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• Impacts of passing ships on abiotic con-
ditions in the littoral zone of rivers were
reduced in shore channels behind LTD.

• Flow stability was enhanced in the
shore channel along the LTD compared
to traditional groyne fields.

• Fish densities in the littoral zone of the
LTD shore channel were significantly
higher compared to traditional groyne
fields.

• Fish densities in stony habitats along the
LTD increased linearly with distance to
dynamic sections (such as in- andoutlet).

• LTDs allow for ecological rehabilitation of
littoral zones of navigated rivers while
enabling multiple uses and flood safety.
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The stability of habitat conditions in littoral zones of navigated rivers is strongly affected by shipping induced
waves and water displacements. In particular, the increase of variability in flow conditions diminishes the suit-
ability of these habitats for juvenile fishes. Recently, a novel ecosystem based river management strategy has re-
sulted in the replacement of traditional river training structures (i.e., groynes) by longitudinal training dams
(LTDs), and the creation of shore channels in the riverWaal, themain, free-flowing and intensively navigated dis-
tributary of the river Rhine in the Netherlands. It was hypothesized that these innovative LTDs mitigated the ef-
fects of shipping on fishes bymaintaining the natural variability of habitat conditions in the littoral zones during
ship passages whereby shore channels served as refugia for juvenile fishes. Measurements of abiotic conditions
showed a significantly lowerwater levelfluctuation and significantly higher flow stability in shore channels com-
pared to groyne fields. Flow velocity did not differ, nor did the variation in flow velocity fluctuation during ship
passage between these habitats. Densities of fish were found to be significantly higher in the littoral zones of
shore channels compared to nearby groynefields.Moreover, electrofishing along the inner side of the newly con-
structed LTD showed a significant linear relationship between fish density and distance from highly dynamic in-
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and outflow sections and to lowered inflow sections in the LTD. Results of our field sampling clearly indicate suc-
cessful ecological rehabilitation of littoral zones that coincides with a facilitation of navigation in the main river
channel and increased flood safety.

© 2017 Elsevier B.V. All rights reserved.
River training
Water level fluctuations
1. Introduction

Biodiversity and functioning of riverine ecosystems are increasingly
threatened by overexploitation of water and organisms, water pollu-
tion, modification of flow, habitat destruction, introduction of invasive
alien species and the overarching effect of climate change (Malmqvist
and Rundle, 2002; Dudgeon et al., 2006; Leuven et al., 2009; Vaughn,
2010; Arthington et al., 2010).

One of themajor causes of habitat degradation in large rivers is the fa-
cilitation of navigation through extensive channelization, dredging and
the construction of embankments (Gregory, 2006; Kucera-Hirzinger
et al., 2009). Thesemeasure result in reduced channel sinuosity and hab-
itat diversity. In addition to these impacts, navigation itself affects river-
ine habitats and biodiversity through increasedwave action, shear stress,
flow velocity and sediment resuspension (Ten Brinke et al., 1999, 2004;
Söhngen et al., 2008; Kucera-Hirzinger et al., 2009; Hofmann et al.,
2011; Gabel et al., 2017). Direct and indirect navigation pressures are ex-
pected to increase in the near future as inland shipping is considered
more sustainable than road transport (Colvile et al., 2001; Rohács and
Simongáti, 2007; European Commission, 2011; Gabel et al., 2017).

The decline in habitat diversity due to navigation is characterized by
a deterioration in spawning and nursery habitats that results in de-
creased diversity and productivity of migratory and riverine fishes
(Wolter and Arlinghaus, 2003). Navigation is facilitated by, among
other things, the construction of groynes with basalt stones and other
rocks (Brunke et al., 2002). These groynes provide habitat for several
alien species (Leuven et al., 2009; Van Kessel et al., 2016) and are
often characterized by an impoverished fish community dominated by
alien species (Fladung et al., 2003; Dorenbosch et al., 2017). Conditions
in groyne fields are influenced by shipping (Ten Brinke et al., 1999), in-
creasing wave action and flow velocity. These highly dynamic condi-
tions affect the early life history stages of fishes (Kucera-Hirzinger
et al., 2009; Schludermannet al., 2014) and limits the swimming perfor-
mance of adult fishes (Wolter and Arlinghaus, 2003).

The implementation of the Water Framework Directive (Water
Framework Directive, 2000/60/EC) changed the focus of river manage-
ment from technological to sustainable management taking ecological
values into account (Nienhuis et al., 2002). In the Netherlands, the
WFD culminated in the ‘Room for the River’ programme that aims at
an integrated river basin management approach (Van Stokkom et al.,
2005; Rijke et al., 2012). As part of the ‘Room for the River’ programme
the majority of existing groynes in the river Waal, the main branch of
the river Rhine, were lowered and existing groynes over a 10 km long
stretch in the inner bend of the river were replaced by three longitudi-
nal training dams (LTDs) (Huthoff et al., 2011; Rijkswaterstaat Oost
Nederland, 2011; Verbrugge et al., 2017).

LTDs are novel river training structures that are placed parallel to
the river bank thereby protecting the littoral zones from navigation
induced impacts. It has been suggested that these river training
structures decrease the impact of navigation and improve the variety
of habitats and density of fishes (Kucera-Hirzinger et al., 2009;
Vermeulen et al., 2014). Recently, LTDs have been built in the rivers
Elbe, Loire and Rhine, with the aim of maintaining a minimumwater
depth for navigation (Paalvast, 1995; Brabender et al., 2016). The
LTDs in the river Waal were constructed for multiple functions:
1) to increase and maintain the minimum water depth for naviga-
tion, 2) to increase discharge capacity for improved flood safety,
3) to facilitate the safe discharge of ice to protect hydraulic infra-
structure and river dikes, 4) to reduce fairway maintenance costs
(dredging), and 5) to increase habitat diversity and stability by cre-
ating sheltered shore channels (Eerden, 2013).

This study aims to assess the influence of the LTD on abiotic condi-
tions and fish density during two seasons characterized by different
water levels. We hypothesize that the impact of navigation on flow ve-
locity, water level fluctuation and flow stability behind the LTD is lower
than in traditional groynefields.Moreover,fish density is expected to be
higher in the LTD shore channel as the impact of passing ships is expect-
ed to be relatively low. From these hypotheses the following research
questions have been derived: Does the impact of navigation on flow ve-
locity, water level fluctuation and flow stability differ between groyne
fields and the LTD? How does a decrease in the influence of navigation
affect fish density near river training structures? In order to answer
these questions measurements of abiotic conditions in river training
structures were made and fishes were monitored using seine nets and
electrofishing equipment.

2. Methods

2.1. Study sites

Monitoringwas performed in the lowland riverWaal, the largest, free-
flowing distributary of the river Rhine in the Netherlands (Fig. 1a, b). The
river Waal is intensively navigated with one of the highest shipping fre-
quencies of all inland waterways in the world (Ten Brinke et al., 1999).
Three LTDs have been constructed in the river Waal from river km 911
to 922. The first and second LTD, situated on the left bank, are 3 and
4 km long, respectively (Fig. 2a). The third LTD on the right bank is
3 km long. Each LTD features an in- and outflow, and divides the river
into a main channel for commercial navigation and a shore channel
where only recreational navigation is allowed (Fig. 1c, d). Along specific
sections, the LTDs are lowered by a meter and are more porous, allowing
a lateral exchange of sediment, water and biota (Fig. 1e). However, these
openings may reduce the shelter effect of the LTD as navigation induced
waves may pass through. The first and second LTDs have two lowered
sections, whereas the third LTD has one lowered section (Fig. 2a; Supple-
mentary information: Fig. S1). Taking into account the water level fluctu-
ations over the last six years, the longitudinal training dam would have
been visible above the waterline for 300 days a year, on average
(±31 days; Supplementary information: Fig. S2). The lowered section
would have been visible above thewaterline exposed for 211 days, on av-
erage (±51 days; Supplementary information: Fig. S2).

2.2. Navigation induced changes in environmental conditions

Measurements of navigation induced effects on flow velocity, wave
action and flow stability were measured at five sites spread throughout
Location 5 in the littoral zone directly behind the lowered part of the
LTD (Fig. 2a, c, f). This section wasmost exposed to the potential effects
of navigation. Reference measurements were performed at five sites
spread throughout location 7 in the littoral zone of a traditional groyne
field (Fig. 2b, e).Measurements were performedwhen the lowered sec-
tion of the LTD was 1) below and 2) above the water level i.e., b and N

+ 4.4 m ASL at gauging station Tiel, respectively (Fig. 1e).
A pressure sensor (Water Level Data Logger, Onset HOBO) was used

tomeasure the pressure of thewater columnat a 1Hz rate at each of the
five measurement sites within each location. The measurements indi-
catedwaves generated by navigation and variability in discharge. An ad-
ditional pressure sensor (Water Level Data Logger, Onset HOBO) was
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placed in the open air to measure barometric pressure. These measure-
ments were used to transform the pressure measurements of the water
column into water levels. Flow stability was measured at one site (S3;
Fig. 2e and f) approximately 15 cm above the river bed using a g-force
logger (G data logger, Onset HOBO). The position of the logger in the
water column on the x, y and z axes was measured at a 1 Hz rate over
1 h. Flow velocity was measured at a 1 Hz rate for at least 5 min at
each measurement site within each location using an open channel
flow meter (Valeport, model 002). The meter was held 15 cm above
thebed surface, perpendicular to themain channel tomeasure the effect
of incoming waves caused by navigation on flow velocity.

A subset of 5 min of data was assigned to every passing ship for flow
velocity and water level measurements. Subsets without ship effects
were constructed by using the data of time frames without navigation
(a period without navigation at least 5min following the last ship pas-
sage). The subsets of data were subsequently analysed by deriving the
minimum and maximumwater level and flow velocity during each ship
passage. Flow stability data was not analysed at the level of a single pass-
ing ship but was collated for each sampling site during the entire study.

2.3. Fish sampling

Fish sampling was undertaken over four days per month in July and
October 2016. Monitoring was performed after sunset in the littoral
zone using seine nets (20 × 3 m, smallest mesh size 5 mm stretched)
targeting small-bodied fishes (b10 cm) Sampling locations were
grouped into three categories: 1) groyne field, 2) shore channel behind
sheltered LTD section and 3) shore channel near dynamic LTD section.
Locations 1 to 9weremonitored in July 2016; locations 4 to 9 in October
2016. (Fig. 2a).Monitoringwas undertaken in both seasons as the lower
water level in October compared to July allowed an assessment of the
influence of an emergent, lowered LTD section on fish densities. One
to three smaller transects were sampled at each sampling location.
The length, width and depth of these transects varied between 23.6
and 93.0 m, 1.5 and 14.0 m and 0.2 and 0.94 m, respectively.

Thefish assemblages of the stony substrate on the shore channel site of
one LTDwas sampled using a suitable electrofishingmethod for sampling
small sized fish species in shallow habitats during day time using boat
mounted electrofishing equipment (DEKA 7000 N, Mühlenbein, DEKA
Gerätebau, Marsberg, Germany). Transect of 50 mwere sampled at regu-
lar intervals of 200 m along the entire LTD (total length: 4 km), yielding
one density for each LTD section. In July, the lowered sections of the
dam were submerged and could not be sampled. In October the lowered
sections of the LTD were exposed and could thus be sampled. After sam-
pling each transect, all fishes were visually identified, counted, measured
and released. All fish surveys and identifications were performed by the
same individual, thereby avoiding inter-observer variability.

2.4. Statistical analyses

2.4.1. Navigation induced changes in environmental conditions
A generalized linear mixed effect model (GLMM) was used to ana-

lyse the fixed effect of ‘navigation’ i.e., ship present or absent and fixed
effect of ‘location’ i.e., groyne field, lowered section dam submerged
and lowered section dam above water (‘emergent’) and the random ef-
fect of ‘measurement site’ nested within ‘location’ on the continuous
variable water level fluctuations. A GLMM was also used to analyse
the fixed effect of ‘location’ and the random effect of measurement
site nested within ‘location’ on the continuous variable flow velocity.
‘Navigation’, ‘location’ and ‘measurement site’ were categorical vari-
ables. In total 531 and 16,231 measurements of water level fluctuation
and flow velocity were available, respectively. Models were fitted
using the ‘glmer’ function from the ‘lme4’ package in R statistics
(Bates et al., 2014; R Core Team, 2015). Distribution of the water level
and flow velocity data was checked by deriving a Cullen and Frey
graph using the ‘descdist’ function of the ‘fitdistrplus’ package
(Delignette-Muller et al., 2017) with 1000 iterations. Both datasets
depicted a gamma distribution. Therefore, the GLMMs were performed
using a gamma distribution with a log link. Model selection was based
on the lowest Akaike's information criterion (AICc) value in combina-
tion with a significant model improvement using the likelihood ratio
test (Field et al., 2012). The best water fluctuationmodel included ‘loca-
tion’ and ‘navigation’ as fixed factors and included the random factor of
‘measurement site’ nested in ‘location’ (supplementary information:
Table 1). The best performing flow velocity model included ‘location’
and the random factor of ‘measurement site’ nested in ‘location’ (sup-
plementary information: Table 2). The ‘mixed’ function of the ‘afex’
package (Singmann and Bolker, 2014) was used to derive fixed effect
significances based on the best fit model for each variable. When neces-
sary, Tukey post hoc comparisons were performed using the ‘glht’ func-
tion of the ‘multcomp’ package (Hothorn et al., 2016).

The effect of ‘navigation’ and ‘location’ and the random effect of
‘measurement site’ nested within ‘location’ on range in flow velocity
during 5 min time frames was analysed using a linear mixed effect
model (LME) using the ‘lmer’ function from the ‘lme4’ package (Bates
et al., 2014). For all locations combined, 44 time frames with navigation
and 6 time frames without navigation were available. Model selection
was based on the lowest Akaike's information criterion (AICc) value in
combinationwith a significantmodel improvement using the likelihood
ratio test (Field et al., 2012). The best model included ‘navigation’ as
fixed factor and included the random factor of ‘measurement site’
nested in ‘location’ (supplementary information: Table 2). Fixed effect
significances were derived using the ‘mixed’ function of the ‘afex’ pack-
age. In addition, the coefficient of variation (CV) of the flow velocity
fluctuation during 5 min time frames was analysed with an asymptotic
test using the ‘cvequality’ package (Marwick, 2016). Flow stability
expressed as the position of the g-force logger along the y and z-axes
was analysed using the mean position, SD and skewness.

2.4.2. Fish density
Based on the sampled area fish density was calculated and checked

for normal distribution using the ‘shapiro.test’ function in R. Data that
were not normally distributedwere log10 transformed and subsequent-
ly checked for normality. An Anovamodel was used to analyse the fixed
effect of ‘location’ i.e., groyne field, LTD dynamic and sheltered shore
channel, and ‘month of sampling’ i.e., July andOctober on 1)fish density
and 2) fish density of native, rheophilic and eurytopic fish species
caught using the seine net. Fish guild classification followed Aarts and
Nienhuis (2003) and, for recently introduced species, Van Kessel and
Kranenbarg (2012) (Table 2). Inclusion of ‘sampling transect’ nested
in ‘site’ and ‘site’ nested within ‘location’ did not significantly improve
themodel. Post hoc comparisons were performed using the ‘TukeyHSD’
function in R statistics.

Overall and native fish densities near stony substrate of training struc-
tures were analysed using an Anova model that included ‘location’
i.e., groynes and LTD as fixed effect. Only data from July was available
for the groynes, therefore the analysis was restricted to July data. As den-
sities were normally distributed, no log10 transformation was required.
The effect of the continuous factor ‘minimumdistance todynamic section’
and the fixed factor ‘month of sampling’ i.e., July and October on the con-
tinuous variablefish density near stony substratewere analysed using the
‘lm’ function in R statistics. Model selection was based on the lowest
Akaike's information criterion (AICc) value in combination with signifi-
cant model improvement. The best model included ‘minimum distance
to dynamic section’, ‘month of sampling’ and the interaction between
the two aforementioned factors (Supporting information: Table 3).

Community similarity and temporal patterns were analysed using
permutational multivariate analyses of variance (PERMANOVA), taking
into account the fixed effect of ‘location’ i.e., groyne field, LTD dynamic
and sheltered shore channel and ‘month of sampling’ i.e., July andOctober
on fish diversity caught using the seine net. The analyses was performed
using the ‘adonis’ function of the ‘vegan’ package in R statistics with 1000
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Fig. 1. Schematic overview of the Netherlands (a), the longitudinal training dam study area (b) in the river Waal in the Netherlands, (c) helicopter view of traditional groynes and a lon-
gitudinal training dam, and (d) cross section of the study site with traditional groynes and with a longitudinal training dam, and (e) side view of a submerged, lowered section in the lon-
gitudinal training dam.
(Adapted from Eerden, 2016 and Verbrugge et al., 2017).
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permutations (Oksanen et al., 2017). The adonis function is sensitive to
the order in which variables are added, so multiple permutations of
each model verified that the predictors that we identified were consis-
tently themost important. In October, fewer sites were sampled resulting
in an unbalanced sampling design. Therefore, an additional PERMANOVA
was performed including only thefish diversity in July and thefixed effect
of ‘location’ i.e., groyne field, LTD dynamic and sheltered shore channel.
3. Results

3.1. Navigation induced effects on environmental conditions

Duringwater levelmeasurements 106 ships passed.Water levelfluc-
tuations significantly differed between ‘locations’ (χ2 = 23.76, DF = 2,
P-value b0.001; Fig. 3a) and were significantly influenced by



Table 1
Descriptive statistics of logger positions along the Y and Z axes for the groyne field and
lowered LTD location under submerged and emergent conditions.

Location Axis Mean SD Skewness

Groyne field Y 95° 19° 0.26
Z 80° 54° 0.31

Submerged lowered LTD location Y 66° 14° −0.58
Z 74° 24° 0.07

Emergent lowered LTD location Y 58° 14° −0.73
Z 80° 30° 0.37

Fig. 2. (a) Locations of the longitudinal training dams (LTDs) and sampling sites of fishes, (b) close-up of groyne fieldswhere fishes were sampled (reference sites), (c) and (d) close-up of
fish sampling sites near the LTD, (e) sites of abioticmeasurements in groynefield at location 7, and (f) abioticmeasurement sites in shore channel along LTD at location 5. Locations behind
the LTD are categorized as dynamic (1, 3, and 5) and sheltered (2, 4, 6) shore channel; location 7, 8 and 9 are categorized as groyne fields. Arrows indicate river flow direction.
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‘navigation’ (χ2 = 64.52, DF = 1, P-value b0.001; Fig. 3b). Water level
fluctuations were significantly higher in the groyne field compared to
sites behind the lowered parts of the LTD (Z-value = 6.407, P-value
≤0.001). Water level fluctuations significantly decreased during periods
with low river discharge when this LTD section was above water com-
pared to periodswith higher river dischargeswhen this sectionwas sub-
merged (Z-value = −3.722, P-value ≤0.001).

Flow velocity ranged between 0.02 and 0.35 m.s−1 and did not sig-
nificantly differ between the three study ‘locations’ (χ2 = 0.04; DF =
2; P-value = 0.98; Fig. 4a). Variation in flow velocity during ship pas-
sages ranged between 0.05 and 0.32m.s−1 and did not significantly dif-
fer between the presence or absence of ships (F-value = 1.34; DF = 1,
44.67; P-value = 0.25). The CV of the flow velocity fluctuation during
ship passage was higher in the groyne field than in the shore channel,
but this difference was not significant (Test value: 4.89; DF = 2; P-
value = 0.09; Fig. 4b).

Flow stability significantly differed between the three locations
(Fig. 5). The mean position of the g-force logger in the groyne field
along the Y axis was 95o, close to the position of 90o, indicating low
flow. Mean logger positions for the submerged and emergent lowered
LTD section were 66o and 58o, respectively. These positions indicate
that the loggers were on average push downstream, on average,
which was in accordance to the local natural flow conditions in the
absence of passing ships. The average position of the logger along the
Z axis was 80o, 74o and 80o for the groyne field, and submerged and
emergent lowered LTD section, respectively. All three average logger
positions were below 90o, indicating a flow mainly directed towards
the littoral zone. The distribution along Z axes of logger positions in
groyne fields showed clear signs of bimodality (Fig. 5). Standard devia-
tions of logger position along the Y and Z axes were highest for the
groyne field location, followed by the emergent and the submerged
lowered LTD section (Table 1). All three locations showed skewness
along the Z axis towards the right side of the distribution (Table 1).
Skewness along the Y axis was towards the right for the groyne field lo-
cation, but towards the left for the two lowered LTD section locations.



Table 3
Anova-results of the overallfish density, nativefish density, rheophilicfish density and eu-
rytopic fish density with fixed factors ‘location’ and ‘date’.

Source DF Sum Sq Mean Sq F-value P-value

Overall fish density Location 2 3.73 1.87 14.02 b0.001
Date 1 0.18 0.17 1.31 0.26
Residuals 25 3.33 0.13

Native fish density Location 2 2.30 1.15 6.01 b0.01
Date 1 0.02 0.02 0.09 0.77
Residuals 25 4.79 0.19

Rheophilic fish density Location 2 5.27 2.63 12.36 b0.001
Date 1 0.29 0.29 1.34 0.26
Residuals 25 5.33 0.21

Eurytopic fish density Location 2 3.15 1.57 10.35 b0.001
Date 1 0.54 0.54 3.55 0.07
Residuals 25 3.80 0.15

Table 2
Overview of the density (ind.100 m−2) of all fish species, guild and origin caught during sampling with seine nets.

Groyne field Dynamic LTD shore channel Sheltered LTD shore channel

Species Guild Origin July October July October July October

Abramis brama Eurytopic Native 0.37 0.12 0.38 0.48 1.04 7.19
Alburnus alburnus Eurytopic Native 0.43 1.47 0.55 0.64 1.07 0.09
Aspius aspius Eurytopic Alien 0.27 0.51 0.72 0.32 0.97 0.53
Barbus barbus Rheophilica Native – – 0.04 – – –
Blicca bjoerkna Eurytopic Native 0.07 – – – – –
Chelon labrosus – Native – 0.67 – – – –
Chondrostoma nasus Rheophilica Native – 0.04 0.17 0.32 0.36 0.79
Cyprinus carpio Eurytopic Alien – – – – 0.06 –
Esox lucius Eurytopic Native – – 0.08 – – –
Gasterosteus aculeatus Eurytopic Native 0.17 – 0.08 – 0.03 –
Gymnocephalus cernua Eurytopic Native 0.13 – 0.30 – 0.23 0.96
Leuciscus idus Rheophilic Native 1.04 1.19 0.89 2.24 1.43 0.53
Leuciscus leuciscus Rheophilic Native – 0.04 0.04 – 0.16 –
Neogobius fluviatilis Rheophilica Alien 0.60 0.08 2.17 2.88 3.83 18.42
Neogobius melanostomus Rheophilica Alien 0.23 – 1.15 – 3.31 0.18
Perca fluviatilis Eurytopic Native 0.17 – 2.46 0.16 7.31 0.18
Platichthys flesus Rheophilic Native – – – – – 0.26
Ponticola kessleri Rheophilica Alien 1.24 – 3.78 – 2.05 0.09
Proterorhinus semilunaris Eurytopica Alien – – – – 0.03 –
Romanogobio belingi Rheophilica Alien 0.03 – 0.51 – 3.96 –
Rutilus rutilus Eurytopic Native 1.74 0.28 2.12 5.77 4.25 7.72
Sander lucioperca Eurytopic Alien 1.34 0.04 3.53 0.96 3.80 0.70
Squalius cephalus Rheophilic Native – – – – 0.03 –
Vimba vimba Rheophilica Alien 0.03 0.04 0.08 – – –

Native species: 8 7 11 6 10 8
Alien species: 7 4 7 3 8 5
Total number of species: 15 11 18 9 18 13
Sampled area: 2991 2525 2354 624 3080 1140

All guilds defined according to Aarts and Nienhuis (2003), except a: Van Kessel and Kranenbarg (2012).
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3.2. Fish density

In total, 24 fish species were caught using the seine net (Table 2). Fish
density per transect varied between 0.01 and 0.79 ind.m−2. Overall fish
density significantly differed between ‘locations’ (F-value = 14.02, DF
= 2, P-value b0.001). Fish densities in the sheltered section of the LTD
were significantly higher (0.43 ± 0.25 ind.m−2) compared to the groyne
field (0.08 ± 0.06 ind.m−2) (P-value b0.001; Fig. 6a). The density of na-
tive fish species significantly differed between ‘locations’ (F-value =
6.01, DF = 2, P-value b0.01). Native fish density in the sheltered section
of the LTD were significantly higher (0.20 ± 0.15 ind.m−2) compared to
the groyne field (0.05± 0.03 ind.m−2) (P-value b0.01; Fig. 6b). The den-
sity of rheophylic fish significantly differed between ‘locations’ (F-value
= 12.362, DF = 2, P-value b0.001), having a significantly higher density
in the sheltered section of the LTD (0.21±0.14 ind.m−2) compared to the
groynefield (0.03±0.04 ind.m−2) (P-value b0.01; Fig. 6c). Eurytopicfish
density significantly differed between ‘locations’ (F-value = 10.351, DF
= 2, P-value b0.001; Table 3) and were significantly higher in the shel-
tered shore section (0.22 ± 0.15 ind.m−2) compared to the groyne field
(0.04 ± 0.03 ind.m−2) (P-value b0.001; Fig. 6d). Fish density did not sig-
nificantly differ between July and October for eurytopic fish (F-value =
3.548, DF = 2, P-value = 0.07; Supplementary information: Fig. S3) or
rheophilic fish (F-value= 0.146, DF=2, P-value= 0.71; Supplementary
information: Fig. S3). The interactions between ‘date’ and ‘location’ did
not add significant value and was therefore not included in our model.
Overall fish density derived from catches using electrofishing equipment
near stony substrate was significantly higher near the LTD (1.28 ±
0.54 ind.m−2) than on groynes (0.44 ± 0.32 ind.m−2) (F-value =
12.33, DF = 1, P-value b0.01). The density of native fish species was sig-
nificantly higher near the LTD (0.86 ± 0.40 ind.m−2) than on groynes
(0.14 ± 0.11 ind.m−2) (F-value = 18.39, DF = 1, P-value b0.001).

The ordering of factors influenced the outcome of the PERMANOVA
analysis (Table 4), indicating the unbalanced sampling design that result-
ed from the lower number of sampling sites in October compared to July.
The F-value and R2 of the fixed factor ‘date’ were higher compared to
‘location’ in bothmodels including all fish diversity data. Fish community
structure significantly differed between sampling dates for both models
(Table 4). Significant differences between ‘locations’ varied. However, in
general the effect of ‘location’ was less important than the effect of
‘date’. No significant difference in fish diversity between locations was
foundwhen data obtained in July was compared (R2: 0.11; P-value 0.39).

Fish density near stony substrate along the LTD varied depending on
the sampling time (Fig. 7a and b), showing the effect of different water
levels on fish densities near the stony habitat of the LTD. In total 19 spe-
cieswere caughtwith an average density (±SD) of 1.28±0.54 ind.m−2

and 0.32± 0.15 ind.m−2 in July and October, respectively (Supplemen-
tary information: Table S4). Fish density increased significantly with in-
creasing distance from dynamic sections (F-value = 49.279, DF= 1, P-
value b0.001; Fig. 7d and e) and were significantly higher in July com-
pared to October (F-value = 115.608, DF = 1, P-value b0.001). The ef-
fect of distance from dynamic sections differed significantly between
July and October (F-value = 29.101, DF = 1, P-value b0.001; Fig. 7d
and e).



Fig. 3.Whisker plots of range of water level fluctuations a) in the groynefield location (GF, Location 7 Fig. 2e), submerged lowered LTD location (LTD-sub, Location 5 Fig. 2f) and emergent
lowered LTD location (LTD-emg, Location 5 Fig. 2f), and b) during periods with and without ship passages (Different letters depict significant differences). The bands in themiddle of the
boxes are the median; the lower and upper bands of the boxes are the 25th and 75th percentiles, respectively; the upper and lower whiskers were derived using the standard setting in R
statistics, and the dots represent outliers.

1189F.P.L. Collas et al. / Science of the Total Environment 619–620 (2018) 1183–1193
4. Discussion

Environmental conditions in the littoral zones of shore channel be-
hind the LTD were less exposed to ship induced waves and water dis-
placements compared to the traditional groyne field. Even when the
lowered LTD section was submerged and lateral water exchange oc-
curred, water level fluctuation was reduced significantly, indicating
that refuge is provided from the effects of navigation during a major
part of the year (at least 300 days a year on average; see supplementary
information: Fig. S2). The maximum observed water level fluctuations
of 0.54 m in the groyne field was in accordance with previous studies
of the river Rhine (Ten Brinke et al., 1999, 2004), but higher than the
value (0.18 m) reported for groyne fields in the river Elbe (Brunke
et al., 2002). This difference is likely explained by the higher intensity
of navigation and the larger ship size on the river Rhine compared to
the river Elbe (Central Commission for the Navigation of the Rhine,
2014).

Average flow velocities in littoral zones were not significantly lower
in the shore channel compared to the groyne field. Conversely, the var-
iation in flow velocity fluctuation during ship passages was substantial-
ly and almost significantly (P b 0.1) higher in the groyne field compared
A

Fig. 4. Whisker plots of measurements at the groyne field location (GF, Location 7 Fig. 2e), su
location (LTD-emg, Location 5 Fig. 2f) of a) all flow velocity measurements and b) range in flo
the lower and upper bands of the boxes are the 25th and 75th percentiles, respectively; the u
dots represent outliers.
to the submerged and emergent sections of the shore channel. Addition-
al measurements are expected to result in a significant difference in the
variation of flow velocity fluctuation. Brunke et al. (2002) measured a
change in flow velocity in groynefields of 0.6m.s−1 during ship passage
in the river Elbe. Similar changes in flow velocity during ship passage
have been reported in groyne fields along the river Danube in Austria
(Kucera-Hirzinger et al., 2009) and the river Rhine (0.4 m.s−1; Ten
Brinke et al., 1999). The difference in flow velocity fluctuation between
the river Elbe and river Waal is likely due to the river Elbe's narrow
width (Gabel et al., 2017).

The higher standard deviation in g-logger position along the Y and Z-
axes in the groyne field compared to the lowered LTD section indicates
more unstable and disturbed flow conditions in the groyne field com-
pared to the littoral zones of the shore channel. The absence of a bimod-
al distribution near the lowered LTD section in combination with a g-
logger position in accordance to the a flow regime not disturbed by
shipping indicate that flow conditions in the shore channel can be con-
sidered near natural.

The lower magnitude in flow velocity fluctuation in the littoral zone
of the LTD during ship passage indicates that conditions behind the LTD
are more stable compared to groyne fields. Combined with higher flow
B

bmerged lowered LTD location (LTD-sub, Location 5 Fig. 2f) and emergent lowered LTD
w velocity during passage of ships. The bands in the middle of the boxes are the median;
pper and lower whiskers were derived using the standard setting in R statistics, and the



Fig. 5. Scatter plot of the position of the g-force logger in the littoral zone of a traditional groyne field (a), and at the submerged (b) and emergent (c) lowered LTD locations. Density plots
are included next to the two axes. The star indicates the position of the logger when no flow is present. Axes represent the position of the logger in space based on a z (main channel –
littoral zone) and y (up- or downstream) value.
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stability, this observation allows us to conclude that an LTD significantly
mitigates wave action and water displacement caused by navigation in
the littoral zones in intensively used rivers like the river Rhine. Our results
regarding the positive effect on stability of environmental conditions in
the shore channel behind an LTD can be considered generalizable.
A

C

b

ab

a

b

ab

a

Fig. 6.Whisker plots of fish density caught with a seine net at the groyne field location, LTD d
pooled, b) native fish species pooled; c) rheophylic fishes pooled and d) eurytopic fishes poo
the boxes are the median; the lower and upper bands of the boxes are the 25th and 75th pe
setting in R statistics, and the dots represent outliers.
Improved hydrodynamic conditions will decrease energy expenditure in
relation to swimming and reduce the risk of wash-out for fishes
(Schiemer et al., 2003; Tudorache et al., 2008; Lechner et al., 2014;
Trinci et al., 2017). Therefore, the sheltered shore channels provide ref-
uges for (juvenile) fishes that support their survival.
D

b

ab

a

B

b

ab

a

ynamic shore channel location and LTD sheltered shore channel location for a) all species
led (Different letters depict significant differences P b 0.05). The bands in the middle of
rcentiles, respectively; the upper and lower whiskers were derived using the standard



Table 4
Results of PERMANOVA of fish community structure.

Source DF Sum Sq Mean Sq F-value R2 P-value

All data Location 2 0.41 0.21 2.51 0.14 b0.05
Date 1 0.44 0.44 5.34 0.15 b0.01
Residuals 25 2.05 0.08 0.71
Total 28 2.90 1.00

All data Date 1 0.54 0.54 6.64 0.19 b0.001
Location 2 0.31 0.15 1.86 0.11 0.06
Residuals 25 2.05 0.08 0.71
Total 28 2.90 1.00

July subset Location 2 0.11 0.06 1.09 0.11 0.39
Residuals 18 0.91 0.05 0.89
Total 20 1.03 1.00
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Fish densities in sheltered habitats behind the LTD was significantly
higher than ingroyne fields. The positive influence of flow stability on
fish density is also exemplified by a higher fish density in the sheltered
compared to the dynamic sections of the shore channel. However, this
result was not significant. Higher fish densities can also be the result
of a higher resource availability. As phytoplankton and zooplankton
production reduces with decreasing water retention time (Eddy,
1929; Basu and Pick, 1996; Reckendorfer et al., 1999; Engelhardt et al.,
2004), one could argue that increased mixing of water in groyne fields
due to navigation reduces phytoplankton and zooplankton production
and thus resource availability. The absence of navigation effects in the
shore channel of the LTDwill likely increase retention time thereby pos-
itively influencing resource availability, though additional research is
necessary to explore this. Fish densities are also influenced by predation
pressurewhich is likely to be higher in the shore channel as higher den-
sities of fish predating birds were observed here comparedwith groyne
16 15 14 13 12 11 10 9 8 7 6 5 4

* **

A: July

B: October

C

Fig. 7. Density of fish species caught by electrofishing along the shore channel site of the LTD d
relation between minimum distance to a dynamic section (see Fig. 2) and fish density during
caused by flow or navigation (indicated in red in c); arrows in c indicate flow direction). (Fo
the web version of this article.)
fields (personal observation F. Collas). Additional research is required in
order to fully understand the impact of predation in the shore channel.

The density of native fishwas significantly higher in the shore chan-
nel than in the groyne fields, though alien fish specieswere still found in
the shore channel. A similar effect has been observed near other river
rehabilitation measures (Schmutz et al., 2014; Dorenbosch et al.,
2017). Alien species diversity is not expected to decrease in the future
as the LTD is connected to themain river thereby facilitating continuous
influx of alien species from upstream sections (Burgess et al., 2012;
Schmutz et al., 2014).

Native fish densities near the stony substrate of the LTDwere signif-
icantly higher than those found in the traditional groyne fields. The dif-
ference is likely the result of measures that filled crevices between the
stones of the LTD with sand, thereby decreasing the available habitat
of alien species and increasing habitat for native species. In 2017, rela-
tive high dischargewashed themajority of this sand away (personal ob-
servation F. Collas). Therefore, additional sampling may further
elucidate the effect of this sandy fill on the establishment of native
and alien fish species near the stony substrate of the LTD. The linear re-
lationship between fish density in stony habitats and distance from dy-
namic sections of the LTD further underlines the impact of navigation on
the hydrodynamics of littoral zones. In July 2016, fish densities close to
the stony substrate of the LTD were lowest at and near dynamic sec-
tions. Stony substrate monitoring in October, when the lowered LTD
sections were above water, revealed a more homogenous fish density
distribution. An increase in fish density associated with a decrease in
the dynamic nature of the habitat was observed for both rheophilic
and eurytopic species. In addition, eurytopic juvenile and adult density
has been found to be higher in the river Elbe behind LTDs compared
to traditional groyne fields (Fladung et al., 2003). The higher density
of rheophilic fish in the littoral zone of the shore channel is of particular
3 2 1

*

D

E

uring a) July and b) October for 50 m transects at regular intervals of 200 m (c), and the
d) July and e) October (*: sections that could not be sampled due to dynamic conditions
r interpretation of the references to colour in this figure legend, the reader is referred to
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rehabilitation interest as these species have strongly declined in the
river Rhine (Raat, 2001). Fish diversity observed during the seine net
sampling in July was not significantly different between locations
(Table 1, Table 4). This is contrary to the effect observed by Fladung
et al. (2003) near LTDs in the river Elbe and ameta-analyses of the effect
of rehabilitation measures on fish assemblages in the Austrian river
Danube (Schmutz et al., 2014). The difference in effect can be caused
by: 1) low habitat variability near the LTD due to its recent construction
and 2) the time lag that occurs prior to colonisation by rare species.

Erosion and sedimentation processes are expected to increase habi-
tat diversity in the shore channel over the coming years. This may result
from changes in depth,flow velocity and substrate variation that lead to
increases in fish species density as well as diversity. Therefore, contin-
ued monitoring of geomorphological processes in shore channels and
the spatial distribution of fish species is highly recommended. Such in-
creases in habitat diversity may provide the required conditions for
the early ontogenetic development of fishes (Schiemer et al., 2001), in-
creasing the ecological value of the shore channel behind the LTD.

It is of vital importance that river training structures are not only de-
signed to serve socio-economic functions (e.g., increased flood safety
and navigation potential) but also to facilitate the ecological rehabilita-
tion of regulated rivers. Our results show that the LTDs along the river
Waal contribute to the ecological rehabilitation of a river used inten-
sively for transport. The considerable length of the 10 km shore channel
will provide a substantial area with more ecologically favourable flow
and habitat conditions compared to groyne fields. However, additional
measurements of hydrodynamic conditions in the shore channel are re-
quired during periods of overtopping of the entire dam to fully grasp the
ecological potential of the LTD throughout the entire year. Monitoring is
required in future years to assess whether habitat in the shore channel
diversifies and how this will benefit fish species.

Acknowledgements

This research comprises part of the research programme RiverCare
and is financially supported by the Dutch Technology Foundation STW
(Perspective Programme, grant number P12-14), Rijkswaterstaat and
Deltares. We thank Naomi Thunnissen and Paula Kruisselbrink for their
help during the collection of field data, two anonymous reviewers for
their suggestions that improved our manuscript and Jon Matthews for
language improvements.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.10.299.

References

Aarts, B.G.W., Nienhuis, P.H., 2003. Fish zonations and guilds as the basis for assessment of
ecological integrity of large rivers. Hydrobiologia 500, 157–178.

Arthington, A.H., Naiman, R.J., McClain, M.E., Nilsson, C., 2010. Preserving the biodiversity
and ecological services of rivers: new challenges and research opportunities. Freshw.
Biol. 55, 1–16.

Basu, B.K., Pick, F.R., 1996. Factors regulating phytoplankton and zooplankton biomass in
temperate rivers. Limnol. Oceanogr. 41, 1572–1577.

Bates, D., Maechler, M., Bolkler, B., Walker, S., 2014. Fitting linear mixed-effects models
using lme4. J. Stat. Softw. 67, 1–48.

Brabender, M., Weitere, M., Anlanger, C., Brauns, M., 2016. Secondary production and
richness of native and non-native macroinvertebrates are driven by human-altered
shoreline morphology in a large river. Hydrobiologia 776, 51–65.

Brunke, M., Sukhodolov, A., Fischer, H.,Wilczek, S., Engelhardt, C., Pusch, M., 2002. Benthic
and hyporheic habitats of a large lowland river (Elbe, Germany): influence of river
engineering. Verhandlungen des Internationalen Verein Limnologie. 28, pp. 1–4.

Burgess, O.T., Pine III, W.E., Walsh, S.J., 2012. Importance of floodplain connectivity to fish
populations in the Apalachicola River, Florida. River Res. Appl. 29, 718–733.

Central Commission for the Navigation of the Rhine, 2014. Inland Navigation in Europe –
Market Observation 2014. Strasbourg, Central Commission for the Navigation of the
Rhine, p. 122.

Colvile, R.N., Hutchinson, E.J., Mindell, J.S., Warren, R.F., 2001. The transport sector as a
source of air pollution. Atmos. Environ. 35, 1537–1565.
Delignette-Muller, M.-L., Dutang, C., Pouillot, R., Denis, J.-B., Siberchicot, A., 2017. Package
‘fitdistrplus’: help to fit a parametric distribution to non-censored or censored data.
Retrieved from:. https://cran.r-project.org/web/packages/fitdistrplus/fitdistrplus.pdf.

Dorenbosch, M., Van Kessel, N., Liefveld, W., Schoor, M., Van der Velde, G., Leuven,
R.S.E.W., 2017. Application of large wood in regulated riverine habitats facilitates na-
tive fishes but not invasive alien round goby (Neogobius melanostomus). Aquat. Inva-
sions 12, 405–413.

Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.-I., Knowler, D.J., Lévêque, C.,
Naiman, R.J., Prieur-Richard, A.-H., Soto, D., Stiassny, M.L., 2006. Freshwater biodiver-
sity: importance, threats, status and conservation challenges. Biol. Rev. 81, 163–182.

Eddy, S., 1929. The plankton of the Sangamon River in the summer of 1929. Ill. Nat. Hist.
Surv. 19, 469–486.

Eerden, H., 2013. Pilot Langsdammen Waal: Projectplan realisatiefase II monitoren en
inregelen – projectfase MIRT4. Concept Projectplan versie 1.0. Ministerie van
Infrastructuur en Milieu, RWS Oost Nederland, Arnhem. Bijlage D: Monitoringsplan
Pilot Langsdammen Waal versie (in Dutch).

Eerden, H., 2016. WaalSamen – Pilot langsdammen voor een leefbaar en dus veilig
rivierengebied. PPT presentation. p. 30 (in Dutch).

Engelhardt, C., Krüger, A., Sukhodolov, A., Nicklisch, A., 2004. A study of phytoplankton
spatial distributions, flow structure and characteristics of mixing in a river reach
with groynes. J. Plankton Res. 26, 1351–1366.

European Commission, 2011. White Paper – Roadmap to a Single European Transport
Area – Towards a Competitive and Resource Efficient Transport System. European
Commission, Brussels, p. 31.

Field, A., Miles, J., Field, Z., 2012. Discovering Statistics Using R. Sage, Thousand Oaks, USA,
p. 958.

Fladung, E., Scholten, M., Thiel, R., 2003.Modelling the habitat preferences of preadult and
adult fishes on the shoreline of the large lowland Elbe River. J. Appl. Ichthyol. 19,
303–314.

Gabel, F., Lorenz, S., Stoll, S., 2017. Effects of ship-induced waves on aquatic ecosystems.
Sci. Total Environ. 601-602, 926–939.

Gregory, K.J., 2006. The human role in changing river channels. Geomorphology 79,
172–191.

Hofmann, H., Lorke, A., Peeters, F., 2011. Wind and ship wave-induced resuspension in
the littoral zone of a large lake. Water Resour. Res. 47, W09505. https://doi.org/
10.1029/2010WR010012, pp. 1 - 12.

Hothorn, T., Bretz, F., Westfall, P., Heiberger, R.M., Schuetzenmeister, A., Scheibe, S., 2016.
Package multcomp: simultaneous Inference in General Parametric Models. Retrieved
from:. https://cran.r-project.org/web/packages/multcomp/index.html.

Huthoff, F., Paarlberg, A., Barneveld, H., van der Wal, M., 2011. Rivierkundig onderzoek
WaalSamen: pilotstudie langsdammen. HKV lijn in water, PR2096.10. p. 131 (in
Dutch).

Kucera-Hirzinger, V., Schludermann, E., Zornig, H., Weissenbachter, A., Schabuss, M.,
Schiemer, F., 2009. Potential effects of navigation-induced wave wash on the early
life history stages of riverine fish. Aquat. Sci. 71, 94–102.

Lechner, A., Keckeis, H., Schludermann, E., Humphries, P., McCasker, N., Tritthart, M., 2014.
Hydraulic forces impact larval fish drift in the free flowing section of a large European
River. Ecohydrology 7, 648–658.

Leuven, R.S.E.W., Van der Velde, G., Baijens, I., Snijders, J., Van der Zwart, C., Lenders, H.J.R.,
Bij de Vaate, A., 2009. The river Rhine: a global highway for dispersal of aquatic inva-
sive species. Biol. Invasions 11, 1989–2008.

Malmqvist, B., Rundle, S., 2002. Threats to the running water ecosystems of the world. En-
viron. Conserv. 29 (2), 134–153.

Marwick, B., 2016. Package ‘cvequality’: tests for the equality of coefficients of variation
from multiple groups. R package version 0.1.1. Retrieved from:. https://cran.r-
project.org/web/packages/cvequality/cvequality.pdf.

Nienhuis, P.H., Buijse, A.D., Leuven, R.S.E.W., Smits, A.J.M., De Nooij, R.J.W., Samborska,
E.M., 2002. Ecological rehabilitation of the lowland basin of the river Rhine (NW
Europe). Hydrobiologia 478, 53–72.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R.,
O'Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., 2017.
Package 'vegan': community ecology package. R Package Version 2.4-4. Retrieved
from:. https://cran.r-project.org/web/packages/vegan/vegan.pdf.

Paalvast, P., 1995. Ecologische waarde van langsdammen. Report PW-CG.95020. RIZA,
Lelystad, p. 120 (in Dutch).

R Core Team, 2015. R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria https://www.R-project.org/.

Raat, A.J.P., 2001. Ecological rehabilitation of the Dutch part of the river Rhine with special
attention to the fish. Regul. Rivers Res. Manag. 17, 131–144.

Reckendorfer, W., Keckeis, H., Winkler, G., Schiemer, F., 1999. Zooplankton abundance in
the River Danube, Austria: the significant of inshore retention. Freshw. Biol. 41,
583–591.

Rijke, J., Van Herk, S., Zevenbergen, C., Ashley, R., 2012. Room for the River: delivering in-
tegrated river basin management in the Netherlands. Int. J. River Basin Manag. 10,
369–382.

Rijkswaterstaat Oost Nederland, 2011. Integraal ontwerp pilot langsdammen Waal.
Rijkswaterstaat Oost Nederland WSP afdeling projecten, Arnhem, p. 142 (in Dutch).

Rohács, J., Simongáti, G., 2007. The role of inland waterway navigation in a sustainable
transport system. Transport 22, 148–153.

Schiemer, F., Keckeis, H., Reckendorfer, W., Winkler, G., 2001. The “inshore retention con-
cept” and its significance for large rivers. Arch. Hydrobiol. 135, 509–516.

Schiemer, F., Keckeis, H., Kamler, E., 2003. The early life history stages of riverine fish: eco-
physiological and environmental bottlenecks. Comp. Biochem. Physiol. A 133,
439–449.

Schludermann, E., Liedermann, M., Hoyer, H., Tritthart, M., Habersack, H., Keckeis, H.,
2014. Effects of vessel-induced waves on the YOY-fish assemblage at two different

https://doi.org/10.1016/j.scitotenv.2017.10.299
https://doi.org/10.1016/j.scitotenv.2017.10.299
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0005
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0005
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0010
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0010
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0010
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0015
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0015
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0020
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0020
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0025
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0025
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0025
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0030
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0030
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0030
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0035
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0035
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0040
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0040
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0040
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0045
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0045
https://cran.r-project.org/web/packages/fitdistrplus/fitdistrplus.pdf
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0055
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0055
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0055
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0060
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0060
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0065
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0065
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0070
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0070
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0070
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0070
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0075
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0075
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0080
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0080
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0080
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0085
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0085
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0085
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0090
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0090
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0095
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0095
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0095
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0100
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0100
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0105
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0105
https://doi.org/10.1029/2010WR010012
https://doi.org/10.1029/2010WR010012
https://cran.r-project.org/web/packages/multcomp/index.html
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0120
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0120
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0120
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0125
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0125
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0130
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0130
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0135
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0135
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0140
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0140
https://cran.r-project.org/web/packages/cvequality/cvequality.pdf
https://cran.r-project.org/web/packages/cvequality/cvequality.pdf
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0150
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0150
https://cran.r-project.org/web/packages/vegan/vegan.pdf
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0160
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0160
https://www.R-project.org/
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0170
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0170
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0175
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0175
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0175
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0180
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0180
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0180
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0185
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0185
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0190
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0190
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0195
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0195
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0200
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0200
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0200
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0205


1193F.P.L. Collas et al. / Science of the Total Environment 619–620 (2018) 1183–1193
habitat types in the main stem of a large river (Danube, Austria). Hydrobiologia 729,
3–15.

Schmutz, S., Kremser, H., Melcher, A., Jungwirth, M., Muhar, S., Waidbacher, H., Zauner, G.,
2014. Ecological effects of rehabilitation measures at the Austrian Danube: a meta-
analyses of fish assemblages. Hydrobiologia 729, 49–60.

Singmann, H., Bolker, B., 2014. Afex: analysis of factorial experiments. R Package Version
0.11-131. Retrieved from. https://cran.r-project.org/web/packages/afex/index.html.

Söhngen, B., Koop, J., Knight, S., Rythönen, J., Beckwith, P., Ferrari, N., Iribarren, J., Keevin,
T., Wolter, C., Maynord, S., 2008. Considerations to Reduce Environmental Impacts of
Vessels. Report of PIANC – InCom Working Group 27. p. 91.

Ten Brinke, W.B.M., Kruyt, N.M., Kroon, A., Van den Berg, J.H., 1999. Erosion of sediments
between groynes in the River Waal as a result of navigation traffic. Special Publica-
tions of the International Association of Sedimentologists. 28, pp. 147–160.

Ten Brinke, W.B.M., Schulze, F.H., Van der Veer, P., 2004. Sand exchange between groyne-
field beaches and the navigation channel of the Dutch Rhine: the impact of navigation
versus river flow. River Res. Appl. 20, 899–928.

Trinci, G., Harvey, G.L., Henshaw, A.J., Bertoldi, W., Hölker, F., 2017. Life in turbulent flows:
interactions between hydrodynamics and aquatic organisms in rivers. WIREs Water
4, e1213. https://doi.org/10.1002/wat2.1213.

Tudorache, C., Viaene, P., Blust, R., Vereecken, H., De Boeck, G., 2008. A comparison of
swimming capacity and energy use in seven European freshwater fish species. Ecol.
Freshw. Fish 17, 284–291.
Van Kessel, N., Kranenbarg, J., 2012. Vissenatlas Gelderland. Ecologie en verspreiding van
zoetwatervissen in Gelderland. Uitgeverij Profiel, Bedum, p. 360 (in Dutch).

Van Kessel, N., Dorenbosch, M., Kranenbarg, J., Van der Velde, G., Leuven, R.S.E.W., 2016.
Invasive Ponto-Caspian gobies rapidly reduce the abundance of protected native bull-
head. Aquat. Invasions 11, 179–188.

Van Stokkom, H.T.C., Smits, A.J.M., Leuven, R.S.E.W., 2005. Flood defense in the
Netherlands: a new era, a new approach. Water Int. 30, 76–87.

Vaughn, C.C., 2010. Biodiversity losses and ecosystem function in freshwaters: emerging
conclusions and research directions. Bioscience 60, 25–35.

Verbrugge, L.N.H., Ganzevoort, W., Fliervoet, J.M., Panten, K., Van den Born, R.J.G., 2017.
Implementing participatory monitoring in river management: the role of stake-
holders' perspectives and incentives. J. Environ. Manag. 195, 62–69.

Vermeulen, B., Boersema, M.P., Hoitink, A.J.F., Sieben, J., Sloff, C.J., Van der Wal, M., 2014.
River scale model of a training dam using lightweight granulates. J. Hydro Environ.
Res. 8, 88–94.

Water Framework Directive, 2000/60/EC. Eur. Comm. Off. J. 43, 1–73.
Wolter, C., Arlinghaus, R., 2003. Navigation impacts on freshwater fish assemblages: the

ecological relevance of swimming performance. Rev. Fish Biol. Fish. 13, 63–89.

http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0205
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0205
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0210
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0210
https://cran.r-project.org/web/packages/afex/index.html
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0220
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0220
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0225
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0225
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0225
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0230
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0230
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0230
https://doi.org/10.1002/wat2.1213
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0240
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0240
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0240
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0245
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0245
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0250
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0250
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0255
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0255
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0260
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0260
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0265
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0265
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0270
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0270
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0275
http://refhub.elsevier.com/S0048-9697(17)33017-6/rf0275

	Longitudinal training dams mitigate effects of shipping on environmental conditions and fish density in the littoral zones ...
	1. Introduction
	2. Methods
	2.1. Study sites
	2.2. Navigation induced changes in environmental conditions
	2.3. Fish sampling
	2.4. Statistical analyses
	2.4.1. Navigation induced changes in environmental conditions
	2.4.2. Fish density


	3. Results
	3.1. Navigation induced effects on environmental conditions
	3.2. Fish density

	4. Discussion
	section13
	Acknowledgements
	Appendix A. Supplementary data
	References


