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Abstract

The introduction and spread of alien mollusc species is strongly related to human activities such as connecting river basins
through canal construction and shipping. Economic growth has caused an increase in commercial and recreational navigation
on rivers and led to the development of extensive networks of waterways. Ships alter flow velocity in littoral zones via water
displacement and propeller jet streams, thereby affecting structure and functioning of riverine mollusc communities and their
ecosystem services, such as water purification and nutrient cycling. A literature review was performed to derive data for
determining field based upper flow velocity occurrences for 37 native and 8 alien mollusc species present in the rivers Rhine
and Meuse. Next, these upper flow velocities were used to construct species sensitivity distributions (SSDs) representing the
species assemblages of native and alien molluscs in the littoral zone of these rivers. The SSDs were used to derive the potentially
occurring fractions (POFs) of both species assemblages in groyne fields or in channels behind longitudinal training dams
(LTDs), due to shipping induced changes in flow velocity conditions. POFs were calculated for various types of ships, in
three river Rhine distributaries (Nederrijn: impounded; Waal and IJssel: free flowing) and the river Meuse (impounded). The
SSDs of native and alien species assemblages did not differ significantly. Alien species with the lowest and highest tolerances
were Musculium transversum (Say, 1829) and Dreissena polymorpha (Pallas, 1771), respectively. Valvata cristata Miiller,
1774 and Radix balthica (Linnaeus, 1758) were the native species with the lowest and highest flow velocity tolerance,
respectively. Freight ships were associated with the lowest POF in impounded rivers (0.76) as well as in free-flowing rivers
(0.61). Shipping was associated with lower POFs in groyne fields of free-flowing rivers than those of impounded rivers. The
highest POFs were found in channels behind an LTD in a free-flowing river. Shipping is associated with a shift of the
mollusc species assemblage towards flow resistant species and could thereby affect ecosystem functioning and services.

Key words: bivalves, gastropods, navigation, species occurrence, species richness, species sensitivity distribution

481


https://creativecommons.org/licenses/by/4.0/
https://www.invasivesnet.org

Introduction

Over recent centuries many rivers worldwide have been
regulated (Dynesius and Nilsson 1994). At the same
time, ship transport on rivers has become more and
more important to increasing global trade (Karatayev
et al. 2007), facilitated by the construction of dams,
weirs, canals, groynes and longitudinal training dams
(LTDs) (Van Stokkom et al. 2005; Huthoff et al. 2013).
Weirs ensure that water levels are high enough to
allow shipping during periods of low discharge.
Groynes have been constructed for safe discharge of
ice, stabilising river banks and regulating depth and
sedimentation in fairways (Admiraal et al. 1993;
Huthoff et al. 2013). Recently, LTDs are alternatives
to groynes and aim to maintain minimum water
depths for shipping, discharge capacity and habitat
diversity (Collas et al. 2018b). Habitat alterations
may affect riverine biodiversity as they facilitate the
dispersal of alien species: groynes and LTDs provide
hard substrate formerly not present and may serve as
habitat for alien species especially (Van Kessel et al.
2016; Collas et al. 2018b), while interconnecting canals
to create extensive networks of waterways for shipping
provide opportunities for alien species to disperse
outside their native distribution range (Leuven et al.
2009).

Shipping itself may also affect biodiversity, as
shipping causes vessel-induced pulse waves that
cause hydrodynamic disturbances in aquatic environ-
ments particularly in littoral zones (Ten Brinke 2003;
Gabel et al. 2011b). Ships have different characteris-
tics (e.g. hull shape, size, propeller type, etc.) that
determine the type of waves and flow velocities they
produce (Ten Brinke 2003; Murphy et al. 2006).
Species experience increases in turbidity (Garrad and
Hey 1987; Osborne and Boak 1999; Erm and Soomere
2004), shear stress (Gabel et al. 2012) and flow velocity
(Ten Brinke 2003). Shipping also affects biodiversity
by serving as an important vector for introduction
and secondary spread of alien species attached to ship
hulls or in bilge- and ballast water (Ricciardi and
Maclsaac 2000; Leuven et al. 2009; Hanafiah et al.
2013; Collas et al. 2018c). These alien species can
outcompete and displace native species, due to their
higher tolerances of environmental pressures like tem-
perature and salinity (Clavero and Garcia-Berthou
2005; Leuven et al. 2009; Verbrugge et al. 2012; Collas
et al. 2018a). Most research on the effects of shipping
has focused on macrophytes (Eriksson et al. 2004;
Weber et al. 2012), fish (Holland 1986; Arlinghaus
et al. 2002; Wolter and Arlinghaus 2003; Wolter et
al. 2004; Collas et al. 2018b; Zajicek et al. 2018) and
macroinvertebrates including some mollusc species
(Bishop 2007, 2008; Garcia et al. 2007; Gabel et al.
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2008, 2011a, b, 2012, 2017). Gabel et al. (2011a)
showed that the native gastropod Bithynia tenta-
culata (Linnaeus, 1758) exhibited lower growth rates
than its alien counterpart Physa acuta (Draparnaud,
1805) under exposure to waves that are similar to
ship-induced waves. Shipping can thus potentially
affect freshwater mollusc species composition and
reduce total species richness through replacement of
native species by alien species, in particular in the
littoral.

Freshwater molluscs are important for the functio-
ning of aquatic ecosystems (Vaughn and Hakenkamp
2001; Gutiérrez et al. 2003; Sousa et al. 2008). They
provide important regulating and supporting ecosystem
services such as water purification, nutrient recycling
and storage, and structural habitat (Covich 2010;
Lummer et al. 2016; Vaughn 2018). However, molluscs
experience increasing pressures from global change
such as increases in low water level events, tempera-
ture, salinity and competition with alien species
(Verbrugge et al. 2012; Leuven et al. 2009, 2014;
Lopes-Lima et al. 2016; Collas et al. 2014, 2018a).
Alien mollusc species with higher tolerances for some
pressures (e.g. wave stress, temperature and salinity)
are able to outcompete native mollusc species (Gabel
et al. 2011a; Verbrugge et al. 2012; Collas et al. 2018a).

The effects of shipping-induced changes in flow
velocity on native and alien mollusc assemblages in
littoral zones of lowland rivers have not yet been
quantified. Therefore, this study aims to assess the
potential occurrence of native and alien mollusc
species in relation to flow velocity and to predict the
effects of changes in ship-induced flow velocities on
species richness of molluscs in littoral zones (e.g.
groyne fields and channels behind LTDs) of lowland
rivers. Moreover, the implications of these shipping
effects on mollusc’ provisioning of ecosystem
services is discussed.

Materials and methods

Species selection and flow velocity sensitivity

A complete and up-to-date list of native and alien
freshwater molluscs occurring in the lowland sections
of the rivers Rhine and Meuse in the Netherlands was
compiled using Gittenberger et al. (2004), Leuven et
al. (2009), Verbrugge et al. (2012), Matthews et al.
(2014), and Collas et al. (2017, 2018a, c). Data on
the occurrence of freshwater bivalves and gastropods
in relation to water flow velocity was acquired from
the database of Collas et al. (2018a) and a Google
scholar literature search, respectively. The search
terms were “scientific species name” combined with
“flow velocity”. The final dataset consisted of 1344
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global presence/absence entries. Only data for which
flow velocity was measured at the same sampling
site and date as where a species was found was
retained for analyses resulting in 700 entries for 45
mollusc species. Using this dataset the minimum and
maximum flow velocities of occurrence were obtained
for each species (Supplementary material Table S1).

Species sensitivity distributions

The relationship between the potentially occurring
fraction (POF) of a species assemblage and the
presence of an environmental pressure can be
derived from a species sensitivity distribution (SSD)
(Posthuma et al. 2002; Smit et al. 2008; Leuven et
al. 2011; Verbrugge et al. 2012; Collas et al. 2014,
2018a; Del Signore et al. 2016). In the present research
the POF represents the fraction of the mollusc species
assemblage that can potentially occur at specific flow
velocities. For example, a flow velocity that results
in a predicted POF of 0.6, indicates that 60% of the
mollusc species assemblage is tolerant of these flow
conditions, and therefore potentially able to occur.

Data on occurrence of molluscs at maximum flow
velocities was divided into two sets and used to
derive SSDs for 1) native molluscs and 2) alien
molluscs. The mean and standard deviation of the
distribution depict the average and variation in
tolerance of species, respectively. The normality of
the alien and native data sets was checked using the
“shapiro.test()” function in R (R Core Team 2015)
and both met the requirement of normality. As a
result normal distributions were fitted to the alien
and native data set, as well as a combined data set of
all mollusc species, using the fitdistrplus package in
R-statistics (R Core Team 2015; Delignette-Muller
and Dutang 2015; Szdcs 2015). The fitted normal
distributions represent the SSDs for the mollusc
assemblages (Figures 2 and 3). To determine the relia-
bility of the fitted distributions, the 2.5% and 97.5%
confidence intervals (CI) were derived for the distri-
butions and their means and standard deviations
using a bootstrapping function with a thousand
iterations in R (R Core Team 2015).

To elucidate whether maximum flow velocity
sensitivities differed between alien and native molluscs,
the maximum flow velocities under which both species
groups occurred were compared using an independent
sample t-test in R (R Core Team 2015). An indepen-
dent test was used since the occurrence data
originated from different locations. Additionally, to
determine the power of the comparison between
alien and native mollusc sensitivity to flow velocity
a power analysis for the t-test was performed using
the pwr package in R (R Core Team 2015). Based on

significant differences between native and alien
mollusc regarding other environmental variables (e.g.
temperature and salinity, Verbrugge et al. 2012) a large
effect was expected, so effect size was set at 0.8 as
this is considered a large effect by Cohen (1998),
and a was 0.05. To determine if variability in maxi-
mum flow velocity sensitivity differed between alien
and native mollusc assemblages a Levene’s test was
performed using the “levene’s.test()” function in R
(R Core Team 2015).

Littoral exposure per type of ship

To determine the ship-induced exposure of the
microhabitats within groyne fields and behind LTDs
to flow velocity, measurements were conducted at
three different sites in the intensively navigated rivers
Rhine and Meuse. The river Rhine splits into three
distributaries in the Netherlands, the rivers Waal,
Nederrijn and IJssel. The rivers Nederrijn and Meuse
are impounded and the rivers Waal and IJssel are
free flowing (Nienhuis et al. 2002; Leuven et al.
2014). The changes in flow velocity (cm's™) caused
by single passing ships were measured using a TAD-
micro flow velocity meter (probe: W16, Hontzsch
GmbH-W, Germany) and two open channel flow
meters (Valeport, model 002; Flow Rate Sensor,
Vernier). These flow velocity data were used to
determine the maximum velocity (Vn.x) produced
per ship type (by taking the highest flow velocity,
see Figure 1). We chose maximum velocity over mean
velocity, as the mean velocity is not representative of
the hydrologic disturbance occurring with passing
ships. Ships create waves that have strong ampli-
tudes and short peaks of relatively high flow velocity
(Figure 1; Bhowmik and Mazumder 1990; Rodriguez
et al. 2002), which can be strong enough to detach
molluscs (Gabel et al. 2008, 2012). Therefore, maxi-
mum velocity is expected to be a better indicator of
hydrological disturbance. Vessel type for each ship
was determined from the MarineTraffic (2018) data-
base and subsequently categorizing as: recreational
ship; container ship; river cruise ship; tanker; freight
ship; towboat with no barge and service ship. The
acquired V., of each ship type were entered into the
distribution of the combined (all species) SSD to
derive the corresponding POFs of the mollusc
assemblage associated with different ship types and
in different habitats.

Results

Species flow velocity sensitivity

Field data on the occurrence of molluscs in relation to
flow velocity was available for eight currently present
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alien species and 37 native species occurring in the
Rhine-Meuse river delta (Table S1). The range of
occurrences at maximum flow velocities for alien spe-
cies was between 40 and 150 cm-s™ for Musculium
transversum (Say, 1829) and Dreissena polymorpha
(Pallas, 1771), respectively; for native species between
10.5 and 200 cms’ for Valvata cristata Miiller,
1774 and Radix balthica (Linnaeus 1758), respectively
(Table S1).

Species sensitivity distributions (SSDs)

Means and standard deviations of both SSDs were
not significantly different (Student t-test: t = 0.64, p =
0.53; Levene’s test: F = 0.77, Df = 1, p = 0.38). The
mean of the SSD for alien and native species was
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77.4 (CI: 54.1-101.6) and 87.3 (CI: 73.4-101.9)
cms”, respectively (Figure 2). The standard
deviation of the SSDs was 35.8 (CI: 15.7-50.4) for
alien and 45.6 (CL: 34.5-54.7) cm's’ for native
molluscs. The overall SSD had a mean of 85.6 (CI:
72.3-98.8) cms” and a standard deviation of 44.2
(CI: 34.7-52.4) cm-s™ (Figure 3).

Exposure per ship type

Ships cause changes in flow velocity within micro-
habitats located in littoral zones (Figure 1). For all
three different microhabitats the highest V., was
due to the passing of freight ships (54.0, 73.7 and
25.7 em's™, respectively; Table 1). The potentially
occurring fraction (POF) was reduced to 61% during



Shipping effects on native and alien molluscs

1.00

0.75

I
o
=}

Figure 3. The field based species
sensitivity distribution and the 2.5
and 97.5% confidence intervals for
occurrence of freshwater molluscs
(n = 45; mean = 85.6 cm's™ and sd
=44.2 cm's™) in relation to flow
velocity in their habitat. The data
points represent the maximum
recorded field occurrence of
species, triangles represent alien
species and squares represent
native species. For each data point 0.00

Potentially occurring fraction
3

the according species abbreviation
is listed, abbreviations can be found 0
in Table S1.

100 150 200 250
Flow velocity (cm-s™)

Table 1. Maximum flow velocity (V) in the littoral zones of groyne fields and side channels along longitudinal training dams caused by
water displacement flows of various types of passing ships and corresponding potentially occurring fraction (POF) of sessile mollusc species

derived from their species sensitivity distribution (Figure 2).

Vmax (cm's”)

Potentially occurring fraction

Groyne field in Groyne field in

Free-flowing

Groyne field in  Groyne field in  Free-flowing

Ship type impounded N free-flowing N  sidechannel N impounded free-flowing  side channel
river river along LTD* river river along LTD*
Recreational ship 30.0 8 19.6 6 n.a. n.a. 0.90 0.93 n.a.
Container ship 18.0 1 43.4 11 16.5 2 0.94 0.83 0.94
River cruise ship 21.0 2 10.2 2 232 2 0.93 0.96 0.92
Tanker 11.0 2 49.2 98 25.6 13 0.95 0.79 091
Freight ship 54.0 43 73.7 166 25.7 23 0.76 0.61 0.91
Towboat no barge 39.0 1 61.1 6 n.a. n.a. 0.85 0.71 n.a.
Service ship 47.0 4 45.1 32 15.6 1 0.81 0.82 0.94

* LTD: longitudinal training dam; n.a.: not available

the passage of freight ships in the free flowing
rivers. Average POF associated with various types of
ships was 88% and 81% for impounded and free-
flowing rivers, respectively. Behind the LTD in the
free-flowing river the POF was the highest at 94%.

Discussion

Field based tolerance data

The data for the species specific sensitivity distribu-
tions was based on global field measurements
because of a lack of sufficient and consistent
experimental data on the tolerance of mollusc species

to flow velocities. Many experimental studies focus
on dislodgement of species exposed to continuous
flow velocities (Dorier and Vaillant 1954; Moore
1964; Dussart 1987; Peyer et al. 2009). Although the
results of these studies are valuable, the difference in
experimental set-up (e.g. flume type, exposure dura-
tion, species acclimation) can complicate comparisons.
Moreover, molluscs can also experience other pro-
cesses under high flow, such as reduction in breathing
capacity, movement and clearance capacity (Statzner
and Holm 1989; Ackerman 1999). Comparison of
experimental data on flow tolerance with field
occurrence based data shows experimentally derived
tolerances to flow velocity may be higher as well as
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lower than field based values (Table S2). However,
caution is needed when comparing these data types
due to differences in experimental set-up and end-
points for flow tolerance. Experimental laminar flows
can result in drag effects while field data provide a
more realistic display of the ambient (flow-induced)
environmental conditions experienced by molluscs,
since flow can be multidirectional and induce other
flow velocity effects (e.g. increase in turbidity). Our
analyses are dependent on global field data availability.
To reduce this dependency and get a more consistent
threshold for flow velocity tolerance, a generalized
linear model (GLM) with a binomial (absence/presence)
distribution could be applied. However, our database
was focused on species presence at flow velocities
and included only limited absence data. Determining
species absence under certain conditions is inherently
biased by sampling efforts and sampling times (Gu
and Swihart 2004). In contrast, using species presence
data ensures that the species is able to cope with the
flow conditions, thereby increasing the reliability of
our effect level. At most the effect level might be
over- or underestimated due to variability in flow
velocity measurement protocols but this would also
hold for absence data. In addition, Verbrugge et al.
(2012) also used field occurrence in relation to
maximum temperature and salinity for constructing
SSDs. Thus, the occurrence of species in relation to
maximum flow velocity in the field was regarded as
a good performance indicator for its sensitivity to
changes in flow velocity by ships.

Species Sensitivity distributions (SSDs)

There has been some critique on the use of SSDs due
to their assumptions. First, it is assumed that the
distribution in species sensitivity in natural ecosys-
tem approximates the theoretical distribution. To
reduce the chance of a large discrepancy between the
SSD and the natural situation, it is important to
include as many species as possible to improve the
reliability of the SSD. Due to the lack of a significant
difference and the low number of alien species, we
combined alien and native data into one dataset to
improve the reliability of the SSD (Del Signore et al.
2016). Second, the species used in the SSD provide
an unbiased measure of the variance and mean sensi-
tivity distribution of species in natural ecosystems
(Forbes and Forbes 1993). This assumption mostly
forms a limitation when using several taxa, as
sensitivity towards a certain (toxicological) pressure
can differ between taxa. Here, the focus on a single
species group (molluscs) reduces inter-species group
differences in sensitivity (Del Signore et al. 2016).
With regard to ecological relevance of SSDs there
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are two more assumptions: by protecting species
community composition the community function is
also protected; and species interactions can be
ignored (Forbes and Forbes 1993). We acknowledge
the limitations produced by these two assumptions.
However, we consider the use of SSDs to provide a
first insight on potential effects of environmental
pressures. After initial assessment using SSDs further
research can be directed towards quantifying effects
on community function and including species inter-
actions. SSDs have been widely accepted in the
scientific literature for predicting species community
effects under certain environmental pressures (e.g.
Kefford et al. 2006; Piscart et al. 2011; Collas et al.
2014, 2018a; Del Signore et al. 2016). Hence, the
use of an SSD to predict effects of shipping on
mollusc communities was valid.

There are no overall differences in sensitivity to
maximum flow velocity between alien and native
mollusc species assemblages. This contrasts results
found for other environmental pressures where alien
species were found to have higher tolerances
towards temperature and salinity (Verbrugge et al.
2012; Collas et al. 2018a), but is concordant with the
results found for air exposure, dissolved oxygen
levels and water depth (Collas et al. 2014, 2018a).
The power analysis yielded a power of 0.52 which
indicated that our sample size of alien species might
have been too small, increasing the likelihood of a
type II error. However, future introductions of alien
species will increase the total number of alien species
within the mollusc communities of the Rhine-Meuse
river delta and might result in statistical significant
differences in sensitivity to maximum flow velocity
between alien and native mollusc species assemblages.
Another possible explanation for the absence of
differences in sensitivity to flow velocity is that water
flow—unlike, for example, temperature—is much less
dependent on geographical latitude and longitude of
the natural range of riverine species but predomi-
nantly determined by the bed slopes and discharge
regimes of rivers in their native ranges (Schulze et
al. 2005).

The combined SSD was used for predicting the
molluscs occurring in littoral zones of the rivers
Rhine and Meuse. The highest tolerances were found
for the gastropods R. balthica and Anisus vortex
(Linnaeus, 1758). For the bivalves, D. polymorpha
had the highest flow velocity tolerance. In contrast to
the two gastropods, D. polymorpha is a sessile species
that attaches to substrate using byssus threads (Grutters
et al. 2012), which allow D. polymorpha to resist
high flow velocities. Possible explanations for the
relatively high tolerance of R. balthica and A. vortex
might be the attachment force of their foot or a



Shipping effects on native and alien molluscs

behavioural strategy. Radix balthica is a broad-footed
species and a solid substratum helps snails to maintain
their hold in fast flowing water (Hynes 1970). Some
snails are able to adjust the angle and position of
their shell and body to cope with increasing flow
velocities (Moore 1964; Dussart 1987; Statzner and
Holm 1989) or produce mucus to adhere to the surface
(Moore 1964; Schnauder et al. 2010). Although there
was no difference in sensitivity to maximum flow
velocity between native and alien mollusc species,
our data is useful for creating additional SSDs based
on other species’ traits.

Ship-induced flow velocities

Different types of ships produce waves of different
strengths, depending on factors like speed, and hull
and propeller characteristics (Murphy et al. 2006;
Gabel et al. 2017), which need to be taken into
account with respect to effects of ship-induced flow
velocity. During our field survey, changes in flow
velocities and maximum velocities (V) produced
by numerous ships of different types were measured
in three littoral habitat types: 1) groyne fields in a
free flowing river, 2) groyne fields in impounded
rivers, and 3) side channel behind an LTD in a free
flowing river. The maximum flow velocities caused
by most ships were higher than the natural maximum
flow velocities occurring in the three littoral habitat
types, which ranged from 13.0 to 13.6 cm-s™.

The determined POFs in the habitats are predic-
tions and it is apparent that additional field surveys
on mollusc species abundance in these different
habitats are needed to validate these predictions.
However, field surveys are costly and time consuming
compared to SSD’s, which allow a relatively fast and
cheap first assessment of the potential effects of
shipping on the mollusc species community.

The lowest increase in flow velocity for several
ships was found in the habitats behind the LTDs in
the free flowing river (river Waal) showing that the
highest POF of the mollusc species assemblage can
occur in these habitats. This agrees with Collas et al.
(2018b) who showed that LTDs mitigate the effects
of shipping on environmental conditions and facilitate
higher fish densities than traditional groyne fields.
The lowest POF for molluscs (0.61) was associated
with a freight ship in a groyne field located in a free
flowing river. This type of ship has the potential to
suppress 39% of the potential mollusc species assem-
blage (Table 1). This could imply that shipping could
cause a shift in the mollusc species assemblage
towards more flow tolerant species.

We only measured flow velocities in the littoral
habitat and could not determine the ship induced

flow velocities in deeper waters i.e. the main channel.
Perhaps species are less affected by ship-induced
flow velocities in deeper waters and could use these
habitats as refugia (Miller et al. 1999; Gabel et al.
2017). However, environmental conditions in deeper
waters can also differ from littoral habitats (e.g. tem-
perature, substrate; Matthews et al. 1994; Beckmann
et al. 2004; Bij de Vaate et al. 2007; Webb et al.
2008) which could impede species finding refuge in
the deeper waters. Next steps should be performing
flow velocity measurements in deeper waters and
field surveys in the aforementioned habitats and
deeper waters to validate the prediction of a shift in
the mollusc species assemblage and potential species’
survival in deeper waters. Moreover, these field
surveys should also monitor whether (new) alien
species have settled and, if so, to what extent. Vali-
dating these predictions and monitoring is important
because both gastropods and bivalves provide
important ecological functions and services.

Implications for ecosystem services

Shipping affects the ecosystem services of molluscs.
A direct effect is the suppression of mostly gastropod
species that provide ecosystem services such as nutrient
recycling and are an important part of food webs that
transfer energy to higher trophic levels (Covich 2010).
Some gastropods are also able to provide water puri-
fication services through biofiltration (Brendelberger
and Jirgens 1993). However, their filtration rates are
low compared to the filtration rates of bivalve species
(Kryger and Riisgard 1988). The bivalve filtration
rates are directly affected by shipping-induced shear
stress (Lorenz et al. 2013). Although we found no
differences in sensitivity to flow velocity between native
and alien molluscs, the filtration rates of two alien
bivalves, Dreissena rostriformis bugensis Andrusov,
1897 and Corbicula fluminea (Miiller, 1774), were less
affected by wave disturbance conditions than that of
native unionid and sphaeriid bivalves (Lorenz and
Pusch 2013). Thus, shipping can potentially cause
differences in performance between native and alien
bivalves and thereby directly affect bivalves’ ecosys-
tem services provisioning. A potential indirect effect
is shipping mediated dispersal and establishment of
alien invasive species (Leuven et al. 2009). Bivalve
species such as D. polymorpha, D. rostriformis bugensis
and C. fluminea have established themselves in
European rivers (Matthews et al. 2014) and are out-
competing native bivalves such as Unio pictorum
(Linnaeus, 1758) and Unio tumidus Philipson, 1788
(Leuven et al. 2014), through fouling their shells and
depleting food sources (Strayer 1999). The exclusion
of native bivalves by alien bivalves could potentially
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affect the ecosystem services provisioning of the
bivalve community. The individual filtration rates of
alien bivalves were lower than the rates of native
bivalves. This is likely due to the larger sizes of the
native unionids, as filtration rates per gill area unit
are more similar in range (Kryger and Riisgérd 1988;
Diggins 2001). Alien bivalves often form relatively
dense assemblages (Kryger and Riisgard 1988; Leuven
et al. 2014) which should allow the bio-filtration
capacity of the newly formed alien and native mussel
assemblage to remain stable, or potentially even
increase at high mussel densities. Thus, the estab-
lishment of alien species does not necessarily have
to deteriorate the water purification capacity of the
mollusc species assemblage. On the contrary, some
alien species have the potential to improve this
capacity. So, from an ecosystem services perspective,
an increase in alien species abundance might be
beneficial, depending on which species will establish.
However, from a biodiversity perspective this
increase can be detrimental as different species
assemblages are homogenised and biodiversity may
decline (Mckinney and Lockwood 1999).

Acknowledgements

We would like to thank the editor in chief Kit Magellan and two
anonymous referees for constructive comments, M. Orbons for
providing a flow velocity meter and J. Driessen, L. van den Heuvel,
N.W. Thunnissen and J.H.M. Meijers for helping to conduct the
flow velocity measurements. 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).

References

Ackerman JD (1999) Effect of velocity on the filter feeding of
dreissenid mussels (Dreissena polymorpha and Dreissena
bugensis): implications for trophic dynamics. Canadian Journal
of Fisheries and Aquatic Sciences 56: 1551-1561, https:/doi.org/
10.1139/99-079

Admiraal W, Van der Velde G, Smit H, Cazemier WG (1993) The
rivers Rhine and Meuse in The Netherlands: present state and
signs of ecological recovery. Hydrobiologia 265: 97-128,
https://doi.org/10.1007/BF00007264

Arlinghaus R, Engelhardt C, Sukhodolov A, Wolter C (2002) Fish
recruitment in a canal with intensive navigation: implications for
ecosystem management. Journal of Fish Biology 61: 1386—
1402, https://doi.org/10.1111/1.1095-8649.2002.tb02484.x

Beckmann MC, Schéll F, Matthaei CD (2005) Effects of increased
flow in the main stem of the River Rhine on the invertebrate
communities of its tributaries. Freshwater Biology 50: 10-26,
https://doi.org/10.1111/j.1365-2427.2004.01289.x

Bhowmik NG, Mazumder BS (1990) Physical forces generated by
barge-tow traffic within a navigable waterway. In: Chang HH,
Hill JC (eds), Hydraulic Engineering: Proceedings of the 1990
National Conference, American Society of Civil Engineers. New
York, USA, pp 604—609

Bij de Vaate A, Klink AG, Greijdanus-Klaas M, Jans LH, Oosterbaan
J, Kok F (2007) Effects of habitat restorations on the macro-
invertebrate fauna in a foreland along the river Waal, the main

488

K.R. Koopman et al.

distributary in the Rhine delta. River Research and Applications
23: 171-183, https://doi.org/10.1002/rra.972

Bishop MJ (2007) Impacts of boat-generated waves on macroinfauna:
Towards a mechanistic understanding. Journal of Experimental
Marine Biology and Ecology 343: 187-196, hitps:/doi.org/10.
1016/j.jembe.2006.11.014

Bishop MJ (2008) Displacement of epifauna from seagrass blades by
boat wake. Journal of Experimental Marine Biology and Ecology
354: 111-118, https://doi.org/10.1016/j. jembe.2007.10.013

Brendelberger H, Jiirgens S (1993) Suspension feeding in Bithynia
tentaculata (Prosobranchia, Bithyniidae), as affected by body
size, food and temperature. Oecologia 94: 3642, hitps:/doi.org/
10.1007/BF00317298

Clavero M, Garcia-Berthou E (2005) Invasive species are a leading
cause of animal extinctions. Trends in Ecology and Evolution
20: 110110, https://doi.org/10.1016/j.tree.2005.01.003

Cohen J (1988) Statistical power analyses for behavioral sciences.
Lawrence Erlbaum Associates, Mahwah, 567 pp

Collas FPL, Koopman KR, Hendriks AJ, Van der Velde G,
Verbrugge LNH, Leuven RSEW (2014) Effects of dessication
on native and non-native molluscs in rivers. Freshwater Biology
59: 41-55, https:/doi.org/10.1111/fwb.12244

Collas FPL, Breedveld SKD, Matthews J, Van der Velde G, Leuven,
RSEW (2017) Invasion biology and risk assessment of the
recently introduced Chinese mystery snail, Bellamya
(Cipangopaludina) chinensis (Gray, 1834), in the Rhine and
Meuse River basins in Western Europe. Aquatic Invasions 12:
287-297, https://doi.org/10.3391/ai.2017.12.3.02

Collas FPL, Buijse AD, Hendriks AJ, Van der Velde G, Leuven
RSEW (2018a) Sensitivity of European freshwater bivalve
species to climate related environmental factors. Ecosphere 9:
€02184, https://doi.org/10.1002/ecs2.2184

Collas FPL, Buijse AD, Van den Heuvel L, Van Kessel N, Schoor
MM, Eerden H, Leuven RSEW (2018b) Longitudinal training
dams mitigate effects of shipping on environmental conditions
and fish density in the littoral zones of the river Rhine. Science
of the Total Environment 619—620: 1183—1193, https://doi.org/10.
1016/j.scitotenv.2017.10.299

Collas FPL, Karatayev AY, Burlakova LE, Leuven RSEW (2018c)
Detachment Rates of dreissenid mussels after boat hull-mediated
overland dispersal. Hydrobiologia 810: 77-84, https:/doi.org/10.
1007/s10750-016-3072-4

Covich AP (2010) Winning the biodiversity arms race among
freshwater gastropods: competition and coexistence through
shell variability and predator avoidance. Hydrobiologia 653:
191-215, https://doi.org/10.1007/s10750-010-0354-0

Delignette-Muller ML, Dutang C (2015) fitdistrplus: An R Package
for Fitting Distributions. Journal of Statistical Sofiware 64: 1-34

Del Signore A, Hendriks AJ, Lenders HIR, Leuven RSEW, Breure
AM (2016) Development and application of the SSD approach
in scientific case studies for ecological risk assessment.
Environmental Toxicology and Chemistry 35: 2149-2161,
https://doi.org/10.1002/etc.3474

Diggins TP (2001) A seasonal comparison of suspended sediment
filtration by Quagga (Dreissena bugensis) and Zebra (D.
polymorpha) Mussels. Journal of Great Lakes Research 27:
457466, https:/doi.org/10.1016/S0380-1330(01)70660-0

Dorier A, Vaillant F (1954) Observations et expériences relatives 4 la
résistance au courant de divers invertébrés aquatiques. Travails
du laboratoire d’hydrobiologie de ['université de Grenoble
45/46:9-31

Dussart GBJ (1987) The effects of water flow on the detachment of
some aquatic pulmonate gastropods. American Malacological
Bulletin 5: 65-72

Dynesius M, Nilsson C (1994) Fragmentation and flow regulation of
river systems in the northern third of the world. Science 266:
753-762, https://doi.org/10.1126/science.266.5186.753

Eriksson BK, Sandstrom A, Iseeus M, Schreiber H, Karés P (2004)
Effects of boating activities on aquatic vegetation in the


https://doi.org/10.1139/f99-079
https://doi.org/10.1016/j.jembe.2006.11.014
https://doi.org/10.1007/BF00317298
https://doi.org/10.1016/j.scitotenv.2017.10.299
https://doi.org/10.1007/s10750-016-3072-4
https://doi.org/10.1016/S0380-1330(01)70660-0

Shipping effects on native and alien molluscs

Stockholm archipelago, Baltic Sea. Estuarine, Coastal and Shelf

Science 61: 339-349, https://doi.org/10.1016/j.ecss.2004.05.009

Erm A, Soomere T (2004) Influence of fast ship waves on the optical
properties of sea water in Tallinn Bay, Baltic Sea. Proceedings
of the Estonian Academy of Sciences, Biology and Ecology 53:
161-178

Forbes TL, Forbes VE (1993) A critique of the use of distribution-
based extrapolation models in ecotoxicology. Functional
Ecology 7: 249-254, hitps://doi.org/10.2307/2390202

Gabel F, Garcia XF, Brauns M, Sukhodolov A, Leszinski M, Pusch
MT (2008) Resistance to ship-induced waves of benthic
invertebrates in various littoral habitats. Freshwater Biology 53:
1567-578, https://doi.org/10.1111/j.1365-2427.2008.01991.x

Gabel F, Pusch MT, Breyer P, Burmester V, Walz N, Garcia XF
(201 1a) Differential effect of wave stress on the physiology and
behaviour of native versus non-native benthic invertebrates.
Biological Invasions 13: 1843—1853, https:/doi.org/10.1007/s10530-
011-0003-1

Gabel F, Stoll S, Fischer P, Pusch MT, Garcia XF (2011b) Waves
affect predator-prey interactions between fish and benthic
invertebrates. Oecologia 165: 101-109, https://doi.org/10.1007/
s00442-010-1841-8

Gabel F, Garcia XF, Schnauder I, Pusch MT (2012) Effects of ship-
induced waves on littoral benthic invertebrates. Freshwater
Biology 57: 24252435, https://doi.org/10.1111/fwb.12011

Gabel F, Lorenz S, Stoll S (2017) Effects of ship-induced waves on
aquatic ecosystems. Science the Total Environment 601-602:
926-939, https://doi.org/10.1016/j.scitotenv.2017.05.206

Garcia XF, Gabel F, Hochmuth H, Brauns M, Sukhodolov A, Pusch
M (2007) Do littoral habitats with high structural complexity
mitigate the impact of ship-induced waves on benthic
invertebrates? In: Niitzman G (ed), Annual report 2006, Leibniz-
Institut fiir Gewésserdkologie und Binnenfischerei: Berlin, pp
99-108

Garrad PN, Hey RD (1987) Boat traffic, sediment resuspension and
turbidity in a broadland river. Journal of Hydrology 95: 289—
297, https://doi.org/10.1016/0022-1694(87)90007-2

Gittenberger E, Janssen AW, Kuijper WJ, Kuiper JGJ, Meijer T, Van
der Velde G, De Vries JN (2004) De Nederlandse
zoetwatermollusken: Recente en fossiele weekdieren uit zoet en
brak water. Nederlandse Fauna 2. Nationaal Natuurhistorisch
Museum Naturalis, KNNV Uitgeverij, European Invertebrate
Survey-Nederland, Leiden. 2™ edition, 292 pp [in Dutch]

Grutters BMC, Verhofstad MJJM, Van der Velde G, Rajagopal S,
Leuven RSEW (2012) A comparative study of byssogenesis on
zebra and quagga mussels: the effects of water temperature,
salinity and light-dark cycles. Biofouling 28: 121-129,
https://doi.org/10.1080/08927014.2012.654779

Gu W, Swihart RK (2004) Absent of undetected? Effects of non-
detection of species occurrence on wildlife-habitat models.
Biological Conservation 116: 195-203, https://doi.org/10.1016/S0006-
3207(03)00190-3

Gutiérrez JL, Jones CG, Strayer DL, Iribarne OO (2003) Mollusks as
ecosystem engineers: the role of shell production in aquatic
habitats. Oikos 101: 79-90, https://doi.org/10.1034/1.1600-0706.2003.
12322.x

Hanafiah MM, Leuven RSEW, Sommerwerk N, Tockner K,
Huijbregts MAJ (2013) Including the introduction of exotic
species in life cycle impact assessment: the case of inland
shipping. Environmental Science & Technology 27/24: 13934—
13940, https://doi.org/10.1021/es403870z

Holland LE (1986) Effects of barge traffic on distribution and
survival of ichthyoplankton and small fishes in the upper
Mississippi river. Transactions of the American Fisheries
Society 115: 162-165, https://doi.org/10.1577/1548-8659(1986)115
<162:EOBTOD>2.0.CO;2

Huthoff F, Barneveld H, Pinter N, Remo J, Eerden H, Paarlberg A
(2013) Paper 31 - Optimizing design of river training works

using 3-dimensional flow simulations. Smart Rivers 2013,
Liege, Belgium, pp 1-7

Hynes HBN (1970) The ecology of running waters. Liverpool
University Press, 555 p

Karatayev AY, Padilla DK, Minchin D, Boltovskoy D, Burlakova
LE (2007) Changes in global economics and trade: the potential
spread of exotic freshwater bivalves. Biological Invasions 9:
161-180, https://doi.org/10.1007/s10530-006-9013-9

Kefford BJ, Nugegoda D, Metzeling L, Fields EJ (2006) Validating
species sensitivity distributions using salinity tolerance of
riverine macroinvertebrates in the southern Murray-Darling
Basin (Victoria, Australia). Canadian Journal of Fisheries and
Aquatic Sciences 63: 1865—1877, https:/doi.org/10.1139/f06-080

Kryger J, Riisgard HU (1988) Filtration rate capacities of 6 species of
European freshwater bivalves. Oecologia 77: 34-38, https:/doi.
org/10.1007/BF00380921

Leuven RSEW, Van der Velde G, Baijens I, Snijders J, Van der
Zwart C, Lenders HJR, Bij de Vaate A (2009) The River Rhine:
a global highway for dispersal of aquatic invasive species.
Biological Invasions 11: 1989-2008, https:/doi.org/10.1007/s10530-
009-9491-7

Leuven RSEW, Hendriks AJ, Huijbregts MAJ, Lenders HIR,
Matthews J, Van der Velde G (2011) Differences in sensitivity
of native and exotic fish species to changes in river temperature.
Current Zoology 57: 852-862, https:/doi.org/10.1093/cz00l0/57.6.852

Leuven RSEW, Collas FPL, Koopman KR, Matthews J, Van der
Velde G (2014) Mass mortality of invasive zebra and quagga
mussels by desiccation during severe winter conditions. Aquatic
Invasions 9: 243252, https://doi.org/10.3391/2i.2014.9.3.02

Lopes-Lima M, Sousa R, Geist J, Aldridge DC, Araujo R,
Bergengren J, Bespalaya Y, Bodis E, Burlakova L, Van Damme
D, Douda K, Froufe E, Georgiev D, Gumpinger C, Karatayev A,
Kebapgi U, Killeen I, Lajtner J, Larsen BM, Lauceri R, Legaskis
A, Lois S, Lundberg S, Moorkens E, Nagel K-O, Ondina P,
Outeiro A, Paunovic M, Prié V, Von Proschwitz T, Riccardi N,
Rudzite M, Rudzites M, Scheder C, Seddon M, Sereflisan H,
Simi¢ V, Sokolova S, Stoeckl K, Taskinen J, Teixeira A, Thielen
F, Trichkova T, Varandas S, Vicentini H, Zajac K, Zajac T,
Zogaris S (2016) Conservation status of freshwater mussels in
Europe: state of the art and future challenges. Biological
Reviews 92: 572—607, https://doi.org/10.1111/brv.12244

Lorenz S, Pusch MT (2013) Filtration activity of invasive mussel
species under wave disturbance conditions. Biological Invasions
15: 2681-2690, https://doi.org/10.1007/s10530-013-0483-2

Lorenz S, Gabel F, Dobra N, Pusch MT (2013) Modelling the effects
of recreational boating on self-purification activity provided by
bivalve mollusks in a lowland river. Freshwater Science 32: 82—
93, https://doi.org/10.1899/12-054.1

Lummer EM, Auerswald K, Geist J (2016) Fine sediment as
environmental stressor affecting freshwater mussel behavior and
ecosystem services. Science of the Total Environment 571:
1340-1348, https:/doi.org/10.1016/j.scitotenv.2016.07.027

MarineTraffic (2018) Marine traffic global ship tracking intelligence.
https:/www.marinetraffic.com/en/ais’home/centerx:-12.3/centery:24.8/zoom:4
(accessed 19 February 2018)

Matthews J, Van der Velde G, Bij de Vaate A, Collas FPL,
Koopman KR, Leuven RSEW (2014) Rapid range expansion of
the invasive quagga mussel in relation to zebra mussel presence
in The Netherlands and Western Europe. Biological Invasions
16: 2342, https://doi.org/10.1007/s10530-013-0498-8

Matthews KR, Berg NH, Azuma DL, Lamber TR (1994) Cool water
formation and trout habitat use in a deep pool in the Sierra
Nevada, California. Transactions of the American Fisheries
Society 123: 549-564, https:/doi.org/10.1577/1548-8659(1994)123
<0549:CWFATH>2.3.CO;2

Mckinney ML, Lockwood JL (1999) Biotic homogenization: a few
winners replacing many losers in the next mass extinction.
Trends in Ecology & Evolution 14: 450-453, hitps:/doi.org/10.
1016/S0169-5347(99)01679-1

489


https://doi.org/10.1007/s00442-010-1841-8
https://doi.org/10.1016/0022-1694(87)90007-2
https://doi.org/10.1016/S0006-3207(03)00190-3
https://doi.org/10.1034/j.1600-0706.2003.12322.x
https://doi.org/10.1577/1548-8659(1986)115<162:EOBTOD>2.0.CO;2
https://doi.org/10.1007/BF00380921
https://doi.org/10.1577/1548-8659(1994)123<0549:CWFATH>2.3.CO;2
https://doi.org/10.1016/S0169-5347(99)01679-1

Miller AC, Payne BS, Shaffer LR (1999) A shell gape monitor to
study effects of physical disturbance on freshwater mussels.
Journal of Freshwater Ecology 14: 241-247, https:/doi.org/10.
1080/02705060.1999.9663675

Moore IT (1964) Effects of water currents on fresh-water snails
Stagnicola palustris and Physa propinqua. Ecology 45: 558—
564, https://doi.org/10.2307/1936108

Murphy J, Morgan G, Power O (2006) Literature review on the
impacts of boat wash on the heritage of Ireland’s inland
waterways. The Heritage Council, Kilkenny, 73 pp

Nienhuis PH, Buijse AD, Leuven RSEW, Smits AJM, De Nooij
RJW, Samborska EM (2002) Ecological rehabilitation of the
lowland basin of the river Rhine (NW Europe). Hydrobiologia
478: 53-72, https://doi.org/10.1023/A:1021070428566

Osborne PD, Boak EH (1999) Sediment suspension and morpholo-
gical response under vessel-generated wave groups: Torpedo Bay
Auckland, New Zealand. Journal of Coastal Research 15: 388-398

Peyer SM, McCarthy AJ, Eunmi Lee C (2009) Zebra mussels anchor
byssal threads faster and tighter than quagga mussels in flow.
The Journal of Experimental Biology 212: 2027-2036, https:/doi.
org/10.1242/jeb.028688

Piscart C, Kefford BJ, Beisel J-N (2011) Are salinity tolerances of
non-native macroinvertebrates in France an indicator of potential
for their translocation in a new area? Limnologica 41: 107-112,
https://doi.org/10.1016/j.limno.2010.09.002

Posthuma L, Suter GW, Traas TP (2002) Species sensitivity distribu-
tions in ecotoxicology. Lewis Publishers, Boca Raton, 616 pp

R Core Team (2015) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria

Ricciardi A, Maclsaac HJ (2000) Recent mass invasion of the North
American Great Lakes by Ponto-Caspian species. Trends in
Ecology & Evolution 15: 6265, https:/doi.org/10.1016/S0169-5347
(99)01745-0

Rodriguez JF, Admiraal DM, Lopez F, Garcia MH (2002) Unsteady
bed shear stresses induced by navigation: Laboratory observa-
tions. Journal of Hydraulic Engineering 128: 515-526,
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:5(515)

Schnauder I, Rudnick S, Garcia XF, Aberle J (2010) Incipient motion
and drift of benthic invertebrates in boundary shear layers. In:
Dittrich A, Koll K, Aberle J, Geisenhainer P (eds), River Flow
2010. Bundesanstalt fiir Wasserbau, pp 1453-1461

Schulze K, Hunger M, D61l P (2005) Simulating river flow velocity
on global scale. Advances in Geosciences 5: 133—136, https://doi.
org/10.5194/adgeo-5-133-2005

Smit MGD, Holthaus KIE, Trannum HC, Neff M, Kjeilen-Eilertsen
G, Jak RG, Singsaas I, Huijbregts MAJ, Hendriks AJ (2008)
Species sensitivity distributions for suspended clays, sediment
burial, and grain size change in the marine environment.
Environmental Toxicology and Chemistry 27: 1006-1012,
https://doi.org/10.1897/07-339.1

Sousa R, Nogueira AJA, Gaspar MB, Antunes C, Guilhermino L
(2008) Growth and extremely high production of the non-
indigenous invasive species Corbicula fluminea (Miiller, 1774):
Possible implications for ecosystem functioning. Estuarine,
Coastal and Shelf Science 80: 289-295, https://doi.org/10.1016/j.
ecss.2008.08.006

Supplementary material

The following supplementary material is available for this article:

K.R. Koopman et al.

Statzner B, Holm TF (1989) Morphological adaptation of shape to
flow: Microcurrents around lotic macroinvertebrates with known
Reynolds numbers at quasi-natural flow conditions. Oecologia
78: 145157, https://doi.org/10.1007/BF00377150

Strayer DL (1999) Effect of alien species on freshwater mollusks in
North America. Journal of the North American Benthological
Society 18: 74-98, https://doi.org/10.2307/1468010

Szocs E (2015) Data in Environmental Science and Eco(toxico-)logy:
Species Sensitivity Distributions (SSD) with R. http:/edild.github.
io/ssd/

Ten Brinke WBM (2003) De sedimenthuishouding van kribvakken
langs de Waal. Het langjarig gedrag van scheepsgeinduceerde
waterbeweging en morfologische processen bij hoge en lage
afvoeren. RIZA rapport 2003.002., Arnhem, The Netherlands [in
Dutch]

Van Kessel N, Dorenbosch M, Kranenbarg J, Van der Velde G,
Leuven RSEW (2016) Invasive Ponto-Caspian gobies rapidly
reduce the abundance of protected native bullhead. Aquatic
Invasions 11: 179—-188, https://doi.org/10.3391/2i.2016.11.2.07

Van Stokkom HTC, Smits AJM, Leuven RSEW (2005) Flood
defense in the Netherlands: a new era, a new approach. Water
International 30 76-87, https://doi.org/10.1080/02508060508691839

Vaughn CC (2018) Ecosystem services provided by freshwater
mussels. Hydrobiologia 810: 15-27, https://doi.org/10.1007/s10750-
017-3139-x

Vaughn CC, Hakenkamp CC (2001) The functional role of burrowing
bivalves in freshwater ecosystems. Freshwater Biology 46:
1431-1446, https://doi.org/10.1046/j.1365-2427.2001.00771.x

Verbrugge LNH, Schipper AM, Huijbregts MAJ, Van der Velde G,
Leuven RSEW (2012) Sensitivity of native and non-native
mollusc species to changing river water temperature and salinity.
Biological Invasions 14: 11871199, https://doi.org/10.1007/s10530-
011-0148-y

Webb BW, Hannah DM, Moore RD, Brown LE, Nobilis F (2008)
Recent advances in stream and river temperature research.
Hydrological Processes 22: 902-918, https://doi.org/10.1002/hyp.6994

Weber A, Lautenbach S, Wolter C (2012) Improvement of aquatic
vegetation in urban waterways using protected artificial shallows.
Ecological Engineering 42: 160-167, https:/doi.org/10.1016/j.
ecoleng.2012.01.007

Wolter C, Arlinghaus R (2003) Navigation impacts on freshwater
fish assemblages: the ecological relevance of swimming
performance. Reviews in Fish Biology and Fisheries 13: 63-89,
https://doi.org/10.1023/A:1026350223459

Wolter C, Arlinghaus R, Sukhodolov A, Engelhardt C (2004) A
model of navigation-induced currents in inland waterways and
implications for juvenile fish displacement. Environmental
Management 34: 656—668, https://doi.org/10.1007/s00267-004-0201-z

Zajicek P, Radinger J, Wolter C (2018) Disentangling multiple pressures
on fish assemblages in large rivers. Science of the Total Environ-
ment 627: 1093—1105, https:/doi.org/10.1016/j.scitotenv.2018.01.307

Table S1. Overview of minimum and maximum flow velocities at which native and alien benthic molluscs were observed in the field.

Table S2. A comparison between field based and experimental based data of tolerance to flow velocity.

Appendix 1. Supplementary references.

This material is available as part of online article from:

http://www.aquaticinvasions.net/2018/Supplements/Al_2018_Koopman_etal _SupplementaryTables.xlsx

490


https://doi.org/10.1080/02705060.1999.9663675
https://doi.org/10.1242/jeb.028688
https://doi.org/10.1016/S0169-5347(99)01745-0
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:5(515)
https://doi.org/10.5194/adgeo-5-133-2005
https://doi.org/10.1016/j.ecss.2008.08.006
http://edild.github.io/ssd/
https://doi.org/10.1016/j.ecoleng.2012.01.007


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




