (£9.69) Riparian plot 18.9 <0.001
v
1.7 (x12.9) In-stream plot 0.0 0.826
0 (x0) In-stream plot 0.3 0.578
0 (x0) In-stream plot 0.2 0.620
44.3 (+49.7) In-stream plot 13.3 <0.001
45.8 (+49.8) In-stream plot 20.2 <0.001
8.2 (+27.4) In-stream plot 17.2 <0.001
4 | DISCUSSION

4.1 | Hydrogeomorphic and physicochemical
changes by restoration

The reaches with restored hydrogeomorphology were characterized
by significantly more shallow and narrow transversal channel dimen-
sions, and much wider, more gradually sloping, riparian zones. The
reduced channel dimensions stimulated flooding in the riparian zone
and led to higher flow velocities, which, through interaction with
meandering and vegetation patches, invoked significantly higher
spatial variability in flow and depth, including the formation of bare
sandbanks (Eekhout et al., 2015), at the restored reaches. Moreover,

excavation of new channels in sandy soils, topsoil removal at riparian
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TABLE 2 Means * standard deviations of in-stream and riparian vegetation characteristics, showing species richness on different scales
(the number of unique species on each scale), and plot-scale values for total plant cover and community-weighted trait means of the
vegetation (Ellenberg F, life history and dispersability). Significantly higher values (between restored and unrestored reaches) are underlined,
based on model statistics of LMMs (Kenward-Roger F tests) or GLMMs (Chi-square likelihood ratio tests) with p < 0.05. In-stream species
richness could only be compared on the plot scale due to unequal number of plots between restored and unrestored reaches

In-stream vegetation

Riparian vegetation

Test
Mean rest Mean Unr statistic
Species richness a
Reach scale
Transect scale
Plot scale 2.1(x1.7) 2.4 (x1.4) 1.7
F
Total plant cover (%) 27.0 (£36.3) 51.6 (x46.1) 11.3
Ellenberg F-value 10.57 (+1.18) 10.90 (+0.68) 11.5
Life history F
Competitors (C 0.45 (+0.14) 0.56 (+0.17) 15.9
score)
Stress tolerators (S 0.01 (+0.04) 0.06 (+0.08) 8.8
score)
Ruderals (R score) 0.54 (+0.14) 0.38 (x0.22) 17.5
Life span 1.73 (£0.29) 1.91 (+0.15) 111
(annual=1,
perennial =2)
Dispersability F
Seed buoyancy (% 77.5 (£23.9) 68.5 (+23.9) 1.1
floating after
1 week)
Seed terminal 1.44 (+0.6) 2.23 (+1.26) 3
velocity (m/s)
Seed mass (mg) 1.17 (x2.16) 9.76 (£12.13) 23.2

Note. LMM: linear mixed models; GLMM: generalizedlinear mixed models.

zones and higher flow velocities flushing silt substrates (cf. Madsen
et al., 2001), strongly lowered silt substrate and nutrient availability
at the restored reaches. This additionally enhanced the potential for
plant species coexistence in the riparian zones (Soons, Hefting, et al.,
2017), and stimulated more favorable substrate conditions for, for
example a diverse benthic macroinvertebrate community (Wood &
Armitage, 1997).

4.2 | Responses of plant species and diversity to
hydrogeomorphic restoration

Excavations during hydrogeomorphic restoration had cleared all
existing vegetation. The subsequent lack of interspecific competi-
tion stimulated an often observed immediate increase in diversity
compared to the unrestored situation (Noon, 1996). The increase
in diversity was most pronounced in the area covering the flood-
plain, the land-water interface and the shallow water habitat near

the banks at all streams. This indicated that the increased flooding

Test
p Mean rest Mean Unr statistic p
2
42.2 (£5.2) 27 (£5.7) 16.8 <0.001
27.3 (x4.1) 16 (+4.7) 45.0 <0.001
0.187 8.6 (x4.2) 6.3 (£2.9) 15.1 <0.001
F
0.003 82.8 (+42.7) 114.7 (+45.8) 5.4 0.028
0.003 7.54 (£1.75) 7.34 (+1.55) 0.4 0.539
F
<0.001 0.39 (+0.11) 0.67 (+0.14) 123.4 <0.001
0.007 0.11 (+0.07) 0.10 (+0.08) 0.8 0.373
<0.001 0.50 (+0.11) 0.23 (+0.12) 253.1 <0.001
0.003 1.76 (+0.16) 1.97 (+0.08) 104.8 <0.001
F
0.315 76.1 (£24.5) 62.0 (+20.2) 15.4 <0.001
0.099 1.70 (+0.49) 2.31(x0.59) 171 <0.001
<0.001 0.74 (+0.75) 2.37 (£2.86) 14.9 <0.001

and flow-induced habitat heterogeneity contributed to the higher
diversity at restored reaches. Previously reported mechanisms for
such rises in diversity include increased hydrochorous propagule
arrival in riparian zones (Fraaije, ter Braak, Verduyn, Verhoeven,
& Soons, 2015; Nilsson et al., 2010), stimulated coexistence of
pioneers and competitors by disturbances through flooding and
sedimentation (Januschke et al., 2011; Rohde et al., 2005) and in-
creased availability of shallow water habitat (Lorenz et al., 2012;
Pedersen et al., 2006). Moreover, the more natural flooding dy-
namics may have enhanced effective seed dispersal to suitable
micro-sites, promoting successful establishment and diversity
(Soons, de Groot, et al., 2017).

Flooding-related disturbance effects, leading to windows of
opportunity for colonization, may not yet have been responsible
for the increased alpha diversity at our restored reaches, since
many open spots in the vegetation occurred in the primary suc-
cessional stage. The restored flooding regimes and flow dynam-

ics, however, did induce a higher habitat differentiation along the
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riparian slopes, which together with widening led to a significantly
higher spatial species turnover (lateral structuring) of the riparian
vegetation at restored reaches. Kuglerova, Botkova, and Jansson
(2017) reported similar results and attributed the increased turn-
over to the higher habitat differentiation at restored reaches. We
expect that both increased space by widening and increased hab-

itat differentiation contributed to opening up hydrological niches

Water level (m)

effects only). For model statistics see
Supporting Information Appendix S4

1.5 20

(cf. Silvertown et al., 2015) in our study since hydrological niches
around the land-water interface hardly existed at the steep and
narrow riparian slopes of the unrestored, channelized reaches.
Based on our data it is, however, not possible to judge their in-
dividual contribution to the vegetation responses, as was also
the case in comparable studies (Clarke & Wharton, 2000; Hering
et al., 2015).
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FIGURE 3 In-stream vegetation differences between restored (light grey, orange lines) and unrestored (dark grey, blue lines) reaches,
showing probability of occurrence (upper five graphs) and species richness (lower five graphs) of different growth forms per in-stream plot
along the water level gradient. Negative water levels represent depths of phreatic water tables in the riparian zones, and positive values
indicate water depths in the stream channels. Growth forms are ordered from left to right according to their association with more lotic
habitats (left) or more lentic habitats (right), with the submerged broadleaved and emergent growth forms associated to the same flow
conditions. Continuous lines represent best model fits of generalized linear mixed models (GLMMs) to the field data (dots). 95% confidence
intervals (based on fixed effects only) are indicated by the grey ribbon. Model statistics are available in Supporting Information Appendix S4
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FIGURE 4 Beta-diversity along the riparian hydrological gradients expressed by Bray-Curtis dissimilarities between all pairwise
combinations of plots within riparian transects, plotted against water level distance between the plot pairs, with the observed beta-diversity
(left panel), beta-diversity of null models (central panel; see Methods) and standardized effect size of beta-diversity (the observed beta-
diversity corrected for the null model outcomes; right panel), for the riparian zones of restored (light grey, orange lines) and unrestored (dark
grey, blue lines) reaches. Continuous lines represent best model fits of generalized linear mixed models (GLMMs) to the field data (dots). 95%
confidence intervals (based on fixed effects only) are indicated by the grey ribbon. For model statistics see Supporting Information Appendix
S4

The higher beta diversity of the riparian vegetation at restored benefited from the widened areas of moist soils. More fierce interspe-
reaches compared to unrestored reaches remained significant, but the cific competition may eventually displace the upland species to the
explained variance was relatively small after correction for differences drier ends of the gradients (Wisheu & Keddy, 1992), intensifying lateral
in alpha diversity. This can be related to the primary successional stage: structuring of the riparian vegetation. More fierce interspecific compe-

at restored reaches both wetland and upland species (Ellenberg F 4-10) tition could, however, also oust less competitive wetland species when
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succession proceeds. This would lead to a decrease in alpha diversity
(Noon, 1996), and, in case species become outcompeted from the ri-
parian gradient completely, also in beta-diversity. Disturbance dynam-
ics by flow and flooding will remain of crucial importance to maintain
the higher alpha and beta-diversity by limiting the expansion of highly
competitive species (Januschke et al., 2011; Rohde et al., 2005).

In contrast to the riparian vegetation, in-stream vegetation re-
sponded to the restoration measures with a significant reduction in
diversity and coverage in the central parts of the stream channels.
Previous studies found similar results 2 years after restoration, and
attributed the slow colonization to the predominance of uncon-
solidated sandy substrates unsuitable for colonization, and to lim-
ited upstream source populations (Baattrup-Pedersen et al., 2000;
Biggs et al., 1998). Because relatively close source populations were
present upstream of our study sites (between 150 and 800 m) and
flowing stream water has been shown to cause seedling breakage
or uprooting (Riis & Biggs, 2003) and lead to limited propagule re-
tention (Riis, 2008), we think that mainly the higher flow velocities
at restored reaches impeded in-stream vegetation colonization. The
relatively low explained variance for this reduction in diversity and
coverage was caused by large variation among transects, arising
from the patchy distribution of aquatic vegetation in streams.

The successfully colonized in-stream vegetation at restored
reaches differed from that of unrestored reaches by showing a
sharp decrease in floating-leaved species, and slight increases of
trailing and submerged fine-leaved species. This indicates that, at
the restored reaches, more typically lotic in-stream plant communi-
ties developed than at unrestored reaches (cf. Harvey et al., 2008).
The lower occurrence of rooted floating-leaved and emergent spe-
cies in the central parts of restored stream channels may be related
to the lower anchorage strength and drag-reducing capacities of
these species (Bal et al., 2011). Free-floating individuals were more
easily washed away at restored reaches due to the higher flow ve-
locities, and the increase in trailing species, and of emergent species
at the land-water interface was most presumably stimulated by the
increase in habitat availability, as has also been found by Pedersen
et al. (2006). Comparable responses of aquatic vegetation to higher
flow velocities in streams and rivers have been reported previ-
ously but at relatively high flow velocities (around 0.4 m/s; Meyer,
Combroux, Schmitt, & Trémoliéres, 2013; or 0.24 m/s; Pedersen
et al.,, 2006). Our study indicates that mean flow velocities of
0.16 m/s were already effective in stimulating more rheophilic plant

communities, at least in the first 2 years after restoration.

4.3 | Implications for future stream and stream
valley restoration

Our results indicate that particularly the combination of restoration
measures, where wide, gradually sloping floodplains and flooding
are restored while in-stream summer flow is maintained, is essential
to restore typical wetland vegetation and plant species diversity in
channelized lowland streams and their valleys. This requires strong
reduction in channel dimensions, which can only be applied when

sufficient space is available in the stream valley for inundation dur-
ing higher discharges. These results stress the importance of ap-
plying a well-coordinated suite of restoration measures at once,
focusing on the stream and its valley as a single landscape unit to re-
store river processes (Bernhardt & Palmer, 2011), instead of carrying
out restoration measures on only specific parts of the ecosystem.
The predominance at the restored sites of ruderal species and
species with adaptations to wind dispersal (low terminal velocity;
Soons, Heil, Nathan, & Katul, 2004), and water dispersal (high buoy-
ancy; Nilsson et al., 2010) demonstrates that time since restoration
is an important factor for the ecological assessment of restoration
effectiveness, and urges restoration planning schemes to include
the landscape-scale processes that optimize connectivity with re-
spect to source populations of target species as well (Verhoeven,
Soons, Janssen, & Omtzigt, 2008). Moreover, the catchment runoff
regime and potential for retention of precipitation and stabilization
of stream water supply (cf. Bernhardt & Palmer, 2011) were not
restored at the study sites. Prolonged periods of low flow veloc-
ities during the growing season, therefore remain likely to occur,
potentially stimulating the development of more lentic species and
excess vegetation development. Overall, this study demonstrated
the effectiveness of a well-coordinated suite of restoration mea-
sures to restore river processes and habitat heterogeneity in chan-
nelized lowland streams, leading to more typically lotic in-stream
vegetation and a more diverse riparian vegetation on the short-
term. Additional attention to landscape- and catchment-scale fac-

tors, however, is vital for effective ecological recovery.
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