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• Restored rivers were analyzed for ben-
thic invertebrate community change
over time

• Restoration age was a poor predictor of
community composition and communi-
ty change

• Non-linear community shifts revealed
post-restoration disturbance effects

• Catchment-scale characteristics over-
rode the effectiveness of river restoration

• Hydromorphological restoration alone
was not sufficient to repair communities
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Evidence for successful restoration of riverine communities is scarce, particularly for benthic invertebrates.
Among the multitude of reasons discussed so far for the lack of observed effects is too short of a time span
between implementation and monitoring. Yet, studies that explicitly focus on the importance of restoration
age are rare.
We present a comprehensive study based on 44 river restoration projects in Germany, focusing on standardized
benthic invertebrate sampling. A broad gradient ranging from 1 to 25 years in restoration age was available. In
contrast to clear improvements in habitat heterogeneity, benthic community responses to restoration were in-
consistent when compared to control sections. Taxon richness increased in response to restoration, but abun-
dance, diversity and various assessment metrics did not respond clearly. Restoration age was a poor predictor
of community composition and community change, as no significant linear responses could be detected using
34 metrics. Moreover, only 5 out of 34 tested metrics showed non-linear shifts at restoration ages of 2 to
3 years. This might be interpreted as an indication of a post-restoration disturbance followed by a re-
establishment of pre-restoration conditions. BIO-ENV analysis and fourth-corner modeling underlined the low
importance of restoration age, but revealed high importance of catchment-scale characteristics (e.g., ecoregion,
catchment size and land use) in controlling community composition and community change.
Overall, a lack of time for community development did not appear to be the ultimate reason for impaired benthic
invertebrate communities. Instead, catchment-scale characteristics override the effectiveness of restoration. To
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enhance the ecological success of future river restoration projects, we recommend improvingwater quality con-
ditions and catchment-scale processes (e.g., connectivity and hydrodynamics) in addition to restoring local hab-
itat structure.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Critical issues for restoring stream integrity

River restoration is nowadays commonly applied to tackle man-
made degradation of running waters that had been impaired, for exam-
ple, through channelization, intensive land use and exploitation
(e.g., Bernhardt et al., 2005; Nienhuis & Leuven, 2001; Woolsey et al.,
2007). Owing to recent meta-analyses, however, it is common knowl-
edge today that hydromorphological restoration alone is not sufficient
to significantly improve riverine communities (Miller et al., 2010;
Palmer et al., 2010; Roni et al., 2008). Many issues are discussed to be
the reason for poor success of river restorationmeasures. Firstly, the ap-
plied restorationmeasuresmight be unable to improve thehabitat qual-
ity according to the requirements of the target taxa, either generally or
on the long-term (Haase et al., 2013; Palmer et al., 2010). The latter also
depends on the local morphodynamics (i.e., the rate and the degree of
forming and stabilizing diverse habitat features) which is in turn a func-
tion of the catchment hydrology and local flow patterns (e.g., high flow
events; Januschke et al., 2014; Pasquale et al., 2011). Secondly, as most
projects focus on improving in-stream structural habitat heterogeneity
(Haase et al., 2013; Lave, 2009; Rosgen, 2011), the relevance of multiple
stressors is often disregarded. This refers to the fact that freshwater
biota in disturbed environments face numerous stressors which often
act simultaneously with possible interacting effects (Leps et al., 2015;
Townsend et al., 2008;Wagenhoff et al., 2011). Multiple stressors com-
prise intensive catchment land use, increased impervious areas, river
regulation, invasive species (Allan, 2004; Sponseller et al., 2001), and
climate change (Domisch et al., 2011). Coupled with these changes
are, for example, increases in organic matters, nutrients, contaminants,
and sediments as well as alterations to catchment hydrology, morphol-
ogy and the thermal regime. Other factors are also often not considered,
such as former disturbances dating back several decades (Harding et al.,
1998) and short-term impacts (e.g., peak level loads of discontinuously
applied agrochemicals; Larson et al., 1999) which are both difficult to
discover, to monitor and to quantify. Thirdly, restoration measures are
often applied at the local scale while the processes driving local distur-
bances, such as hydrodynamics, connectivity and the land use are
operating at larger (i.e., catchment) scales and thus are unlikely to be af-
fected by restoration (Ormerod, 2004; Robertson et al., 2014; Winking
et al., 2014). In fact, river restoration may be most effective when ap-
plied in moderately degraded regions (Stoll et al., 2016). Finally, the
re-establishment of target taxa might be prevented through dispersal
constraints (e.g., weak dispersal abilities of the taxa) and landscape con-
straints including a high degree of ecosystem fragmentation and lacking
connectivity to neighboring source populations (Kappes & Haase, 2012;
Sundermann et al., 2011; Tonkin et al., 2014). Moreover, rarity of the
target taxa (Biggs et al., 1998, Langford et al., 2009), and the occupation
of ecological niches with tolerant pre-restoration communities
(i.e., competition filter; Ormerod, 2004; Spänhoff & Arle, 2007) will
probably limit the success of river restoration.

1.2. Restoration age, an understudied factor

The time since restoration (i.e., restoration age) has often been
discussed but rarely studied as a possible reason for the lack of im-
proved benthic communities. This is surprising, since the understanding
of ecological succession in running waters teaches us, that the develop-
ment of habitat features, local flow patterns and hydraulics, in-stream
and riparian vegetation, as well as the recolonization of habitats will re-
quire time after any disturbance (refer toWard et al., 2002). This applies
also to the restoration of rivers, which induce ecosystems to leave their
actual states and to enter processes of dynamic succession, which in-
volve coupled changes in abiotic environmental factors and inhabiting
communities (Dufour & Piégay, 2009). It is still unknownwhich periods
of time are required for this succession process before attaining a
new equilibrium-like status which is ideally more natural compared to
pre-restoration conditions (Januschke et al., 2014). Yet, complex and
unpredictable recovery dynamics may lead to endpoints dissimilar to
the pre-degradation state of the community condition, causing the con-
ventional idea of restoration success to fail (Dufour & Piégay, 2009; Lake
et al., 2007; Sarr, 2002). Moreover, considerable time lags between
completion of the restoration measures and ecological recovery
(i.e., hysteresis effects) may result in monitoring programs missing
these changes due to the lack of time for the restored sites to mature
(Januschke et al., 2014; Jones & Schmitz, 2009; Winking et al., 2014).
This may apply especially whenever positive effects of the restoration
measures have to be passed through complex food webs or processes
acting at large spatio-temporal scales (Ormerod, 2004). Therefore, the
restoration age is a crucial factor to consider when monitoring the
results of restoration on riverine communities (Bash & Ryan, 2002).

1.3. Research objectives

Here, we present a comprehensive study on 44 hydromorphological
river restoration projects in Germany using a rigorous study design,
highly standardized sampling methods and covering a broad gradient
of restoration ages (1–25 years). This design allows for the first time
to follow post-restoration community changes along a temporal gradi-
ent. The following objectives were addressed: (1) assess general com-
munity responses to restoration using a space-for-time substitution
approach, (2) identify linear andnon-linear timepatterns of community
recovery and equilibration, and (3), since influential factors on commu-
nity change are well known to be manifold, investigate the importance
of the restoration age in interaction with confounding environmental
factors and species traits.

We tested the following hypotheses: (i) after the initial recovery
time from the disturbance caused by the restoration measures, com-
munity responses will increase with time since restoration to a cer-
tain point. However, (ii) community responses over time will be
generally weak as they are overridden by confounding factors such
as catchment-scale characteristics (e.g., land use) and species traits.

2. Methods

2.1. Investigated sites

Our survey included 44 hydromorphological river restoration pro-
jects located in Germany (Fig. 1). The dataset covered 31 river restora-
tion projects in hilly-mountainous region (mean elevations of 197 ±
85.6 (SD) m asl and catchment sizes of 153± 506 km2), and 13 located
in lowlands (68.8 ± 41.5 m asl; 621 ± 891 km2). The river restoration
projects had been selected for having undergone comprehensive
hydromorphological restorationmeasures that are common techniques
in central European restoration practices and for being well document-
ed with respect to aspects including year of restoration, type of
measures undertaken, location and length of restored reach. With
this, the selected projects were representative for a large number of



Fig. 1. Location of the restoration project sites in Germany.
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hydromorphological restoration projects conducted all over central
Europe in the past 25 years. To avoid any replication, multiple river
restoration projects of the same river were only included in the case
of a change in stream type between sites.

The restoration measures conducted at the sites were diverse,
including at least 1 and up to 8 of the measures given in Table 1 (see
also Appendix A for project-specific information). The restoration age
(time period between completion and sampling) ranged from 1 to
25 years with a mean restoration age of 7.9 ± 5 years.
Table 1
Restorationmeasures, central goals and other characteristics and of the investigated resto-
ration projects.

Restoration measures

Stream bed Installation of flow deflectors (addition of
large wood, logs and boulders)
Habitat enhancement (dead wood addition)
Uplifting of incised stream beds

Stream banks Removal of bank fixations
Reconnection of back waters
Construction of new water courses and
secondary channels

Floodplains Extensification of floodplain land use

Other characteristics
Central project goals (as reported
by water managers)

Increased physical habitat heterogeneity
Prevention of floods
Improved longitudinal connectivity

Mean length of restored reaches 1 ± 0.8 km (maximum: 3.3 km)
Years of completion 1988–2012
2.2. Space-for-time substitution

Due to the lack of pre-restoration data, a space-for-time substitution
approach was conducted. Within the restored reaches, a 100-m-long
section was selected for investigation (restored section). Additionally,
for each of the restoration projects, a second 100-m-long non-restored
section was chosen in the same river (i.e., control section) which was
usually located upstream and with a mean flow distance of 1.6 ±
1.9 km to the restored section. The control sections were carefully se-
lected to be representative for the pre-restoration status of the restored
sections in terms of stream type, stream order, water quality and local
land use patterns (no confluences of tributaries, point source dis-
charges, lakes, fish ponds or impoundment basins were between the
two sections). Each restoration project (both sections) was sampled
once at a specific time since restoration. Detailed information on the
sampling procedure is given below.

2.3. Benthic invertebrates

Both restored and control sections were sampled once for benthic
invertebrates according to the standardized protocol for collecting sam-
ples in river monitoring programs to assess the ecological status of riv-
ers in Germany (Haase et al., 2004). Sampleswere collected fromMarch
to July in period 2006–2014. A multi-habitat sampling approach was
taken,where all of themicrohabitats in the 100-m-long sectionwere re-
corded in 5% coverage intervals and each ‘sampling unit’ (25 × 25 cm)
was sampled using a handnet (opening: 25 × 25 cm; mesh size:
0.5 mm). We applied the kick sampling method according to Barbour
et al. (1999). A complete sample comprised 20 sampling units that
were pooled for further analysis (total sampling area of 1.25 m2). The
organisms were sorted in the laboratory and identified to a taxonomic
level defined by the ‘Operational Taxalist for Running Waters in
Germany’ (Haase et al., 2006).

Abundances (number of individuals per m2) and 33 additional met-
rics were calculated for each sample (Table 2, Hering et al., 2004a). All
metrics were calculated with the software ASTERICS, Version 4.04
(http://www.fliessgewaesserbewertung.de/download/berechnung).

2.4. Hydromorphology

For a subset of 36 restoration projects, hydromorphological datawas
recorded on 10 transects at intervals of 10 m within the 100-m-long
stream sections (both restored and control sections). Aquaticmicrohab-
itat characteristics including substrate type (Hering et al., 2003), depth
and current velocity (coded in 6 discrete velocity classes)were recorded
at 5 or 10 intervals along each of the 10 transects, depending on river
width. Moreover, mesohabitat characteristics of the rivers and their
floodplains were recorded on each transect (Jähnig et al., 2008), includ-
ing bankfull height and width, channel width and number and type of
channel features (e.g., multiple channels, gravel bars, islands, dead
wood, trunks). From these characteristics, 8 aggregated metrics were
derived (Table 2). The variables incision and steepness were available
only for 25 and 24 restoration projects, respectively.

2.5. Land use

Catchment areas of the sites were delineated (ArcGIS 10.3 for Desk-
top, 1999–2014 Esri Inc.) from a digital elevationmodel (grid size 25m)
while Corine Land Cover (CLC) classes (CLC2006, German Environmen-
tal Agency, DLR-DFD 2009; Keil et al., 2010) were used to derive
upstream catchment land use. The CLC classes were grouped into the
following categories: (1) artificial surfaces (CLC class 1), (2) arable
land and permanent crops (CLC classes 2.1 and 2.2) and (3) pastures
and heterogeneous agricultural areas (CLC classes 2.3 and 2.4). The re-
maining cover is comprised of forest and other natural land cover
(CLC classes 3–5). For use in the calculations, land cover was quantified

http://www.fliessgewaesserbewertung.de/download/berechnung


Table 2
Benthic invertebrate community metrics and hydromorphological metrics used in the
present study.

Metrics Metric
classa

Metric description

Benthic invertebrate community metrics
Abundance C/A Individuals per m2

%Ephemeroptera C/A Ephemeropterans, % of abundance
%EPT C/A EPT-taxa, % of abundance
%Plecoptera C/A Plecopterans, % of abundance
%Trichoptera C/A Trichopterans, % of abundance
%Epirhithral F % of epirhithral-taxa
%Hyporhithral F % of hyporhithral-taxa
%Metapotamal F % of metapotamal-taxa
%Cobble F % of cobbleb dwelling taxa
%Gravel F % of gravelb dwelling taxa
%ActFilFeed F % of active filter feeders
%GathCol F % of gatherers and collectors
%GrazScrap F % of grazers and scrapers
%PasFilFeed F % of passive filter feeders
%Predators F % of predators
%Shredders F % of shredders
%Xylophagous F % of xylophagous taxa
Rheoindex F Dominance of rheophilic taxac

Num. Taxa R/D Number of taxa
Num. Genera R/D Number of genera
Num. Families R/D Number of families
Num. EPT R/D Number of EPT-taxa
Num. EPTCBO R/D Number of EPTCBO-taxa
Simpson Div. R/D Simpson diversity indexd

Shannon Div. R/D Shannon-Wiener diversity indexe

Evenness R/D Evenness of Shannon-Wiener-diversityf

BMWP S/T Biol. Monitoring Working Partyg score (sum of family-
level tolerance scores against organic pollution)

ASPT S/T Average Score per Taxong (BMWP divided by number
of scoring families)

Faunaindex (FI) S/T Dominance of stream-type specific indicator taxah

(indicates hydromorphological degradation)
FI class 1 taxa S/T Number of strong indicator taxa used for Faunaindexh

FI class 2 taxa S/T Number of very strong indicator taxa used for
Faunaindexh

GSI S/T German Saprobic Indexi (indicates organic pollution)
MMI S/T Multi metric indexj (German national metric;

indicates general degradation)
EQC – Ecological Quality Classj (One of five ecol. Status

classes according to EU-WFDk,l, derived from MMI)

Hydromorphological metrics
Incision – Bankfull height divided by bankfull width
Steepness – Steepness of banks (bankfull height divided by

bank width)
CV_bank – Coefficient of variation (CV) of bankfull width
CV_channel – CV of channel width
N_features – Number of channel features
D_features – Shannon-Wiener diversity indexd of channel

feature composition
CV_velocity – CV of current velocity
CV_depth – CV of river depth
N_substrate – Number of substrate types
D_substrate – Shannon-Wiener diversity indexd of substrate

composition

a C/A: composition/abundance; F: functional; R/D: richness/diversity; S/T: sensitivity/
tolerance.

b Gravel: grain size 0.2–2 cm; Cobbles: grain size N2 cm.
c Banning (1998).
d Shannon (1948).
e Simpson (1949).
f Pielou (1966).
g Armitage et al., (1983).
h Lorenz et al. (2004).
i Friedrich & Herbst (2004) and Rolauffs et al. (2004).
j Böhmer et al. (2004).
k EU Commission, 2000.
l Hering et al., 2004b.
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as proportional coverage (percentages) of the non-natural landuse clas-
ses based on the catchment area. From these data, a Land Use Index
(LUI) was derived according to the following equation (Böhmer et al.,
2004): LUI = pastoral cover [%] + 2 arable cover [%] + 4 artificial
cover [%].
2.6. Calculations

For our analyses we used a broad variety of statistical methods and
approaches. Only a very brief description is provided in the following
section, with a full description provided in the supplementary material
(Appendix B).

Initially, we checkedwhether the hydromorphological conditions
of the sites were directly affected by the restoration efforts by
comparing hydromorphological metrics of the restored and control
sections (paired Wilcoxon tests; Wilcoxon, 1945). Community re-
sponses to restoration (research objective 1) were analyzed using
PERMANOVA analysis to test for differences in the community com-
position of restored and control sections (Anderson, 2001; Oksanen
et al., 2015).

The exclusive effect of increasing restoration age on the commu-
nity structure and the community metrics (research objective 2) was
tested using three approaches. Firstly, the Bray-Curtis distances of
paired control and restored sections and the community metrics' dif-
ferences (restored minus control) were analyzed for linear trends
with increasing restoration age using simple linear regression analy-
sis. Secondly, these data were analyzed for non-linear change points
in terms of significant shifts in the mean at specific restoration ages.
Thirdly, to support evidence on the change points identified by the
former approach, the data was additionally analyzed using recursive
partitioning (R package rpart; Therneau & Atkinson 1997; Therneau
et al., 2015).

The combined role of restoration age and environmental variables
in explaining changes in the community composition (research
objective 3) was assessed using BIO-ENV analyses and Mantel tests (R
package vegan; Clarke & Ainsworth, 1993; Legendre & Legendre,
1998; Oksanen et al., 2015). In these analyses we used two approaches
based on two different data matrices (A: all projects and 5–6 variables;
B: a subset of projects and 5–6 variables plus hydromorphological met-
rics). Three models were built for each approach, using square-root
transformed abundance data (1) of the restored sections only, (2) of
both the restored and control sections, and (3), using changes in taxon
presence when comparing control and restored sections. Finally, we
assessed how taxon-specific variability of responses on increasing
restoration ages depended on species' traits (body size, dispersal ability,
life cycle duration, feeding habit and substratum preference). This was
done using the mvabund package for R (model-based analysis of
multivariate abundance data; Wang et al., 2012; Wang et al., 2015),
which builds on generalized linearmodels (GLM) and provides a frame-
work to approach the ‘fourth-corner problem’ by fitting models for
species abundance as a function of environmental variables, species
traits and environmental-trait interactions (Brown et al., 2014). The
environmental-trait interaction model was fit using the LASSO penalty
(Tibshirani, 2011).

All statistical analyses were performed in R version 3.1.2 (R Core
Team, 2014).
3. Results

The comparison of the hydromorphological metrics between the
control and restored sections revealed significant differences for all
metrics (Table 3). The large majority of the restored sections were less
incised, had lower gradient banks and themicro- andmesohabitat char-
acteristics were more diverse.



Table 3
Comparison of the hydromorphological metrics between control and restored sections. The number of restoration projects available for comparison are given (N) as well as the mean
values of the control and restored sections, the mean difference (restored minus control), significance (paired Wilcoxon test) and the numbers of projects with negative (N −), neutral
(N 0) and positive (N +) differences in the metrics. Asterisks indicate significant results ⁎⁎⁎P ≤ 0.001, ⁎⁎P ≤ 0.01, ⁎P ≤ 0.05. For description of the metrics, see Table 2. CV: coefficient of
variation, D: Shannon-Wiener diversity, N: number.

Hydromorphological metric N Control Restored Difference P-value N − N 0 N +

Incision 25 0.09 0.03 −0.07 b0.001⁎⁎⁎ 25
Steepness of banks 24 0.46 0.18 −0.28 b0.001⁎⁎⁎ 22 2
CV_bank 36 0.11 0.24 0.13 b0.001⁎⁎⁎ 5 31
CV_channel 36 0.10 0.21 0.11 b0.001⁎⁎⁎ 5 31
N_features 36 2.42 5.64 3.22 b0.001⁎⁎⁎ 3 2 31
D_features 36 0.67 1.38 0.71 b0.001⁎⁎⁎ 3 1 32
CV_velocity 36 0.32 0.43 0.11 0.002⁎⁎ 11 1 24
CV_depth 36 0.42 0.49 0.06 0.007⁎⁎ 10 26
N_substrate 36 5.42 6.69 1.28 0.004⁎⁎ 9 3 24
D_substrate 36 1.05 1.26 0.20 0.003⁎⁎ 13 23
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3.1. Community responses to restoration

Across projects, the overall community change varied from 0.269 to
0.703 with an average of 0.43 ± 0.11 (Bray Curtis distance). Neverthe-
less, the community composition did not differ significantly between
restored and control sections (PERMANOVA, df = 1, 86; F = 0.413;
R2 = 0.005; P = 0.999).

The comparison of 34 community metrics revealed significant posi-
tive differences for five richness metrics (number of taxa, genera, fami-
lies, EPT- and EPTCBO-taxa) and the two sensitivity/tolerance indices
BMWP and ASPT (Table 4). The taxon richness increased significantly
from 34 to 38.1 taxa with the EPT- and EPTCBO-taxa being mainly
Table 4
Comparison of the community metrics between control and restored sections. The mean
values of the control and restored sections are given as well as the mean difference (re-
stored minus control), significance (paired Wilcoxon test) and the numbers of projects
with negative (N −), neutral (N 0) and positive (N +) differences of the metrics. All 44
restoration projectswere included in this comparison. Asterisks indicate significant results
⁎⁎⁎P ≤ 0.001, ⁎⁎P ≤ 0.01, ⁎P ≤ 0.05.

Metric Control Restored Difference P-value N − N 0 N +

Abundance 1350 1769 419 0.283 21 23
%EPT 24.0 21.9 −2.12 0.768 19 25
%Ephemeroptera 13.5 11.8 −1.75 0.428 24 20
%Plecoptera 2.90 2.56 −0.33 0.438 13 21 10
%Trichoptera 7.61 7.57 −0.04 0.949 22 22
%Epirhithral 7.14 6.76 −0.38 0.158 27 17
%Hyporhithral 12.6 12.5 −0.06 0.322 24 20
%Metapotamal 5.19 4.82 −0.36 0.294 25 19
%Gravel 6.87 7.23 0.36 0.849 21 23
%Cobble 18.1 18.4 0.38 0.903 22 22
%ActFilFeed 5.50 5.22 −0.28 0.682 20 24
%GathCol 32.2 32.9 0.62 0.435 20 24
%GrazScrap 16.7 15.2 −1.50 0.673 22 22
%PasFilFeed 4.05 6.70 2.65 0.092 20 24
%Predators 9.51 9.39 −0.12 0.949 20 24
%Shredders 19.6 17.3 −2.31 0.123 25 19
%Xylophagous 0.13 0.10 −0.03 0.383 15 20 9
Rheoindex 0.59 0.61 0.02 0.352 20 1 23
Num. Taxa 34.0 38.1 4.14 0.0011⁎⁎ 10 34
Num. Genera 28.3 30.4 2.14 0.026⁎ 14 3 27
Num. Families 21.4 23.1 1.70 0.009⁎⁎ 10 3 31
Num. EPT 12.8 14.6 1.89 b0.001⁎⁎⁎ 7 7 30
Num. EPTCBO 17.3 20.4 3.09 b0.001⁎⁎⁎ 11 3 30
Simpson Div. 0.80 0.80 0 0.243 19 25
Shannon Div. 2.28 2.34 0.06 0.203 19 25
Evenness 0.65 0.65 0 0.683 21 23
ASPT 5.57 5.71 0.15 0.048⁎ 18 26
BMWP 105 117 11.5 0.0013⁎⁎ 13 31
FI 0.46 0.44 −0.02 0.440 22 4 18
FI class 1 taxa 4.86 5.45 0.59 0.309 17 8 19
FI class 2 taxa 2.64 2.82 0.18 0.497 14 10 20
GSI 1.95 1.95 0 0.959 21 3 20
MMI 0.43 0.43 −0.01 0.717 20 5 19
EQC 3.34 3.34 0 1 8 28 8
responsible for these gains, while showing strong turnover. For all
other metrics, differences were highly variable and outweighed be-
tween sites with positive and negative changes (e.g., GSI), or neutral
with the majority of restored sections showing no change at all
(e.g., EQC).

3.2. Linear and non-linear time patterns of community recovery

Bray-Curtis distance was positively but non-significantly related to
restoration age. Similarly, no significant linear relationships were
found between the restoration age and the community metrics' differ-
ences (restored minus control, Fig. 2).

Only 5 out of the 34 community metrics revealed significant non-
linear shifts in the mean difference (restored minus control) at restora-
tion ages of 2 to 3 years, while no shift could be observed in the Bray-
Curtis distance (Fig. 3). The recursive partitioning analysis identified
non-linear age splits for 9 of the community metrics (vertical lines in
Fig. 3). For 4 of these metrics, the shift was congruent with the ones
identified using the first approach.

In the case of %Epirhithral, %Ephemeroptera and %EPT, negative
mean values were found for restoration ages lower than the identified
age split, with a significant shift to approximately zero for higher resto-
ration ages. In contrast, %Shredders and the Faunaindex showed posi-
tive mean values below the age split and negative above. In spite of
high response variability, the effect sizes (Cohen's D) of significant age
splits were large (N0.8; cf. Cohen, 1988) and ranged from 0.83 to 1.25.

3.3. The importance of environmental factors and species traits

The BIO-ENV analyses revealed maximum rank correlations be-
tween the community dissimilarity matrix and the best subset of the
benthic invertebrate community and hydromorphological metrics (ex-
planatory variables, Table 2) ranging from 0.14 to 0.34 while approach
B performed best (Table 5). The restoration age, only relevant for
models A1, B1, A3 and B3, was selected only in B1, but with low explan-
atory value and no significance assigned to by the Mantel test. The
variable ‘restored’ (yes or no; relevant to models A2 and B2) did not
contribute to the best subsets of explanatory variables. Distances of
the LUI revealed high importance in explaining community dissimilar-
ities, just as some hydromorphological variables (e.g., CV_velocity).

Selected species traits were available for 319 out of 380 taxa (body
size, dispersal ability, life cycle duration, feeding habit and substratum
preference). Ninety-seven out of these 319 taxa occurred at least at
10% of the investigated sites and thuswere available for themultivariate
and fourth-corner modeling. A multivariate GLM based on the variables
age, ecoregion, catchment size, MMI_control, LUI and interactions of the
last four variables with age, explained 12.6% of variance (McFadden's
likelihood-ratio index; McFadden, 1974). Resampling-based ANOVA
supported the significance (P = 0.001) of this model compared to the
intercept-only model, but only two variables contributed significantly



Fig. 2. Simple linear least squares regression analysis of the differences (restored minus control) in taxon abundance, %EPT, Num. Taxa and the Bray-Curtis distance (only four plots are
shown as examples). R-squared and P-values are given.
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to the explanation of the variance (ecoregion, P = 0.031; catchment
size, P = 0.011). The remaining variables and the AGE-interaction
terms were non-significant (P N 0.05). The fourth-corner model re-
vealed significance for the species traits in explaining the variation in
environmental responses across species (P = 0.001). Several of the in-
teraction coefficients were set to zero during model shrinking via the
LASSO penalty (Table 6). The highest impact was found for trait interac-
tions with the MMI_control variable. The dispersal metric and the
substratum preference metric ‘macrophytes’ achieved the highest
average interaction coefficients across the tested variables. Refer to
the Supporting Information for multivariatemodel coefficients (Appen-
dix C).

4. Discussion

Based on a comprehensive data set and a rigorous study design
we showed that the restoration measures could well improve the
hydromorphological conditions. In particular, there was evidence for
improved habitat diversity and lateral connectivity (i.e., rivers were
less incised). These results are in line with previous studies like Haase
et al. (2013), who found significantly recovered hydromorphological
parameters in restored sites that were generally matching the degree
of improvements that can be expected for restored rivers (Kamp et al.,
2007) although not complying with reference conditions. Januschke
et al. (2014) equally reported improved diversity of channel features,
but microhabitat characteristics were less affected by restoration.
Therefore, it is still unclear whether the detected improvements are
qualitatively and quantitatively sufficient to enhance community integ-
rity and diversity.

4.1. Community responses to restoration

Benthic invertebrate community responses to restoration were
highly variable. In spite of a considerable species turnover and increased
taxon richness, neither diversity measures nor taxon abundance
responded significantly. While increased taxon richness has been sup-
posed to enhance resilience and ecosystem functionality, higher trophic
levels and neighboring ecosystemsmight not benefit unless the density
increases, favoring enhanced transfer of biomass and energy (Baxter
et al., 2005; Miller et al., 2010). The metrics of the German assessment
system (comprised of the Rheoindex, GSI, Faunaindex and MMI) also
remained generally unaffected. Our results are consistent with those
of other studies that found a high variability in the response of benthic
invertebrates to hydromorphological restoration, but no directed
changes, let alone improvements in the assessment results in spite of
clearly enhanced hydromorphological quality (Bernhardt & Palmer,
2011; Haase et al., 2013; Palmer et al., 2010).

4.2. Linear and non-linear time patterns of community recovery

In spite of a broad gradient in restoration age, this factor did not
show any significant linear effects neither on the overall community
shift nor on changes in the community metrics' differences. Moreover,
non-linear effects (i.e., significant age splits) were equally absent for
the vast majority of metrics. These results are in line with studies that
have demonstrated missing improvement and ongoing species turn-
over in riverine communities even after several years post restoration
(Fuchs & Statzner, 1990; Januschke et al., 2014; Nilsson et al., 2015)
and others that found the community changes to be independent on
the restoration age (Doll et al., 2015; Miller et al., 2010). Similarly, a re-
cent meta-analysis of restored wetlands worldwide found the restora-
tion age was not an important predictor of biodiversity and ecosystem
services provided by restored sites (Meli et al., 2014).

As implied by our first hypothesis, however, we found evidence for
both community disturbance and recovery following the restoration
event. One the one hand, the dominance of Ephemeroptera, EPT- and
Epirhithral-taxa decreased towards conditions dissimilar from the
control section during the first 2 to 3 years after completion. This likely
reflects the disturbance effect that construction works of river restora-
tion projects can have, favoring traits typical for disturbed environ-
ments (Louhi et al., 2011; Spänhoff & Arle, 2007; Tullos et al., 2009).
Such restoration approaches typically include major earthworks alter-
ing local conditions detrimentally in the short term. This includes
changes in flow patterns, morphodynamics, the loss of shading and
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Table 5
Results of the BIO-ENV analysis andMantel tests. Refer to Table 2, Appendices B, C and sec-
tion 1.6 (Calculations) for explanation of the variables and models. The results are
displayed in a cumulative way, i.e., with variables of the best subset added subsequently
with increasing cumulative rank correlation (ρ cum.) to the community dissimilarity
matrix from top to bottom. Asterisks indicate significant models ⁎⁎⁎P ≤ 0.001, ⁎⁎P ≤ 0.01,
⁎P ≤ 0.05. CV: coefficient of variation, D: Shannon-Wiener diversity, N: number.

Approach A
n = 44

BIO-ENV analysis Mantel test

Model ρ cum P-value

A1
restored sections

Catchment size 0.097 0.109
+ MMI_control 0.148 0.022⁎

+ LUI 0.220 0.002⁎⁎

A2
all sections

Catchment size 0.112 0.025⁎

+ LUI 0.199 0.001⁎⁎⁎

A3
change in presence/absence

Catchment size 0.252 0.018⁎

Approach B
n = 36

B1
restored sections

Age 0.047 0.225
+ Catchment size 0.083 0.165
+ MMI_control 0.156 0.021⁎

+ CV_velocity 0.202 0.008⁎⁎

+ LUI 0.275 0.001⁎⁎⁎

+ D_features 0.340 0.001⁎⁎⁎

B2
all sections

CV_velocity 0.080 0.049⁎

+ Catchment size 0.114 0.039⁎

+ Ecoregion 0.166 0.002⁎⁎

+ LUI 0.206 0.001⁎⁎⁎

B3
change in presence/absence

LUI 0.092 0.161
+ D_features 0.175 0.026⁎

+ CV_velocity 0.239 0.003⁎⁎

+ Catchment size 0.301 0.001⁎⁎⁎

729M. Leps et al. / Science of the Total Environment 557–558 (2016) 722–732
often the transition from heterotrophy towards autotrophy (McMillan
et al., 2014; Sweeney et al., 2004; Tullos et al., 2009).

On the other hand, the dominance of Ephemeroptera, EPT- and
Epirhithral-taxa re-approached to approximately control conditions
after 2 to 3 years. Thus, a quick and migration-driven reestablishment
of pre-restoration community structure with taxa originating from
nearest surroundings (i.e., degraded sections) might have occurred, as
it was expected by Lorenz et al. (2009) in the absence of more natural
species pools. Likewise, a study of Laasonen et al. (1998) found stagnat-
ing trends in benthic abundance within restored reaches following an
initial, rapid phase of recolonization, which was probably originating
from refugeswithin the restored reach and the immediate surroundings
(Spänhoff & Arle, 2007). Generally, there is empirical evidence that re-
colonization can occur quickly (cf. Gore & Milner, 1990; Gustafsson
et al., 2013;Winking et al., 2014)withmigration occurringmainlywith-
in the first few kilometers of flow distance (Sundermann et al., 2011;
Tonkin et al., 2014). This supports our assumption that colonizersmain-
ly stem from the degraded sections.

Recovery from bed disturbance in streams has been shown to be de-
pendent on productivity, or the recovery of the autotrophic food supply
(Death and Zimmermann 2005; Tonkin and Death 2012). We did not
measure periphytic algal biomass here, but that potentially represents
an important factor governing the response times to these restorative
procedures opening the river up to autotrophy. The riparian vegetation,
however, cannot be expected to evolve considerably over 2 to 3 years
(Pasquale et al., 2011) and thus to trigger the observed community
shifts. For instance, Howard-Williams & Pickmere (1994) and Davies-
Colley et al. (2009) showed that maturation of woody riparian vegeta-
tion after restoration, the reestablishment of canopy cover and shading,
and the provision of deadwood and leaf litter requires much longer pe-
riods of time (i.e., decades). Accordingly, the observed shifts in domi-
nance of the shredders can be hardly explained with changes of in-
stream and riparian vegetation.While the loss of shading and increased
macrophytesmight have favored those taxa, their decrease after 3 years
is more likely to be driven by relative gains of EPT-taxa than bymatura-
tion of the vegetation.

Our findings can be related with recent research (Li et al., 2015),
where the dispersal capacity of restored river reaches (i.e., the
abundance-weighted sum of the taxa's dispersal abilities) was shown
to decrease during 1 to 10 years after restoration with the strongest
rate in the first 3 to 4 years. Li et al. (2015) concluded that strong
dispersers, already present immediately after restoration, were subse-
quently joined by colonizingweak dispersers,which reduced theoverall
dispersal capacity of the communities.
4.3. The importance of environmental factors and species traits

While BIO-ENV analysis also indicated a weak influence of resto-
ration age on both community composition at the restored sections
and on community shifts from control to restored sections, some
hydromorphology metrics were strongly linked to community com-
position. Given only a few biological metrics indicated improved
benthic communities following restoration, improved micro- and
mesohabitat characteristics remain insufficient to increase community
integrity. Instead of inducing directed changes in the community
composition towards improved community metrics, the investigated
hydromorphologymetrics appeared to induce complex andmultidirec-
tional effects on the community composition. However, we point out
that the results of future researchmight become clearerwhen including
Fig. 3. Identified non-linear shifts in the metrics' differences (restored minus control) again
significant (P ≤ 0.05) difference between the group means (black horizontal lines) were foun
partitioning approach (grey vertical lines). In cases of significant shifts in the mean, data poin
and older ones have filled circles. P(split): P-value of the Mann-Whitney U test for differences i
differences being unequal to zero (see Table 4); y overall mean value.
further hydromorphology and hydrologymetrics, such as the frequency
and intensity of high flow events.

In support of our second hypothesis, restoration effects tended to be
overridden by, for instance, the influence of intensive land use, which
was characteristic for many catchments investigated in the present
study (arable land use: up to 96.9%, on average 27.8 ± 22.9%; artificial
land use: up to 45.3%, on average 9 ± 8.1%). These results are in line
with recent studies suggesting the local hydromorphology is a weak
driver of community condition in a multiple stressor environment
(e.g., Miller et al., 2010; Sundermann et al., 2013). In our study, both
mitigating effects of improved local hydromorphology and revegetated
riparian buffer strips were clearly shown to be overwhelmed by the in-
fluence of catchment-wide land use (see also Leps et al., 2015). There-
fore, prior or at least in parallel to restoring local habitat conditions, it
is essential to improve the water quality (e.g., nutrient loads and
toxicants) and to mitigate overriding watershed-scale processes (Roni
et al., 2008). Nevertheless, Stoll et al. (2016) indicate that the best
place to focus restoration efforts to exert the strongest biotic response
may be in regions with intermediate levels of impairment. Moreover,
we found that the community composition and its shift in response
to restoration was clearly dependent on the given stream type
(i.e., ecoregion and catchment size), which highlights the amount of
between-project variability inherent to the investigated study sites.
This gives support to the advice of Dufour & Piégay (2009) and Leps
st the restoration age. Only 10 out of 34 tested community metrics are shown, where a
d and/or where the data could be partitioned into two or more groups via the recursive
ts with restoration ages lower than the identified age split are shown with open circles
n group means; D: Cohen's D; P(diff): P-value of the pairedWilcoxon-test for the metrics'



Table 6
Coefficients of the environmental vs. species trait interactions in the fourth-corner modeling. Each value indicates the amount by which a change of 1 SD in the trait variable changes the
coefficient of the given environmental variable. Interaction terms thatwere set to zero (LASSO) are printed in grey. The remaining ones are highlighted in different shades of grey ranging
from light to dark grey with increasing absolute values. In case of the ecoregion, coefficients of the factor level ‘lowland’ are shown.

Species trait group Species trait Age Ecoregion LUI Catch.

size

MMI 

control

Body size Max. potential size 0.016 0 0.083 0 -0.153

Dispersal ability Dispersal metric 0 -0.071 0 0.113 0.287

Life cycle duration < 1y 0 -0.045 0 0 0.032

Life cycle duration > 1y -5E-04 0 0 0.018 -0.008

Feeding habit Deposit feeder 0 -0.046 -0.139 0 0

Feeding habit Shredder 0 0 0 -0.008 0.128

Feeding habit Scraper -0.012 0 -0.043 0 0

Feeding habit Filter feeder 0.068 0 0.050 0.046 0

Feeding habit Predator -0.030 0 -0.044 -0.036 -0.023

Substratum preference Boulders, cobbles 0 -0.009 0.033 -0.084 0

Substratum preference Gravel 0 0 0.034 0.122 0.022

Substratum preference Sand 0.065 0 0.060 -0.043 -0.167

Substratum preference Macrophytes 0 0.262 0.050 0 -0.216

Substratum preference Twigs, roots -0.049 0.080 0 0 -0.158

Substratum preference Detritus, litter 0 0 0 -0.052 0

Substratum preference Mud 0 0.148 0.142 0 -0.050
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et al. (2015) who consider regional complexity to be a crucial factor in
guiding the selection of both restorationmeasures andnatural reference
conditions.

The relevance of ecoregion and catchment size was also confirmed
in the multivariate modeling approach, but with no evidence of an
interactive effect of ecoregion, catchment size and restoration age.
Likewise, the selected species traits were hardly able to explain the
variability of species responses to a growing restoration age. Filter
feeders and sand dwelling taxa appeared to have benefitted slightly
from growing restoration ages, whereas dead-wood dwelling taxa
decreased in turn. Yet, due to weakmodel goodness and rather modest
coefficients, these results should not be over-interpreted. Regardless
of the gradient in restoration age, the model outcomes tended to reflect
that taxa dwelling onmacrophytes or fine particulate matter benefitted
from lowland conditions (i.e., reduced slopes and flow velocities)
and were tolerant against conditions following intensive land use
(e.g., increased input of fine sediments). For taxa with small body
sizes and high dispersal abilities, an increased positive correlation
was observed between the taxon's abundance in the restored sections
and the biotic integrity of the corresponding control sections
(MMI_control), which can be seen as a proxy variable for the condition
of the source populations. In accordance with other recent studies
(Li et al., 2015, Sundermann et al., 2011 and Tonkin et al., 2014), this
might indicate that recolonization of the restored sections is originating
from source populations in the proximity and is primarily driven by
good dispersers.

4.4. Limitations of our approach

The lack of prior restoration data is a very common issue in restora-
tion ecology sciences, as status quo assessments and integrated
monitoring programs are rarely part of the restoration planning. Assess-
ments of restoration success are therefore often restricted to pairwise
comparisons of restored versus non-restored ‘control’ sites (as we
have done here), taking spatial differences as surrogates for temporal
changes (space-for-time substitution approach). This study design has
some disadvantages to be aware of; the most important one being the
impossibility of accounting for inherent variability over time
(Pickett, 1989; Thomaz et al., 2012). Specifically, control site condi-
tions might have changed since restoration (e.g., in water quality,
hydromorphology, hydrology and community patterns). Careful se-
lection of the sites must therefore ensure comparability in spite of
possible changes over time. This gives weight to the need of sam-
pling prior to restoration, which would enable a true Before-After-
Control-Impact design.

Finally, we stress that the precision of freshwater biological sam-
pling results would highly benefit from replicated samplings, as sam-
pling variation is typically high in lotic systems (Clarke et al., 2006).
However, given the high effort associated with replicated samplings, a
lack of replicates is a common flaw in applied ecological field studies
and basically a matter of a lack in feasibility.

5. Conclusion

In the present study, we assessed the importance of the time since
restoration (i.e., restoration age) and other factors (e.g., catchment char-
acteristics) in explaining benthic invertebrate community change in re-
sponse to hydromorphological river restoration.

As implied by our hypotheses,we found evidence for both community
disturbance and recovery following the restoration event. However, the
restoration agewas only aweak predictor of community integrity and re-
sponseswere strongly overridden by catchment-scale factors. Our results
suggest that local structural improvements alonewere still insufficient ei-
ther in quantity or quality or both.We conclude that the lack of time is not
the ultimate reason for missing community recovery and the problem is
more likely within the restoration design and the missing ability to cure
catchment-wide symptoms with reconstructing channels locally.

From an ecological point of view, future river restoration will
benefit from re-establishing near-natural water quality conditions
and catchment-scale processes (e.g., connectivity and hydrodynam-
ics) in parallel to restoring local habitat structure (Roni et al., 2008). For
instance, installing riparian buffer strips and promoting highly efficient
waste water treatment plants could help mitigating the influence of
intensive land use and urbanization. Dam removal is essential for
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reconnecting isolated river reaches and for improving the hydrological
regime. However, as shown in Leps et al. (2015), the measures needed
may also differ between stream types. This highlights the importance of
recognizing the inherent heterogeneity of riverscapes when tackling
such applied issues.

According to a recent study of Jähnig et al. (2011), socioeconomic as-
pects of river restoration should not be disregarded. The citizens' per-
ception of river restoration success is based on a variety of additional
factors such as the recreational value and landscape aesthetic values,
which clearly benefited from river restoration (Jähnig et al., 2011). Pub-
lic opinion surveys have shown that river restoration receives a high
level of acceptance and support in the public, although expenditures
are well known to be high (Deffner et al., in preparation). River restora-
tion may therefore be ideal to promote the citizens' awareness of both
the need and value of intact river ecosystems. Finally, river restoration
will help to increase the public acceptance for future efforts in enhanc-
ing thewater quality and improving riverine communities, even if most
of these changes may occur unseen.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.03.120.
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