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I ntegratedM odel forBoat Tourism).This model consists of a modular composition including
natural hydréogical input variablesa freshwater mussel population component consigeri
community composibn and depth distributigrand a boating model describing shear stress

production by different boat types and speiedgrious water depths

Figure 15: Conceptual model of the effects of human uses on the structure, functioning, and
resilience of aquatic ecosystems, reflecting causal relationships that were documented in the
presenthesis Black arrows represent positive effects, while white arrows represent negative
effects. Ecosystem functioning supports both ecosystem resil@nt@cosystem services;
hence, human uses that modify ecosystem functioning, such as recreational boating near
shorelines, will affect both variables, and should be avoided if sustainable use is sought.
Human uses that modify ecosystem structure will hes® impact, as long as resilience is not

affected. Symbol for ecosystem services after Foley €@05.

Vi



VI



Summary

Summary

Freshwaterecassystems constitut®ne of the mosimportant resource$or human
civilization. Thereby, slf-purification capacityconstitutesone of thekey ecosystem servise
provided bythose systemsvhich is particularlyrelevantin polluted water bodies serving
multiple societal usestEspecially in levland rivers, asignificant proportion ofthis self
purification capacitycan be contributedby the filter feeding activity ofreshwatermussels.
By the filtration processprganic matters transferredrom the water column to thediment
andthus getsavailableto thebenthic food webHowever, it is hardly known to whiobxtent
selfpurification activityprovided by musselsay beinfluenced byhuman uses of the water
body, such asrecreational boating activitiedVithin this thesis, Istudied the eutrophic
lowland riversection Krumme Spre@randenburg, Germanyhat is substantiallyused for
recreational purposeand aimedo identify the maximal sustainable extent of humanthae
does not affecself-purification activityprovided by mussels recorded the filtration activity
of native musselspecies(Anodonta anating Unio tumidus and Unio pictorunm) in field
experimentsinder various boating impact situatipasd modeled the disturbance to mussels
caused by wave action inded from recreational boatiniloreover laboratory experimesa
with invasive speciegDreissena polymorphaDreissenaugensisand Corbicula flumineg

were @rformedin a wave tank in order tetermine their susceptibility to wave disturbances.

In all studiedmussel speciediltration activity was significantly affected by shear
stress producelly wave disturbancdncreasing shear stresaused interruption of filtration
activity, following sigmoid response patterns footh the duration and the degg of shell
closing. The sgmoid response curves allowed threshold values for shear sirbesderived,
indicatingzero tomoderate effects on filtration activitfhereby, he native species showed
relatively lowthreshold values for the starting of Bledosing in combination with either the
longestduration of shell closingA. anating or the highest degree of shell closing. (
tumidusand U. pictorum), and thus turned out to be more susceptible to wave disturbance
thantwo invasive speciesTheinvasive specieb. bugensisandC. flumineawere still able to
filtrate under wave impacte/hile D. polymorphadid not differ significantly in any of the
studied susceptibility parameters from the respective range covered by native. Jjases

D. bugersis and C.fluminea seem to be pradapted to hydraulic or morphological



Summary

disturbance and may compensate other losses of this important ecosystem function in rivers

intensiwely used for inland navigation.

The coupledhydraulicecological modelingpproach presented in this thesiowed
that typical boating activitpn the Krumme Spree river sectioray reduce selpurification
activity by mussels, with the extent of disturbance depending on mussel species, river depth,
boating frequency, and csring speedHowever, self-purification activity of this lowland
river section is not significantly affecteander present day conditionghile substantial
effects are to be expectathder reducedriver flow conditions The developed aupled
hydraulicecobgical modelingapproachalsoenableghe estimation ofthe ecologicalcarrying
capacity of this river section for sustainable boating touriswhich still allows the
preservation of water qualityThis estimatedecological carrying capacity significantly
decreases with loweriver dischargeduring summer A comparison of the estimated
ecological carrying capacity with the social carrying capacity revealedthatter levels of
more than 17@m, boating tourisnis limited first bysocial and spatial aspectshile at water
levels of less than 17€m boating tourism is limited first by ecologicahlues.Thus the
coupled hydrauliecological modelingdeveloped hereenables to identify mitigation

strategieghat may contribute to the preservation of surface waters
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Zusammenfassung

SuRwasseOkosysteme stellen eine der bedeutendRessourcen auf der Erde dar.
Die Selbstreinigungsfahigkeit dieser Systeme ist dabei eine der wichtigsten Okesystem
Dienstleistungen, die vor allem in verunreinigten und vielfach genutzten Gewassern von
Bedeutung ist. Ein erheblicher Anteil dieser Selbsigeingsfahigkeit wird in Tieflandflissen
Uberdie Filtrationsaktivitat von Muschelerbracht Wahrend der Filtratiowird organisches
Material aus der Wassersaule entfernt und dem Sediment zugefuhrt, waneslem
benthischen Nahrungsnetz zur Verflugunghst Es ist jedoch bisher kaum bekannt, in
welchem Ausmal3 die Selbstreinigungsaktivitat von Muscheln durch Nutzungen der Gewasser
wie z.B. cn Bootstourismusbeeinflusst wird. In der vorliegenden Arbeit habe ich daher
einen touristisch genutzten Flussahsithder Krummen SpreéBrandenburg, Deutschland)
untersucht um die maximale touristische Nutzung mit Booten zu ermitteln, welche die
Filtrationsaktivitat von Muschelnnoch nicht beeintrachtigt. Dafir habe ich die
Filtrationsaktivitat heimischer Muschelarte(Anodonta anatina Unio tumidus Unio
pictorum) in Feldversuchen ermittelt und daraasfbauenddie Storung der Tiere durch
bootsbedingten Wellenschlag modelliert. Zukétzhabe ich Laborversuchmit invasiven
Arten (Dreissena polymorpha Dreissenabugensis Corbiculaflumineg in einem

Wellenbecken durchgefuhrt, um deren Anfalligkeit gegenuber Wellenstérungen zu ermitteln

Die Filtrationsaktivitat aller untersuchten Bthelartenwurde durch die von Wellen
verursachte Sohlschubspannung signifikant beeinflusst. Ansteigende Sohlschubspannungen
verursachten Unterbrechungen der Filtration, die sowotdichtlich derDauer als auch de
Grads des SchlieRens der Schalen mgnsoiden Reaktionsmustern erklart werden konnten
Basierend auf den sigmoiddReaktionsmustern konnten Grenzwerte fur die Sohlsehub
spannungen ermittelt werden, die kebmv. nur moderate Auswirkungen auf die Filtration
verursachen. Dabei zeigten die hisomen Muschelarten im Verhaltniglativ niedrige
Schwellenverte fur den Beginn des Schalenschliel3ens in Kombination mit entweder der
hdchsten Schliedauder Schaler{A. anating oder dem hochsten SchlieRgmrder Schalen
(U. tumidus und U. pictorum). Diese Arten sind somit empfindlicher gegeniber
Wellenbelastunglsdie invasiven ArterD. bugensisund C. fluminea Diesewaren auch unter
Wellenbelastung noch in der Lage zu filtrieren, wahr@ngolymorphasich nicht signifikant

von den heimischen Aeh unterschiedD. bugenisund C.fluminea scheinen daher an

3
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hydraulische Stérungen adaptiert zu sein und kénnen durch ihre Pdies&ferringerung der

Selbstreinigungsaktivitat in fur die Schifffahrt genutzten Gewéassern kompensieren.

Mittels des hier etsllten hydro-6kologisch@ Modellierungansatze&onnte gezeigt
werden, dass durch das typische Bootsaufkommen in der Krummen Spree die
Selbstreinigungsaktivitat in Abhangigkeit von déuschelat, der GewassertiefelHaufigkeit
von Bootspassagemund der Fahrgeschwindigkeit reduziert wird. Unter den aktuell
herrschenden Umweltund Nutzungsedingungenféllt diese Minderung nur gering aus,
allerdings konnen bei einer Verringerung der Wasserfuhrung im Sommer, etwa durch
Klimawandel,odereiner Zunahme des Btsaufkommens wesentliche Auswirkungen auf die
Selbstreinigungskapazitat entstehatittels der hydro-6kologisch@ Modellierung konnte
aulBerdemdie Okologische Tragféahigkeit dieses Flussabschnittes fir den Bootstourismus
berechnet werden. Diese o©kologischeagfahigkeit nahm mit sinkenden Wasserstanden
signifikant ab. Ein Vergleich mit der ebenfalls berechneten sozialen Tragfahigkeit des
Flussabschnitts hat gezeigt, dass ab Wasserstdnden untesmldie Okologische
Tragfahigkeit gegentber sozialen AspekéenBedeutung gewinnt. In solchen Féllen kénnen
Uber die hydrekologische Modellierung Anpassungsstrategien identifiziert werden, die
sowohl den Bootstyp, Uferabstand als auch die Geschwindigkeit der fahrenden Boote

bertucksichtigen.
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Thesis Outline

This thesis is a cumulative work composed tbfee manuscripts that are either
publishedin peerreviewed journalsor currently under review. Each manuscript forms a
separate chapter including its own introductiorethodology, results and discussion section
and is therefore independently readable from the other chapters. The general context of this
thesis is provided by a general introduction section and all findings are discussed coherently
in an overall discussiogection. As a result of this structure, these sections overlap to some

extent with the content of the different chapters.

All manuscripts have been reprinted with the kind permission ofrélspective
publishing house. However, the layout of the published currentlyunderreview
manuscripts has been modified to ensure a consistent layout throughout the entire thesis.
Figures andtables were renumbered throughout the text and referrirgdistables and
figures are presented. The referenoé each manscript general introduction and overall
discussionwere included in moverall reference section that is presented at the end of the

overall discussion.

Chapter 1

Lorenz, S, Gabel, F., Dobra, N., Pusch, M. T. 20Modeling the impacts of recreational
boating on seklpurification activity provided by bivalve mollusks in a lowland river

Freshwater Sciencécceptedfor issue 32(1)
Article reprinted with kind permission ohe Society for Freshwater Science

Author contributions

S. Lorenz designed the study, organized and performed field experiments, analyzed data,
performed statistics and compiled the manuschkptGabelco-performed field experiments
and contributed to the teXtl. Dobra ceperformed field experiments and contributed to data

analysis and statistics. M. T. Puschdasigned the study and contributed to the text.
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Chapter 2

Lorenz, S, Pusch, M. T. 2012Higher filtration activity of invasive versus native mussel

species under wave disturbance conditi@islogical InvasionsSubmitted

Author contributions

S. Lorenz designed the study, organized and perforaearatory experiments, analyzed
data, performed statistics and compiled the manuscript. M. T. Pusgbsigned the study

and contributed to the text.

Chapter 3

Lorenz, S, Pusch, M. T. 2012Estimating the recreational carrying capacity of a lowland
river sectionWater Science & Technolo@p: 20332030.

Article reprinted with kind permission difie International Water Association Publishing.

Author contributions

S. Lorenz designed the study, analyzed data, performed statistics and compiled the
manuscript. M. T. Pusch atesigned the study and contributed to the text.
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General Introduction

Ecosystem health

Since the 1950s about 6 Oh&ve bekendamdged owor | d ¢
overexploited byhumars (Millennium Ecosystem Assessment 2D@Bd consequentlynuch
research has focused on assessing ecosystem health. The tremendous interference of mankind
is spread over all kinds of systems and promoted ecosystem health studies in terrestrial
(Rapport et al. 1997azvenko and Rapport 199 Marine(Bockstael et al. 989, Mageau et
al. 1995 and freshwater ecosysterfWichert and Rapport 1998The termecosystem health
describes the conditions of essential functions and services within a given ecosystem. This
general descriptiodoes not onlfocus on quantitativenformation of ecosystem parameters
butincludes qualitative information as welbepending on the scientific approach definitions
of ecosystem health vary consideraffpstanza 1992Peng et al. 20Q/Rapport et al. 1998
Actually, the definition of Rpport et al.(1998 is mostly usedn currentliterature It focuses
onthe ecological aspects of ecosystems human and economic needs, and raises the concept of
ecosystem health on a transdisciplinary and integrated level. While eetipgiased
definitions state that ecosystem health is described as a stable and susttataditgat can
be characterizedby vigor, system organization and resilief{€ostanza 1992 Rapport et al.
(1998 additionaly requirethe éanalysis of linkages between human puess on ecosystems
and landscapes, altered ecosystem structure and function, alteration in ecosystem services,
and societal responéeBy including these multiple and transdisciplinary aspects into the term

of ecosystem health, the requirements for présgmhis status ardifficult to reach

Among the various characteristics of ecosystem health, resilience is the most
challenging tdbeassessd, asit is difficult to define and to measu¢arr andThomas 1996
The best available, generdéfinition states resilience as the ability of a system to absorb
changef state variables, driving variables and parameters, and still péksadlisig 1973.
Neverthelessthe strength ofesiliencenaturally variesamongsystems andlepends orthe
kind of disturbanc€Arrow et al. 1998 and subsequent impacts on ecosystem services might
occur if a system loses resilien(Elmqvist et al. 2008 This valueof the capability of a

systemto maintain functioning mder stress conditions allows integrating human uses,
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pressureand alterations in the concept of ecosystem health. Even thesigjance isbeside

vigor andsystem organizatigran ecologically based characteristic, thpsepertiesare able

to extentecosystem health to human and societal impgCtstanza et al. 19981unoz

Erickson et al. 2007 Ecosystem services can be grouped into the four categories
@orovisioning services (e . g . fisher i eegylating seevice3y ( ef gesbiwan
regul ation, water pursugportt@servicEn ,( ed. igs.e ansuet rrieegnu
pri mary pr o culterdl isovicgd & red g o r ecr e évillenoium, ecot
Ecosystem Assessment 200%ithin the range of the in total 24 anadgk ecosystem

services, thdJnited Nations Environment Programn(2009 identified eleven services as
(oriorities, based on the seriousness of the degradation, impacts on humareinglland
implications for sustainable developmént poi nt i ngremey high sobietal r e X |
relevance. This cent r fieshwater pravipiod iwateyregulago® , t he s
avater purificatiord  aracceatiorg which also fornmkey aspects of this thesendthuswill

be elucidated in more detail in the follmg sections.

Multiple stressors acting on freshwater ecosystems

Inland watersre manifold uselly humandor various reasonat the same tim@-ood
and Agriculture Organization of the United Nations 20@81e tothis extremely high usage
freshwater ecosystems are the most threatened systems worldwide. Within the Millennium
Ecosystem Assessme(®009, freshwater ecosyswreemeenditom e st a
than those of forests, grasslands or coastal systeSimilarly, the Global Biodiversity
Outl ook 3 c ovars dnd tthesr dloodplhirsst lake® and wetlands have undergone
more dramatic changes than any other type of ecosggtearetariat of the Convention on
Biological Diversity 2010 In result of thesedegradatioa and alterations okecaystem
conditions the capacity of inland wateto producesssential ecosysteservices isin decline
and is as bad or worse than that of other sysédiMsglennium Ecosystem Assessment 2D05
Thereby, five major threats that impact freshwater ecosystems have been idébtifigdon
et al. 2008. These averarpoitaticde wat@r pollutiord , flowdmodificatiord |,
dabitat degradatiod  agpetiesdnvasian t hat not omlntegritgbufadsct eco
interact with each other. All of these threats tend to impact important ecosystem functions and
services and therefore mutual interactions affecting the same service may be expected.

Additional environmental stressors like climate @ that are able to shift discharge and

8
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precipitation regimegGerstengarbe et al. 200@iight amplify stressor effects. The prediction
and the understanding of multiple stressors thasstitute one of the most important
challenges in futurérockner etl. 2010.

Underthe proposed climate change scenariogtally all freshwater ecosystems will
face ecologically significant climate change impacts by the middle of this c&fiterQuesne
et al. 2010. From the three major variables that will be influenced by climate change, flow
regime is described as the primary driver of ecosystem functigeiggLe Quesne et al.
201Q Poff et al. 2010 Wrona et al. 2006 Additionally, changes in water quality fatt
ecosystem functioning tosamilar extent, which are often caused or amplified by decreases in
water quantityThus water qualityhas to be seen aantral indicator of ecosystem heaitth
freshwater ecosystenigeside biodiversitfRapport et al. 998. Water quality suffers from
various types of stressors, being either climate dr{fFederal Environmental Agency 2005
or resultingfrom other anthropogenic pressures, such as-leedchange@-oley et al. 200p
commercial uséPusch and HoffmannORQ) or recreational activitie@Bockstael et al. 1999
While it is widely accepted that intensive agriculture, deforestation and urbanization are
severely degrading water quality (e.g. by nutrient input, water abstraction for irrigation, or
wastewaterdischarge), the effects of recreational activities on water quality represent one

stressor within this variety that is underestimaedar

Surface waterprovide various opportunities for multipleecreationalctivities, like
swimming, fishing, sailing or boatinfPostel and Carpenter 1997t can be assumethat
these activities affecthe ecological integrity of surface waters in several wadysereby,
boating isone majorrecreationalusethat causes a series of adverse impacts on freshwater
ecosystems The main environmental impacts include pollution due to fuel and oll
contamination(Burgin and Hardiman 20),1lhydromorphological alterations facilitag boat
traffic (Tacon 199% as well aghe disturbance of wildlifgLiddle and Scorgie 19800ne of
the key pressures of recreational boating is the fodticed wave action, which disturbs and
degrades littoral habita{&abel et al. 2008 and resuspendsganic sediment@Beachler and
Hill 2003; Garrad and Hey 1987In turn, esuspended sediment can lead to damages by
smothering or burying organisnisorgan et al. 1983Newcombe and Macdonald 199s
well as to decreased removal of orgapacticles fom the river by musseléSchneider et al.
1998.
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Self-purification capacity of river ecosystems

The =If-purification capacityof inland waterg which describes thpotential activity
to remove e.g. organic pollutianconsistsone of thekey ecosystem servisenainly provided
by rivers(Costanza et al. 199Everard and Powell 20Q2loward and Cuffey 20Q6which is
especially important in eutrophicated water bodies serving multiple societal uses. This
retention effect improveshe opporunities to use polluted or eutrophicated rivers in
downstream reachdg.g. Heberer et al. 200Ho et al. 2008 Such multiple uses of water
bodies are expected to be intensified in future through populatioease economic
development and climate chan@éeybeck 2003Pusch and Hoffmann 200Tockner et al.
2010. Thus, water management will continue to rely on themaification capacity in order
to enable such multiple usékronvang et al. 1999 Within the self-purification process,
chemical and biological processes play important roles in maintaining and improving water
quality by removing organic matt€gpellmann and Drinan 20RITheseprocesssarelinked
to nearly allcriteria of waterquality such asdissolvedoxygen, nitrate, ammonium and
organic load. Therefore, knowledge about the-getification capacity of strearmend rivers
IS necessaryo assesecosystem integrity and health.

Especiallyasnutrient inputs ito aquatic ecosystems increased dramatically, the self
purification capacityhas gained more attentioim the assesment of ecosystem integrity
(Markussen et al. 2009Mitsch and Gosselink 2007 Thereby, tk intensity of the self
purification in streamsnd riversdepends on severéctors. These comprise temperature,
waterlevel, flow velocity, the concentration ahorganic compours] and the distributioras
well astype of aquativegetation(Ifabiyi 2008. In lowland rivers, a significant proportion of
selfpurification capacity may be contributed by musqg®auer 2001 Libois and Hallet
Libois 1987 Pusch and Hoffmann 200Busch et al. 2001Welker and Walz 1998 which
may efficiently transfer @anic matter from the water column to the benthic Zpi®mvard
and Cuffey 200% This transfer consists a critical step for the-pelffication in rivers, as
most of the microbial degradation activity of organic matter in rivers is located in the
sedimets (Fischer and Pusch 2001n consequence, argignificantreduction of filtration
activity of freshwater musseWill be followed by wholesystem effects in the riveAs the
value of numerous economic and societahctions of waterss significantly nfluenced by
the available water qualitfThomas et al. 1992 a sustainable use of surface waters is
mandatory anghould seek to minimize detrimental effects on thealification capacity,

as these would reduce system resilientéeng et al. 2011
10
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Carrying capacity

In order toavoid devaluating majovaterresources, the detrimental effectshoiman
waterrelatedactivitiesneed tobe mitigated and regulated a sustainable waystimatons
of the carrying capacity ofvater systems subjected to multiple pressurest gonsider
cumulative effects and interactions of all significant pressures on crucial ecosystem functions
are therefore inevitabléEverard and Powell 2002Thereby human activities do not only
affect the envonmental resources of the area they, lme additionally affect their own
perception of the environmer(fWagar 19634 Previous efforts to estimatescreational
carrying capacies of lakes(e.g. ERM Inc. 2004 Jaakson et al. 199®Rajan et al. 201)1or
rivers (Rebellato 200y have integrated theseaspectsby, for example, describing the

minimum required lake surface area thateededor the safe operation of a single boat type.

However, existing estimates of tlearrying capacity ofvater system&ave primarily
focused on humameeds thus neglecting the potential ecological impacts hofnan
recreational activitiesFor a more comprehensive approach, four components have been
recommended to estimate the recreational carrying capglitgiby and ldberlein 1985
These comprise (1) the ecological capacity (related to the impacts on ecosystems), (2) the
spatial capacity (related to the number of people in a specific area), (3) the facility capacity
(related to the use of given services and faci)itiesd (4) the social capacity (related to
visitors perceptions and interaction8nother study (O'Reilly 1986 has similarlyidentified
four major components, namely (1) the physical capacity (related to environmental impacts),
(2) the perceptual capacifselated to the quality of recreational experience), (3) the economic
capacity (related to the ability to absorb tourist functions) and (4) the social capacity (related
to the interaction of the visitors). The key aspects of the overall carrying capaicityde in

both studies, highlighting their relevance.

While the impacts of human use of inland waters are generally well k(@oudie
2000, the specific effects arising from recreational actgtisuch as the formation of waves
from boating are less understoodlieither the general effects of human development along
shoresnor the specific effects of watbased tourism on the ecology of surface waters have
been adequately considered in exigtgiudieswhich have attempted to develeptimates of
touristic carrying capacds of lakes and riverge.g. Shelby and Colvin 1981Some studies
state that the main reason forsthack of knowledge about the ecological effects of water

based tourisnwas the absence of background informatiohits effectson surface water

11
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ecosystemge.g. Confluence Environmental Consulting 200B8ebellato 200y The latter
study suggested the analysis of potential changes in water quetiitgh would enable to
asseas the pollution impacts of recreational watercrafts on freshwater ecosystems. However,
natural processes and impacts may also influence various parameters of water quality,
including total suspended solids, turbidity, dissolved oxygen, pH and tempefdiugg.it is
necessary to identify the specific mechanistic pathways i@t lead to environmental
impacts resulting from boating, and then specifically focus on the measurement of variables

that are primarily impacted by boating.

Impacts of boating and climate change on self-purification activity provided
by freshwater mussels

Lowland rivers that suffer both from intense recreational and boating activities and
varying framework conditions desse special attention as their ecological stattisresatened
by multiple stressors. e river sectionKrumme Spre@of the SpreeRiver provides ideal
conditions to conduct a case study within this framework. In general, thisseetiponis
navigable by all types omotoboats (Hoffmann et al. 2009and serves as a connection
between two lakes ahtensetouristic use. Therefore, effects of boating on the ecological

integrity of the river ecosystem are likely to $feownwithin this river section.

Furthermore, impacts of water abstraction tfefilling large mining pits(Pusch and
Hoffmann 2000)ccur simultaneously in this river section. Due to the intense lignite mining
activities in the times of the German Democratic Republic, the discharge of the River Spree
was artificially raised to up to 33%s™ (in 1990, see Mobs and Maul 199 the discharge
of sewage water. After the reunification of both the German Democratic Republic and the
Federal Republic of Germany in 1990, the amount of lignite mining was substantially reduced
and groundwater extraction for mining activities declindtith the substantial decreasé
mining activity in this region, the abandoned lignite pits are now used for the creation of
E u r o mmedstartificial surfacewater system. Nowadays, water of the River Spree is

abstracted to enable the refilling of bdtie groundwater aquifers and the lignite pits.

Additionally, the discharge of the river is further reduced by the evaporation of the
Spreewaldnland delta by up to 7 s during hot midsummemays Together with thevater
abstractionthis may causextreme minimundischargevaluesi n t he 6 Kr umme Spr
section downstream of the Spreewaldring dry summes. These severereductions of

12
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dischargealso cause additional consequences tloe river ecosystemAccompanying
reductions of flow velocity, times of oxygen depletion andgiide thermal layering cause an
explicit disturbance of rivers salégulatory abilities and the ecosystems resili§Reesch and
Kohler 2003.

Hence, the river section Krumme Spiamnstitutesan ideal study area to investigate
both the impacts of water related tourism like boating and of water abstraction proposed by
common climate change scenarios.mMstual interactionsf both impacts may be expected,
possibleamplification of boating impacts on surface water systems by climate chandee
studied in this river section under real presday conditions. Consequently, the river section
Krumme Spreevas chosen aa cae study for the determination of boating impacts on river
ecosystems and the subsequent carrying capacity estimations within this thesis.

Aims of this thesis

This thesis aims taletermine and analyze the ecol@jiconsequences of various
types of boating using the Krumme Spree river section as a model region. Thereby, impacts
on filtration activity of freshwater mussels (Unionidaad Dreissena polymorphawere
chosen to quantify impacts on the galfrification adtivity of a river section by boatingn
order to quantify the impact of boatingthe work focuses orthe anthropogenic wave
disturbanceof boatsthat causesignificant detrimental effeson that key ecosystem service
Furthermore, | aimed tmlentify thresholds for the sustainable usedlwdriver ecosystemFor
the first time coupled hydrauliecological modelingenabledestimaions of the impact of
boating tourism ona socially and ecologically important ecosystem servies well as
calculatons ofan ecologically based carrying capacity of a river section for boating tourism.
By varying several hydrologic, touristic and climatic variables within the developed nhodel
aimed to predict alterations in this ecologically based carrying capacity thaappenwith

changing framework conditions.
Chapter 1

The primary goal of this chapter wasidentify thresholds for the sustainable use of a
river ecosystem subjectedua@ter touristicuses, which also accounted for impacts on system
resilience.Hence, lundertook a field study to analyse how hydraulic disturbance by boating

activity may Jodrificationtcapacityr as regesénted by e filtration activity
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of musselsMoreover,| aimed toguantifythe impactof anthropogenic wavdisturbanceand
boating activity on the daily filtration rates of the whole mussel populations within a river

section.
Chapter 2

Within this chaptey | aimed to determine the effect of simulated ship wanreshe
filtration activity of three invasive muss$ speciesn laboratoryexperimentsThe results were
compared witithe data obtained on native mussel speaie€hapter 1. It was hypothesized
that (1) the filtration activity of invasive and native mussel species differs if exposed to waves
andthat (2 there is a difference both in sensitivity and in shell closing behaviour between
native and invasivemussel specg | predicted that invasive mussel species are less
susceptible to shipyduced waves and that filtration activity under disturbed conditis

higher in invasive than in native mussel species.
Chapter 3

The overall goal of this chapter wts estimate thecologicalcarrying capacity of a
river section used for boating tourism via an integrative approach that idchedsystem
health. Here, €osystem health isneasuredas potential self-purification, which is a key
ecosystem process for the preservation of acceptable water disalityoth ecosystem
functioning and attractiveness of water tourighncombination of this ecological appida
with spatial and social components is used to develop an integrative concept towards
estimating the touristic carrying capacity afvers. Finally, | aimed to develop
recommendtions for managemenbptions that integrate social, touristic and ecological

aspects
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Modelling the impacts of recreational boating on self -purification
activity provided by bivalve mollusks in a lowland river

Stefan Lorenz, Friederike Gabel, Nora Dobra ddrtin T. Pusch

The original publication is available fattp://journal.freshwatescience.org
http://dx.doi.org/10.1899/1254.1

Abstract

Self-purification is a key ecosystem service provided by riverine biota that is
particularly important in polluted water bodies serving multiple societal uses, but the extent to
which selfpurification may be influenced by human uses is unkn@ studied a eutrophic
lowland river used for drinking water and recreation to identify the maximal sustainable
extent of human use. We recorded filtration by mussels and modeled the disturbance to
mussels caused by wave action induced from recreatioatihgoFiltration was significantly
affected by shear stress produced from boats down to a depth of 2.7 m. Threshold values for
the intensity of wave disturbance ranged from 0.21 Nbnio tumidu$ to 0.43 N/M
(Anodonta anating for moderate effects anflom 0.02 N/mf (U. tumidu3 to 0.13 N/m
(Dreissena polymorphafor no effects on filtrationAnodonta anatinaand D. polymorpha
showed a significantly lower degree of shell closing and a higher predicted mefiaon
shear stress (the shear stress aatatwith 50% of the maximum shell closing duration) than
U. tumidusandUnio pictorum which probably results from differences in the species position
in and above the sediment. Coupled hydraelological modeling showed that typical
boating activity m@ reduce selpurification activity by mussels, with the extent of
disturbance depending on mussel species, river depth, boating frequency, and cruising speed.
Single passages of boats reduced daily mussel filtration rates by 0.02% for-drivssie
boats,0.45% for yachts, 0.68% for motor boats, and 0.69% for motorized rafting and rowing
boats. Depending on total daily boat traffic and hydrological conditions, a reduction in the
daily filtration rate by mussel populations within the studied river sectias @stimated at
6.9%. We conclude that sqilrification activity of this lowland river section is not
significantly affected by recreational boating, but might be affected by more intense

recreational boating under altered river flow conditions.
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Introduc tion

Self-purification capacity, such as the ability to remove organic pollui®a, key
ecosystem servicen rivers (Everard and Powell 2002 oward and Cuffey 2006)This
capacityis particularly important in polluted or eutrophic water bodies serving multiple
societal useandgreatly improves opportunities to use the downstream reaclsestufivers
(e.g., Heberer et al. 2002Ho et al. 2003) Water manags rely on theselfpurification
capacity of rivers to facilitate multiple us@sronvang et al. 1999)which are expected to
intensify because opopulation growth, economic development, and climate chéagsch
and Hoffmann 2000Meybeck 2003Tockner et al. 2010However few attemptdhave been
madeto identify maximum tolerated loads for sustainable use of river ecosystems subjected to
multiple usesandvery fewinvestigatos have analyzedffects ofmultiple pressures, such as
eutrophication, morphological alterationsdamavigation, and the consequences of integrated
management approach@¥echsung et al. 200®ucharne et al. 200 Hofmann et al. 2010)
This lack of knowledge ia serious problem becausestainable management should ensure
the resilience of surface vea§ which includes persistence of full seliirification capacity
(Rapport et al. 1998)

Ecological effectof human pressures on ecosystems are aggrawdieaecosystem
resilience already has been impair@alke et al. 2004)For instance, in lowlandivers,
mussels may contribute a significant proportion of -pelffication capacity(Libois and
Hallet-Libois 1987 Welker and Walz 1998 usch and Hoffmann 20pBauer 2001Pusch et
al. 2001) which may efficiently transfer organic matter from the water column to the benthic
zone(Howard and Cuffey 2006)This transfeiis a critical step for sefburification because
most microbial degradation of organic matter in rivecsursin the sedimerst(Fischer and
Pusch 2001)Thus any reduction in filtration activity by freshwater mussels is likely to be
followed by wholesystem effectson t he river 6s ecol ogi cal st

consequences for potential human uses of the water body

Wate bodiesused for drinking water often are used for recreational purpbaeshe
effect of boat traffic on selfpurification of such water bodies unknown Environmental
effects of boat traffic include noise, disturbance of wildlifd_iddle and Scorgie1980)
pollution by fuels and oil§Burgin and Hardiman 2011and hydromorphological alterations
undertaken to facilitate boat traff{@acon 1994)Boatinduced wave actiors an important

pressurghatcaugsresuspension of organic sedimefBgachlerand Hill 2003)anddisturts
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and degraéscoastal marine habita{Bishop 2004 2007)and littoral zones of inland waters
(Gabel et al. 2008011b) Wave action magausemass detachment of macroinvertebrates if
critical levels of shear stress are surpagSabel et al. 2008)Furthermore, the resuspension
of sedimentscan smother or bury benthic organisrfidorgan et al. 1983Newcombe and
Macdonald 1991) oaffect dissoled O, (DO) concentrationsia decompositionof organic

particles

We conducted a field study to analyze how hydraulic disturbance by boating activity
might affect selfpurification capacity based on the filtration activity of muss@lsr goals
wereto identify maximum tolerance levels of anthropogenic wave disturbance astirtate

the carrying capacity of a water body for recreational boating

Material & Methods

Study site

The River Spree is a lowland river in northeastGermany that is subjected t
multiple human useandis the main source of drinking water for Berlin (K6hE994). We
worked along a straight reach of a-Ré river section called Krumme Spré®at connects
Lake Neuendorfer See and Lake Schwielochsee, near the villag€ossfenblatt lat
52°6'15.35"N long 14°4'15.83"E). This river reacBupportshigh densities of mussels
(Unionidae andreissena polymorphd@usch et al. 2002)nd is usedheavilyfor recreational
boating during summerThe section wagshannelied ~100 y a@, so the Krumme Spree
channelhasa deep symmetri@al trapezoid crossection, with a mean width of 26 and a
mean depth of 1i2.5 m, depending on discharge level. The mean slope is 0.01%, and the
sedimentsconsistmainly of sand with a mean particlezei (DC50) of 0.36 £ 0.0Inm.
Discharge varied from 0i%0.4m>/s during the study period in June and July 2010

Field measurements and calculation of shear stress

We collecte® specimen®f each of3 species of unionid freshwater muss&wdgllen
River MusselUnio tumidus Painter'sMusselUnio pictorum,and Duck MusselAnodonta
anating, and zebramusselsDreissena polymorphattached to stones at the same location
We quantified iftration activity by measuring the gapedth betweenthe tips of both shells

of each musselGape width is at its maximum durifigll filtration activity. We used instant
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adhesive glue to equimussels at the sampling site with permanenk diagnets (magnet
grade= N52, diameter= 5 mm, thickness= 2 mm) rear the tip ofl shell, and a magnetic
sensor (radiometric linear Hadffect sensor A1321Allegro Microsystems, Worcester,
Massachuseftsear the tip of the other shelWWe returnedthe musselsto the riverreach

Stress for the mussels was negligibkcausethey were out of the water for handling for
<1min. In laboratory experimentsmussel behaviowas not significantly affected by
handlingor measurement equipmersl{, unpublsheddata).All individuals began to open

their shells for filtration actity shortly after rsubmersion.

Magnetic sensor systems with Haffects sensordiave been used by othets
investigate valve movements in bivalves (Wilson et al. 200#re et al. 2007Robson et al.
2009). The magnetic sensors detect the strengtheofmagnetic field, which g calibrated
against thewidth of openingat the shell tips dape width,in mm). Measured voltage was
converted tagape widthwhich was converted to relative valués g$hell closing relative to
maximum gape widh We alibraied the magnet system in a fireinary laboratory
experimentwith 3 individuals ofeachspeciegsizes were similar to those of the individuals
used in the larger experiment). The calibratas best fit by a linear inverse polynomial
equation.We measuredjapewidth at a 1-kHz recordng rate averaged to aHz sampling

rate

We exposed the experimental mussslyvarious water depths (25, 50, 75, 100, 125,
and 180cm) in the river from16 to 29 July 2010 We recorded gape widtinom 1000 to
1600h each daythe period with most of the boat traffid/le recordedurbidity andDO with
a YSI multiprobe(Yellow Springs Instruments, Yellow Springs, Ohinjtalled at the study
site at a depth of 1:8. We also installedutomatic cameras to record boating adtivit

During the exposure period, we used a motorboat (8 horsepower [HP]) of the typical
size of recreational boats in the study area to produce experimental waves. We ran the boat at
various speeds (8, 12, and 18 km/h) and repeated each speed in randob® dirdes. We
also included waves produced by passing recreational boats. We categorized recreational
boats as muscldriven boats (canoes and kayaks), motor boats (low horsepower open sport
boats with outboard motor), yachts (larger boats, including yaohd house boats or barges
with inboard motors), and motorized rXwing
passages of boats in each category. We initiated subsequent experimental runs only after
turbidity had returned to the predisturbance leasgd all mussels had fully reopened their

shells
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We used an Acoustic Doppler Velocimeter (AD\WMicro ADV 16 MHz, Sontek, San
Diego, Galifornia) with a recording rate of 58z and the sampling volume positioned &b
above the river betb measure d&ittom orbital velocity(U,)) and wave periodT) nearthe
musselsln 25-cm-deep water near the shoreling,s created by boat passages were 213
0.26cm/s SE) (muscledriven boats), 6.2& 0.75cm/s (motorized rowing and rafting boats),
8.30 + 0.57 cm/s (yachts), 10.42+ 2.14 cm/s (motorboats &m/h), 14.68+ 0.63 cm/s
(motorboats 1km/h), 27.19+ 2.21 cm/s (motorboats 12 km/h), and 30.8252.51 cm/s
(motorboats 1&m/h), which were comparable Waluesmeasured by Gabel et al. (2012). We
assumed the bottom boundary layer was thinner than the height of the smallest mussel used
(cf. Gabel et al. 2008 so our recordings represented the flow velocity acting on the inhalant

and exhalant siphons of the musse

We obtained \ave friction shear stregsJ)from U,, of the waves via the wave friction
factor(f,) with the method used 8oulsby (1997as

z  T@MQY

wh e r e thg dernisity of wateand f,, reflects laminar or turbulent flow structuréve

calculated themooth wave friction factdf,s) as
Q oY

where coefficient® = 2 andN = 0.5 for Reynolds numbe(&,) O5 x 10° (laminar flow) or
B =0.045 andN = 0.175 forR, > 5 x 10° (smooth turbulent flow)We calculated theough

wave friction(f,) as
0 pwadja °
whereA = U, T/2", zo = DC50/12 andR,, = U,A/kinematic viscosity of wateiVe tookf,, as

the maximum of,,s andfy,.

Data analyses

We “&(x)-transformed values of}, to obtain normal distribution of the data.
Relationships betweeshear stresand durationand %shell closing of all mussel species
were best fit by sigmoid regression modéMe computed igmoid regression models and
coefficients by minimizing the sumf @quared residualwith an iteratively weighted least
squares algorithm to estimate the parametétbe regression modeWe used lte sigmoid

model curves to deriv critical levels in the behavioral response of the mussels to increasing
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shear stress3Ve defined predicted reffect shear stress (PNES) as the shear stress at which
individuals started closing their shell$0% shell closing) We definedpredicted medium
effect shear stress (PME&} the shear stress associated WwiiBbo of the maximunshell

closing duratior{inflection point of the sigmoid function shellclosingduration vs(,).

We calculated e extent to which mussels were disturbed by boating activity by

estimating% reduction of their filtration activity durinthe 60-s periodafter boat passages

60s _ . .
- 0,
Remaining filtration activity [%]= ,.,IlOO |ntensﬁyoéoshellclosmg[A)]
l s

0Os

where remaining filtration activity and intensity of shell closing are expressed as percentages.
The vertical pattern of shear stress caused by boating and water depth was best fitted by
polynomial cubic regression models. Thesedels accouet for 2 peaks of shear stress, one

near the surfacthat was generatduay surface waves and one near maximum dé@hwas
created by the water jet of the propeller fr

We testedor differences in the asymptotic maximydMAX), PMES, and PNES of
the sigmoid regression modedsnong mussel species described iMotulsky (1998) We
used PASW \ersion 17.0 SPSS, Chicago,llinois) and SigmaPlot (version 11,0Systat
Software, Chicago]linois) to run dl statisticalregressions and plots.

Results

Water quality

The river section was heavily loaded with organic partitties consistegrimarily of
planktonic algae and suspended desriOrganic seston ranged from 6.22 to 10.57 g/L over
the study period (meas SE 7.94 £ 0.43 g/L). At high water temperatures, microbial
degradation of this organic load resulted in low minimum concentratioB©afuring early
morning hours(range:2.22'7.78 mg/L, mean =+ SE 4.06 + 0.45). For most of the study
period, daily minimunDO concentrationsvere <4 mg/L.
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Wave impact on shell closing

All species responded to beaatluced shear stress by partially or fully closing their
shells (Fig.1). Percentshell closing at times without boat passages when mussels were
filtering was estimated as 235 (U. tumidug, 64+ 5 (U. pictorum), 78% 6 (A. anating, and
78 £ 13% . polymorpha. Duration and% shell closing gradually increased with higher
shear stress produced byabgassages (Fi@QAT H). All responses were best described by
sigmoid regression models (Tahlg. Unio tumidushad the shortesAMAX (~54 £ 8 s,
n=113 Figs 2B, 3A. This time wadonger for U. pictorumandD. polymorpha(~77 £ 7 s,
n= 123 and~92 + 12 s, n = 97, respectively; Figs 2C, D, 3AAnodontaanatinahad the
longest AMAX (~187+ 19, n = 128 Figs 2A, 3A. Maximum% shellclosing was highest
for U. pictorum(mean % shell closing 89 + 7%; Figs 2G, 3B)followed by similar values
for U. tumidus (88 £ 5%; Figs 2F, 3B, and lower values forD. polymorpha(73 + 5%;
Figs2H, 3B) andA. anatina(68 = 7%; Figs 2E, 3B. Thus,A. anatinahad the longest closing

durationand lowes#®b shellclosing
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Fig. 1: Percenthell closing forl individual of the 4 mussel speciésodonta anatingUnio
tumidus Unio pictorum,and Dreissena polymorphaver 1 h of investigation. Gray boxes

indicate boat passages of different velocities and categories
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Unio tumidushad the lowestPNES (.02 + 0.0 N/m? Figs 2F, 3C)followed by
A.anatina(0.05+ 0.015N/m?% Figs 2E, 3@, U. pictorum(0.10+ 0.025N/m?; Figs 2G, 3G,
and D. polymorpha(0.13+ 0.043N/m? Figs 2H, 3@. Unio tumidushad the lowesPMES
(0.21+ 0.029N/m? Figs 2B, 3D) followed byU. pictorum (0.27 + 0.025N/m? Fig. 2D),
D. polymorpha(0.38 + 0.043 N/m% Figs 2D, 3D, and A. anatina (0.43 + 0.015 N/m?,
Figs2A, 3D).

Table 1 Parameters for the befitting sigmoid regression mode{s = a/[1 + € *' X)) for

the dependence of duration atdshell closing on shear stre3$e parameters correspond to
the asymptotic maximum AMAX (a), the slope (b) and the inflection point (x0) of the
respective cun& For each model, the value and the corresponding sigzance levels (*P

< 0.05, *P < 0.01, **P < 0.001) are provided (duration model/degree model).

a b x0

Duration Degree Duration Degree Duration Degree
U. tumidus

54.40 88.39 0.12 0.20 0.68 0.84
(0.29***/0.30***)
U. pictorum

77.02 89.33 0.08 0.10 0.72 0.78
(0.52***/0.68***)
A. anatina

186.54 68.02 0.09 0.10 0.81 0.70
(0.58***/0.50***)
D. polymorpha

91.75 72.69 0.11 0.06 0.79 0.72

(0.54*+/0.67**)
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Fig. 2: Duration (A D) and% shell closingEi H) as a function of wavenduced shear stress
of Anodonta anatingA, E), Unio tumidus(B, F), Unio pictorum(C, G), and Dreissena
polymorpha(D, H). Dashed vertical lines in i mark the predicted moderate effect shear
stress levels (PMES), dashed vertical linesiild Enark the predicted neffect sheastress
level (PNES.
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Fig. 3: Mean (+1 SE)duration (A)and %shell closing (B)predicted neeffect shear stress
(PNES) (C), andoredicted mediureffect shear stres?MES) (D) for Anodonta anatina
Unio tumidus Unio pictorum,and Dreissena polymorphaBars with different letters are

significantly different

Shear stress produced by various boat types and speed levels

Vertical patterns of shear stress varied according to boat type (ZabM/ave
disturbance generally decreased with increasing wapthd The vertical pattern was best
described by linear regression models for muddleen boats and by cubic regression models
for all motorized boat categories (FigA). The cubic regressiorwas not significant dr
yachtsbecause othe low number of eplicates. Therefore, the maximum depth of boat
induced shear stress varietblely amongboat categorieBoatinduced shear stressPNES
occurred at depths ranging from 17 cA @natina disturbed by muscldriven boats) to
270cm (U. tumidusdisturbed by yachts) (TabR). Waveinduced shear stress in the shallow
marginal zone more than doubladen motorboat speedcreased fromow (8 km/h) to
medium (12km/h) (Fig. 4B). A further increase irmotoboat speed to 18&m/h did not
produce a fuher increase in shear stress in the shallow marginal bomelid produce an
increasan deeper parts of the river chanibelcause ofhe stronger action of the propeller jet
(Fig. 4B). At deeper locationsgdepth of motorboaihduced shear stressPNES increased

21 cm asspeedncreased from 12 to 18 km/h
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Table 2 Mean (1 SE) shear stress produced by various bgasand speedst various
water depthsWhereSE could not be calculatdd < 3), calculatedvalues from polynomial

cubic regressiomodels are provided with measured means in parentheses

Shear Stress [N/m] + SE

25cm 50 cm 75 cm 125 cm 180 cm

Muscle driven boats 0.06 £ 0.010 0.02 +0.005 0.001+0.001 0.00+0.000 0.00+0.000
Motorboats (8 km/h) 0.29+0.030 0.09+0.006 0.08+0.007 0.14+0.010 0.13+0.005
Motorboats (10 km/h) 0.49+0.020 0.18+0.030 0.08+0.020 0.20(0.16) 0.21 (0.14)

Motorboats (12 km/h) 1.27+0.060 0.49+0.020 0.11+0.004 0.19+0.007 0.15+ 0.005
Motorboats (18 km/h) 1.23+0.070 0.46+0.020 0.30+0.010 0.19+0.008 0.13+0.004
Yachts (10 km/h) 0.89(0.89) 0.16+0.004 0.03(0.09) 0.05+0.030 0.15+ 0.020
Motorized rowing/rafting 0.20 (0.20) 0.12+0.010 0.14(0.14) 0.27 (0.27) 0.09 £ 0.001

boats (10 km/h)

Table 3 Maximum water depthst which shear stress above theedicted neeffect shear
stressPNES was still detectable according to regression modelsUioio tumidus Unio

pictorum Anodonta anatingandDreissena polymorphfor various boat types argpeeds

Maximum water depth [cm]

Unio Anodonta Unio Dreissena

tumidus anatina pictorum polymorpha
Muscle driven boats 57 17 n. d. n. d.
Motorboats (8 km/h) 202 200 192 189
Motorboats (10 km/h) 187 185 176 172
Motorboats (12 km/h) 181 179 172 169
Motorboats(18 km/h) 191 190 187 185
Yachts (10 km/h) 270 266 258 253
Motorized rowing/rafting boats (10 km/h) 184 181 176 174
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Fig. 4: Polynomial cubic regression models for shear stress measured at 5 water depths for

different types of boatéspeedof motorized boats= 10 km/h) (A) and formotorboats at 3

speed (B). For muscledriven boats, linear regression analysesdonebetween shear stress

and water deptn.s. = not significant: =p < 0.05, **=p < 0.01, ** p< 0.001

Spatial extension of disturbance

The depth zones with reducetlsseffiltration activity gradually extendedownward
with increasing motorboat speed (F&A1 D) in shallow marginal areas affected by surface
waves andin the deeper zone affected by the propulsion jet of tbat motor. Open
motorboatanoving 8 km/h caused dections ofmusseffiltration activity to adepth of 50cm
(Fig. BA), andan increase in boat speed toki/h extenédthis depth® 90cm (Fig. 5D). At
18 km/h the filtration activity of 3 of the 4 species A. anatina, U. pictorum, and

D. polymorpha stopped completely to a depth ofi30 cm. In deegr water,filtration by all
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speciegdecreased to a mean of 7@¥dfiltration activity of A. anatinadecreased t69%at a
depth of ~15G&m when motorbat speed wa$8 km/h (Fig.5D). In contrast, the disturbance
level in the intermediate depth zomeas mostly stable across all levels of boat spedwaio
tumidusappeared to be least affected in the shallow marginal zone and minimally aifected
deepwata when motorboats passed by with a speed ok@8h. Dreissenapolymorphain
deepwater was least affected at all speeds except 18 kindb.tumiduswas affected most at
intermediate water depths, eieadD. polymorphawas affected least at these depths.

100
80/

60/

40/

Unio tumidus

20: ,I """"""""" Unio pictorum
_i II ______ Anodonta anatina
T

l

Dreissena polymorpha

0 50 100 150 200
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807

Remaining filtration activiyty (%)

601
401

207

0 50 100 150 200 00 50 100 150 200

Water depth (cm)
Fig. 5: Remaining filtration activity during the-thin period after a boat passage vs water
depth at locations of experimentdJnio tumidus Unio pictorum Anodonta anatinaand
Dreissena polymorphdisturbed by open motorboats navigating &n@h (A), 10 km/h (B),
12km/h (C), and 1&m/h (D).

Influence of boating on filtration activity
We estimatedhe community filtration rate of the mussel populations at the sampling

site @ 5.39m*h based on estimad filtration rates(Pusch and Hoffmann 20pBusch et al.
2001)and population sizéGraeber 2007)This estimatendicates thathe undisturbed mussel
communityat our study reachkould filter 79,507m? of river water/d Based on an average
discharge rate of 3.18%s (270,432m%d) in July 201Qthis value corresponds filtration of
29.3% of he water in this section of the rivey musselslf we applythe spatial disturbance

of shear stress to these estimates, single passages of boats would cause a reduction of the
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community filtration activityby 0.02% (musclariven boats), 0.68% (motorboats), 0.45%
(yachts), and 0.69% (motorized rafting and rowing boats) at the sampling alter(otorized
boats were navigating at a speed ofkbh@'h). Assuming a mean of 35 boats (as counted by
automatic cmeras, of which 32% were muscle driven) operating during 9 h of daylight (as
indicated by the average operation period of the nearby automatic water gates) during a

typical weekend dy in July, the redumn in filtration activity would decrease thislaily
filtration rate by 6.9%, which would reduce tpercentage ofotal river wate filtered by
mussels to 27.3%.

The effect of boating on the filtration activity of mussels depdstirongly on depth

(Figs 4A, B, 5Ai D), so we calculated the maximum numbermbtorboath that could be

present avarious water depths until filtration activity of musssisppedcompletely (Fig. 6).

If the river sections used by 240 93 motorboatih operating at a speed of kfh/h, filtration
activity by musselsould cease entirelgepending on water depth

100

)

80

i 7
Reduction of filtration activity (%

Fig. 6: Mean % eduction of filtration activity in a generalized marginal zone of a water body
used for recreational boating during anin period after close boat passatgpending on

water depth [cm] andhe number of open motorboétscruising at 1km/h. Means were

calculated acrosshe 4 speciedUnio tumidus Unio pictorum Anodonta anatina,and
Dreissena polymorpha
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Discussion

Boatinduced increases in shear stress reduit a highly predictableshellclosing
responsedy musselsMiller et al. (1999) used magnetic sensors neeasurethe effects of
wavescaused bythe passage of large work boats or skiffs on mussels and detgutéid
closing responseBy the North American unionid muss@imblema fcata. However, thg
did notdetecta similar responst recreational crafts, even after multiple passages. Based on
our results, we assume that the hydraulic effects of recreational boats did not extend to

mussels irthe depths of the Mississippi River.

In our study, bat passages caused abrsip¢ll closingthat exceeded natural diurnal
fluctuationsin shell closingby several times. Freshwater musseds showa diurnal shell
closingpattern withmorning and eveningeaks (Englund and Heino 199¥96) However,
we did not observeush a patternpossibly because an upstream lake provided a consistent
supply of seston or because DO concentrations werallmimg the study perioVero and
Salanki 1969 Morton 1970 Lorenz and Pusch 2012%hellclosing responses alsoan be
caused by changes in particle size and concentration (Riisgard et al.a2@iligpidlarge
changes in water temperature (Salanki et al. 19Fditicle concentratiorwas relatively
constant during our study periodnd water tempenate changedonly slightly between
measurement daysThus we conclude that boating activitwas the primary variable
influenang filtration activity.

Sigmoid response curvés environmental stressoese widely observedCalow and
Forbes 2003)In our stuy, % shell clogng of all 4 speciedollowed a reproducible sigmoid
dosé response curyeandGabel et al. (2008) observedsemilar sigmoid response cunad
small benthic invertebrates to wave disturbari@e sigmoid models explained slightly lower
fractions t h a n Gdd the totalsvariance (indicated by thé value) especiallyfor
U. tumidus The relatively high scatter in response pattemsur studymight have been
caused by differences iourrowing depthsamong theunionid speciestudied Individuals
burrowed deeper in the sedimenbwld experience less wave disturbance than others, and
therefore would showsmallershellclosingresponse (discussed further belowifferences
in shell position relative to the direction of wave disturbaals® could contribute to high

variance especially inJ. tumidusandD. polymorpha

The sigmoid regression cuvéacilitated calculation of PMES and PNES threskold
PMES thresholdgdiscriminated better among spectean didPNES threshokland seem to
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be more appropriate for detecting differences among mussel species. In cdNBESt

threshold facilitate identification of conservation requirements for endangered species.

Effect of hydraulic disturbance on freshwater mussel species

The smaller %shell closingand higher PMESor A. anatina and D. polymorpha
compared tdJ. tumidusandU. pictorum(Fig. 4A, B) probablywere caused by differences
the specieggposition relative to the sediment surface. Dreissenid mussels live as epifauna
attachedd hard substrates or to the shells of other mussels. TherBtquelymorphamight
be betteradapted to changes in flow or to hydraulic disturbanican endobenthic unionid
mussel specieswhich burrow partially A. anating or completely {J. tumidug into the
sediment (Mentzen 192@Arter 1989) so that only the inhalant and exhalant siphons are
exposed to the flow occurring near the sediment surfidee partially exposed. anatinahad
the longest AMAX in our study and, therefore, appears to be lepsegaidharD. polymorpha
to hydraulic disturbance. The strong adaptation of the successful invasive species
D. polymorphato hydraulic disturbance could be viewedapreadaptation acquired in its

original habitathat suited it for existence in new habit@Eabel et al. 2011a)

Boating impacts on ecosystem services

Freshwater mussels contribute significantly to the-getffication of surface waters,
an extremely important ecosystem serviEserard and Powelf002 Howard and Cuffey
2006) Musses filter phytoplankton and detrital organic matter from the water columthe
river section we studiedhis benthitpelagic couplingcould lead taemoval of mosbf the
phytoplanktonin the water column(Welker andWalz 1998) This action improves the
ecological status of a water body and increases its utilityofber mrposes, including
recreation and boatin(Bockstael et al. 1989)n water bodies that are shallowkan the
Krumme Spregboating activities cae significantresuspension asedimers (Beachler and
Hill 2003), which can havesevere negative effectson mussel filtration activity.The
maximum depth of water bodies where outboard motorboats caused resuspension of coarse
sandbed material was In8(Beachler and Hill 2003)which equals the deptheasuredn our
study. However, arrent boating activity in # Krumme Spreeeduces the filtration activity
of freshwater mussels mnly 6.9% per dayso asevereeffecton the seHpurification of this

river sections notexpected
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Management of recreational boating activities

Our modeling approaclallows identification of mitigation strategiesthat might
depend on the depth of a given water body or the depth disbriboftimussels. Such a model
could be used to predict the minimum distance of boat traffic from the shore or maximum
boating speed to minimize impactd/e recommendmplementation ofspecial restrictions,
such as slow nwake speeds, during times of low loand low water levels to ensure
undiminished ecosystem services. Furthermore, adverse effects of boating might be
effectively prevented by restricting access to ecologically vulnerable zones of water bodies to
certain vessel types, such as nonmotorizedlextricmotor boats, which run at lower speed
and often have hulls designed to generate fewer w&ues. restrictions mighlelp protect
populations of protected speci@gter quality, adthe resilience of the water body, and thus

enhance its sustable utility.
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Abstract

Self-purification is one of the most important ecosystem functions of rivers. Multiple
human activities regularly impact this ecosystem service, consequently altering river
morphology, hydrology, and the composition of biotic assemblages that contribute t{o self
purification. However, little quantitative information is available about the importance of such
impacts. Hence, we tested how invasive mussel species contribute-porgetfion under
disturbed riverine conditions. In laboratory experiments, invasive mussel species equipped
with magnetic sensors that recorded filtration activity were exposed to artificial waves of
varying intensity that simulated the hydraulic effects of idlaavigation. Shell gape behavior
was compared with results obtained for native species in a previous study. Native species
were more susceptible to wave disturbance than invasive species, because the threshold values
for initiating shell closure in nativepecies were relatively low in combination with the
highest durationAnodonta anatinpor the highest degre&fio tumidusandUnio pictorun)
of shell closing. We demonstrated that the invasive spBeiEissena bugensendCorbicula
flumineacontinue fitering during wave impact, whereas no significant difference was found
for Dreissena polymorph&ompared to native species based on the studied susceptibility
parameters. Thud). bugensisand C. flumineaappear to be pradapted to hydraulic or
morpholagical disturbance, and may compensate against other losses regarding this important
ecosystem function in rivers that are intensively used for inland navigation. However, as the
dominance of invasive species in river systems may disrupt natural food tnebs,
compensation of filtefeeding activity may be accompanied by the loss of other ecosystem

functions
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Introduction

Human civilization depends, to a certain extent, on ecosystem services provided by
rivers; however, these services are often over(Sedtanza et al. 1997; Everaadd Powell
2002; Kareiva et al. 2007)Among other functions, many river systems worldwide are
intensively used for inland navigation and boating activitf®od and Agriculture
Organization of the United Nations 2008Yorldwide, 671886km of waterways exist for
inland navigationCentral Intelligence Agency 201Inany of which use natural rivers and
lakes. As many inland waterways are connected to other river systems by canals, inland
navigation facilitates or acceleratéise spread of invasive invertebrate species to new
biogeographic regions. Thereby, species may be actively translocated as a result of being
attached to the hull of boats or within the ballast water, or may spread independently along
newly built waterwaysas documented for the Dandlgain Canal(Leuven et al. 2009; Mills
et al. 1993; Pusch et al. 200#)s a consequence, invasive species arriving from various
biogeographical regions meet habitat conditions in other river systems that have been
modified by humans in many aspec{Sockner et al. 2011; Tockner et al. 2010his
situation often enables narative species to successfully establish novel ecological niches,
and build up large population®arrigran 2002) As rivers subjected to multiple human
pressures only offer suboptimal habitat conditions to native species, invasive species often
replace native speci€Byers 2002) Thereby, some invasive species may also benefit from
pre-adaptations acquired from their original natural habitats, which riesggiining a superior

competitive position relative to native spedi€srreaandGross 2008; Gabel et al. 2011a)

Given such profound alterations in physical and biotic structure, there is also a high
probability of changes in key ecosystem servicesh sag seHpurification capacity, which
includes the removal of organic matter from the water colg@uschand Hoffmann 2000;
Tockner et al. 2011) Recent publications have demonstrated that waves induced by
navigation and boating may cause significantraytic disturbances to benthic invertebrates
and fish(BishopandChapman 2004; Gabel et al. 2008; Gabel et al. 2011b), windghalso
affect the filtration activity of mussel populatiofisorenz et al. 2012; Payne et al. 1999;
Widdows et al. 1979)The reluction in mussel filtration rates under wave disturbance may be
caused by the resuspension of disturbed inorganic sedifMeare 1977)or by hydraulic

wave pulseglLorenz et al. 201
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As freshwater mussels are primary consumers of phytoplankton and sestquatic
habitats, this group supplies significant food resources to the benthic foodHawhrdand
Cuffey 2006), in addition tesignificantly contributing to the sepurification of running
waters. Thus, mussels may significantly improve watelityugarticularly in eutrophicated
surface watergWelker and Walz 1998) Consequently, anthropogenic impacts on the
filtration activity of freshwater mussels are likely to affect the productivity of the benthic food
web and decrease ecosystem resiliemcaddition to increasing the eutrophication of aquatic

ecosystems

However, in case river systems have been colonized by invasive mussel species, the
filtration rate of the benthic community may be even increased, as their filtration capacities
and ratesare typically higher compared to native spedigkinson et al. 2011; Leff et al.

1990; Weitere et al. 2008)side from the greater capacity to compete for f(flayer and

Smith 1996) invasive species may exhibit other biological characteristicsbétédr fit the

habitat conditions of altered river systems, such as substrate preferencéfasskenaspp),
temperature preference, or mechanical resistance (a€duduicula spp.) (Tockner et al.

2011) However, there is limited information clarihg which of these multiple modes of
anthropogenic disturbance is the most decisive for a given species, or how these modes favor

specific invasive specide.g.Gabel et al. 201)a

Hence, we conducted a laboratory study to test whether wave disturdrichk,
represents an anthropogenic disturbance typical to large rivers, affects the filtration activity of
three invasive mussel species. The results were compared against similar data obtained from a
previous study on native mussel species (Lorenz eDaR)2 We hypothesized that invasive
mussels exhibit pradaptations to hydraulic disturbance, and are more likely to perform better
under wave disturbance than native mussel species. This hypothesis would be supported by
obtaining a consistent differenoar footh wave sensitivity and shell closing behavior between
native and invasive species. We predicted that invasive mussel species are less susceptible to

shipinduced waves, and that filtration activity is higher under disturbed conditions
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Material & Methods

Experimental settings

We obtained 15 individuals of three invasive mussel species in Germany; specifically
(1) the Asian clanCorbicula flumineaMULLER 1774 from Rhine River, (2) the quagga
musselDreissena bugensiBNDRUSOV 1897 from Main Rive and (3) the zebra mussel
Dreissena polymorphALLAS 1771 from the Spree River. The mussels were acclimatized
in separate aerated laboratory aquaria to a water temperature of 18 °C. After acclimatization,
five individuals of the twoDreissenaspecies wee placed on ceramic tiles inside the
respective aquaria, and were kept for another two weeks at 18 °C in a climate chamber. After
all individuals used byssus threads to attach to the tiles, each mussel was equipped with a
magnetic sensor (radiometric lsreHalleffect sensor A1321, Allegro Microsystems Inc.,
Worcester, MA, USA) on one shell, and a disc magnet (magnet grade N48, diameter 2 mm,
thickness 2 mm) on the other shell. This equipment was used to record shell gape as a
parameter of filtration actity (Hopkins 1933) Subsequently, one tile with five individuals
was placed on the sediment inside an experimental wave tank that had three replicate flumes
(Fig. 7). For C.flumineg five magnet and sensor equipped individuals were transferred to
each relicate section, and individuals were allowed to burrow into the sediment before the
experiment. The wave tank was filled with aerated unchlorinated tap water, with a similar
temperature of 18 °C. The sediment bed consisted of a 10 cm layer of silicavslradgrain
size of 0.20.63mm. All three species were kept inside this wave tank for an additional 24 h.

During all time in laboratory aquaria, individuals were fed with d8pdulina spalgae

After all individuals exhibited filtration activitywaves of different intensity (ém s,
8cms?, 11cms?, 14cms?, 17ecms?, 21cms?, and 24cms™) were produced with a wave
paddle driven by a car windshield wiper motor in random order to avoid individual mussels
becoming acclimated to the waveEach type of wave intensity was repeated three times.
Data were recorded and processed using own software written in LabVIEW (National
Instruments, Germany). Shell gape was calibrated against voltage (mV), and the measured
voltage data (x) was then carted into gape opening (in mm) by using the following linear

inverse (x) polynomial equatiqihorenz et al. 2012)

. b ¢ d e f
Distanceea+—+ — +—+— + —

x X xX x* x

Afterwards, data were converted into relative values (percentage of maximum gape opening).
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(B) engine

(E) replicate chambers

(C) sediment bed

(D) level drain

Fig. 7: Experimental wave tank that wased to produce waves of different intensity. 1
tank consisted ofX) a wave paddle B) an engine,@) a sediment bedD( a level drain, anc
(E) three replicate chambers

Calculation of shear stress

The bottom flow velocity that was associated with experimental waves was recorded
using an Acoustic Doppler Velocimeter (ADV, Micro ADV 16 MHz, Sontek, San Diego, CA,
USA), at a rate of 50 Hz. The ADV was placed in the middle section of each wave tank
flume, using the same technical-sgt as in previous experimeniGabel et al. 2011a)rhe
three flumes of the wave tank showed no significant differences in orbital vel¢Gabs! et
al. 2011a) The sampling volume of the ADV probe head was adjusteddam hbove the
sediment bed. As ADV measurements in clear tap water tend to be subject to high backscatter,
one drop ofLycopodium clavaturspore suspension was added directly over the probe head
before creating each wave to enhance particle concentratidrhemce reduce backscatter.
Using the bottom orbital velocity,, and the wave friction factdy, wave friction shear stress
t,, was calculated forseh wave that was produced, as:

[ =

w

3,3 fW3UV%

N

(see Soulsby (1997) for detailed description).
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Data analysis
The recordedshear stress values were doubdgiareroot transformed to obtain a
normal distribution, while the other data were left untransformed. Sigmoid regression models

of the type

l+e b

werecalculated for the relationship between shear stress (x) and the duration of shell closure
and the degree of shell closure (percent reduction of maximum shell gape) as functions of x.
This type of sigmoid regression model explained the highest propatftiorussel response
pattern with rising shear stress levels. In the relationships of shear stress versus shell closure
duration, the inflection point of the curvesy)was determined and -teansformed to an
unpotentiated scale. The inflection poing was defined as a threshold value separating
tolerable and severe impacts on filtration activity, representing a predicted moderate value for
the effect of shear stress, PMBSrenz et al. 2012)Accordingly, shear stress levels above

this threshold producddss shell gape in all experimental specimens, whereas some specimen
were not affected below this threshold. The starting point of any shell closing behavior was
defined as the value where 10% of the maximum closing intensity is reached (Lorenz et al.
2012. The value was ransformed to an unpotentiated scale, and considered as the
predicted neeffect shear stress level (PNES).

Sigmoid regression models obtained through these laboratory experiments were
statistically compared with field observation datstained from similar experiments on three
native unionid mussel specilorenz et al. 2012) We t ested di fferences
(asymptotic maximum), PMES, and PNES between invasive and native mussel species, as
well as for the three invasive spes as described iMotulsky (1998) Possible differences
arising from field versus laboratory approaches were tested for parameters a, bfand x
D. polymorpha, as this speciesvas subjected to both field and laboratory studies. All
statistical regressions and plots were performed using PASW (version 17.0, SPSS Inc.,
Chicago, IL, U.S.A.) and SigmaPlot (version 11.0, Systat Software Inc., Chicago, I}, USA
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Results

Shell closing duration and closing degree

According to the sigmoid regression analysis (Taf)lethe longest average closing
duration was shown by. Polymorpha (a=92s), followed by D. bugensis(87s) and
C.fluminea(20s) (Fig. 8). Average closing degree after wave disturbance was strongest in
D. polymorpha(68%), followed byC. fluminea(40%) andD. bugensis(39%) (Fig 8). The

statistical differenceamongthese liree species are shownHig. 10.

Table4: Parameters asigmoid regressions [f = a/(1+ex({(-x0)/b))] between the duration of
shell closing [s] and shear stress [N]imand the degree of shell closing [%] and shear stress
[N m2]. For each test, thé value and the corresponding significance levels (*P 5;0:0° <
0.01; **P < 0.001) are provided (Duration/Degree)

a b x0
Duration Degree Duration Degree Duration Degree
Dreissena polymorpha
1. 7.54 A1 .04 T 7
(0.31%+/0.59%) 91.65 67.5 0 0.0 0.73 0
Dreissena bugensis
86.77 38.84 0.03 0.10 0.83 0.74
(0.74***]0.59***)
Corbicula fluminea 19.86 40.18 0.06 0.05 0.61 0.57

(0.69***/0.65%**)

Threshold values for inhibition of filtration activity

Predicted moderate effect shestress (PMES) values were higher nbugensis
(0.47N m?) andD. polymorpha(0.38N m2) compared taC. fluminea(0.14N m?) (Fig. 10).
Similarly, the predicted neffect shear stress (PNES) value was higheDimugensis
(0.24N m2) compared td. polymorpha(0.13N m?2) andC. fluminea(0.04N m?2) (Fig. 10).

The statistical differensamongthese iree species are shown in Fi§.
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Comparison of field and laboratory studies

The shell closing behavior db. polymorphafollowed similar sigmoidal patterns
under both field and laboratory conditions (F). Respective regressions did not
significantly differ between field or laboratory data for the relationship of shear stress and
shell closing duration (unpaireetdst, df =114, p=0.99(a), p=0.85(b), p=0.92(x0)), or
the relationship of shear stress and shell closing degree (unpteseddf= 112, p=0.45(a),
p=0.94(b), p=0.81(x0)).
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Fig. 9: (A) Duration (in seconds) of shell closing and (B) degree (in percentage) of
closing as functions of shear stress caused by experimental waves of different inte
Dreissena polymorphan field (dashed lines, n = 105) and laboratory (solid lines, 21)

experiments
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