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Abstract

Invasive bivalves can cause widespread ecologi@aladje, but eradication has
proved difficult. lIdentifying the pathways of diggal is crucial to
implementing more effective biocontainment measund&e examined the
distribution of the highly invasive zebra mussBlréissena polymorpha) in
Great Britain through Species Distribution Modegjito determine the drivers
of distribution and generated suitability maps toedict future dispersal.
Distance to boat ramps was the most important ptediof zebra mussel
establishment, accounting for 27% of variation gturrence. Probability of
occurrence was highest within 3 km upstream of baatps, probably due to
boating activity and the impounded waters typicalgsociated with boat
ramps. Our results highlight the need for implenrentstringent control
measures around boat ramps, and demonstrate the ehkpatially modelling
species distribution to create risk maps for tamgemonitoring efforts at those
locations most vulnerable to invasion.
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Introduction

Invasive bivalves are expanding their range andgicauwidespread ecological
damage, as well as important economic losses, wdadfor better control
measures (Sousa et al. 2014). The zebra muSseiséena polymorpha) is one of
the most damaging invasive bivalves due to its winde, rapid population
growth and negative impacts on the economy (Lowed.€2000). For example, in
Great Britain £5 million are lost each year dugijee fouling and damage to
water infrastructures, while in North America $8000 are spent yearly in each
power plant infested by zebra mussels (Oreska ddddye 2011) which poses a
significant biosecurity risk and a safety hazarceffdrson and Reaser 2003).

Zebra mussels tend to outcompete native freshvpet@r mussels (Ricciardi et
al. 1998) and can also disrupt food webs and trighanges in ecosystem
functioning (Strayer 2010), with consequent ecormlosses (Mckindsey et al.
2007). Since its introduction in 1824, zebra mus$alve expanded their range in
Great Britain (Aldridge et al. 2004; Gallardo anttiAdge 2015), invading new
localities each year (NBN Atlas 2018). Over thetmiecade, there have been
750 records of zebra mussel in Great Britain, peglkn 2012, the year with the
highest number of new occurrences (151 new recdéiigsire S1).

The eradication of zebra mussel has been met wnititeld success (Aldridge et
al. 2006) and management relies mainly on contrglits spread and preventing
further range expansion (Havel et al. 2015), in own to other aquatic invasive
species such as the quagga mudSedisena rostriformis bugensis) (Heiler et

al. 2013; Karatayev et al. 2015), various Asiamdaand the killer shrimp
(Anderson et al. 2014).

AQ2
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Given that prevention offers the best course abacior controlling the spread
of zebra mussel, it is important that the mechasisindispersal are well
understood. Natural dispersal of aquatic bivalsesainly determined by the
structure and connectivity of waterways (Fagan 20B@t anthropogenic factors
are also expected to shape their distribution (HuB@16), particularly for
species that tolerate a wide range of environmerttatitions, as is the case for
the zebra mussel (Bielen et al. 2016). Zebra masa@ often found in
fragmented water masses (Matthews et al. 2014gesimg that colonization is
largely deterministic and shaped by point introdwes, rather than by passive
dispersal (Bossenbroek et al. 2001). Overland ma&reraf recreational boats is
a strong vector of zebra mussel introductions (BatMra et al. 2016) but there is
still controversy about the relative importanceldferent pathways of dispersal
(Kappes and Haase 2012).

Species Distribution Models (SDM) have proved ukafuisentangling the
species requirements that drive successful invasiGallardo et al. 2(32; Rose
et al. 2016), and can be used to predict rangersipas, including those of
various freshwater species (Pag¢ al. 2016). We used SDMs to examine the
macroecological distribution of the zebra musselelation to environmental and
anthropic variables to better understand the rode human activities might play
In its introduction and establishment. We then sgzpbur results at smaller
spatial scales, and generated suitability mapsdasehe probability of
occurrence that might be used to prevent the sppéadbra mussel and other
invasive bivalves with similar dispersal vectors.

Methods

Macroecological-scale model

Our study area was Great Britain, an island of 282 Kn? that is relatively
Isolated to natural colonisation by freshwater oers and whose first record of
zebra mussel was in 1824, when zebra mussel waxlinted as live bait
(Aldridge et al. 2004). To account for non-lineafationships, we used
Generalised Additive Models (GAM) (Hastie, Tibsmrd990) which are more
flexible than Generalized Linear Models and use @imiog functions along the
gradients of the variables (Guisan et al. 2002)eXamine the distribution of
zebra mussel in Great Britain, we fitted a GAM wathogit link function
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(binomial) using thengcv R package (Wood and Wood 2016) followed by
stepwise selection using tkeep.gam function in R (Hastie and Hastie 2015). We
compared stepwise model selection with model selediased on REML and

null space penalization (Marra and Wood 2011; Wa0il7) using thengcv
package in R (Wood and Wood 2016).

We included 30 environmental and anthropic predsctoom the invaded region,
including climatic predictors relevant to the natiuvexpansion of the species as
well as indicators of river accessibility, as dissed in (Rodriguez-Rey et al.
2019) (Table 1). As calcium and pH may limit thetdbution of zebra mussel
(Ramcharan et al. 1992; Whittier et al. 2008), weduwater quality data from
the European Environment Agency (available at WMhpg/w.eea.europa.eu/data-
and-maps/data/waterbase-water-quality) to test #féect on zebra mussel
distribution. Only 10% of water quality stationschealcium concentration below
12 mg/l or pH values below 7.1, the limits belowiglhzebra mussel do not
occur (Claudi et al. 2012). We therefore assumat ¢hlcium and pH conditions
were appropriate for zebra mussel in most of GBzdain. Occurrence records,
reported as xy coordinates, were extracted fronb%n? grid cells from the
NBN Gateway database (http://www.nbn.org.uk/), egahg grid cells with more
than 30% of coastal water. This resolution was ehds cluster occurrences
close together and remove spatial bias (Fourcadé 8014). Watercourse
cartography for rivers was obtained from the OrareaSurvey (available in
www.ordnancesurvey.co.uk) which included freshwabegrs, tidal estuaries and
canals. We estimated land use predictors withi@ anDuffer strip from the river
banks for each cell. We retained predictors wiYaaance Inflation Factor
smaller than 10 to reduce bias due to collinedfitigatterjee and Hadi 2006).

Table 1

Environmental and anthropogenic predictors, data soameseasons for inclusion in the
mussel distribution

Variable Description Reason for inclusion Data source

Environmental

Mean-slepe-in-each . : .
Slope grid-obtained-from-a Topogr aphic 110672/ http:
Slope Digital-Elevation aremed.ete //www.shar egeo.ac.uk
ModelMean slopein Predictor /10672/7

Variables in bold with VIF scores smaller than 1€revthe only ones retained for ana
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Variable

Biol

Bio2

Bio3Bio3

Bio4Bio4

Bio5

Bio6Bio6

Bio7

Bio8Bio8

Bie9Bio9

Biol0

Bioll

Biol2

Description

each grid obtained
from a Digital
Elevation M odel

Annual Mean
Temperature

Mean Diurnal Range
(Mean of monthly
(max temp - min
temp))

(Bio2/Bio)x
10Cl sothermality
(Bio2/Bio7) x 100

Femperature
Seasonality{Sb x
100°Temperature
Seasonality (SD x
100)

Max Temperature of
Warmest Month

Min-Temperature—of
Coldest MontMin
Temperature of
Coldest Month

Temperature Annual
Range (Bio5-Bio6)

Mean Temperature
of Wettest
QuarteMean

Temper ature of
Wettest Quarter

Mean Temperature
of Driest
QuarteMean
Temper ature of
Driest Quarter

Mean Temperature
of Warmest Quarter

Mean Temperature
of Coldest Quarter

Annual Precipitation

https://eproofing.springer.com/journals_v2/printpganp?token=y4zQI

Reason for inclusion

Climatic variable
Climatic variable

i .
variableClimatic
variable

Climatic variable

Climatic variable

i .
variablkClimatic
variable

Climatic variable

i .
variableClimatic
variable

i .
variableClimatic
variable

Climatic variable

Climatic variable

Climatic variable

Data source

http://www.worldclim.
http://www.worldclim.

joclimhttp:
/lwww.wor ldclim.or g/

http://www.worldclim.

http://www.worldclim.

loclimhttp:
/lwww.wor ldclim.or g/

http://www.worldclim.

jochimhttp:
/lwww.wor ldclim.or g/

jochimhttp:
/lwww.wor ldclim.or g/

http://www.worldclim.

http://www.worldclim.

http://www.worldclim.

Variables in bold with VIF scores smaller than 1€revthe only ones retained for ana
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Variable

Biol3

Biol4

Bie15Biol5

Biol6

Biol7

Bio18Biol8

Biol9

LanelL and

Anthropogenic

PogPop

RoacRoad

d—intred_intro

Description

Precipitation of
Wettest Month

Precipitation of
Driest Month

Seasonality
{C\HPrecipitation
Seasonality (CV)

Precipitation of
Wettest Quarter

Precipitation of
Driest Quarter

L ¢
Warmest
QuartePrecipitation
of Warmest
Quarter

Precipitation of
Coldest Quarter

bufferalong-the
riverPer centage of
grassland in a

100 m buffer along
theriver

Population
densityPopulation
density

Kilometresof
roacKilometres of
road

https://eproofing.springer.com/journals_v2/printpganp?token=y4zQI

Reason for inclusion

Climatic variable
Climatic variable

i .
variablClimatic
variable

Climatic variable

Climatic variable

i .
variableClimatic
variable

Climatic variable

Indicatorof
conservation-of

riparian
vegetatiol ndicator
of conservation of

riparian vegetation

Indicatorof human
pressurlndicator of
human pressure

Indicator-of-human
accessibiitindicator
of human
accessibility

Euclidean-distance-toFo-accountfor

location-of first

recorcEuclidean
distanceto location
of first reported
record

spatially-correlated
patterns-of
disperseTo account
for spatially-
correlated patterns
of dispersal

Data source

http://www.worldclim.
http://www.worldclim.

loclimhttp:
/lwww.wor ldclim.or g/

http://www.worldclim.

http://www.worldclim.

/bioclimhttp:
//www.wor ldclim.or g/

http://www.worldclim.

CORINE-Land-CoveC
Land Cover
eurépeaht'tp:
/lland.coper nicus.eu/f
european

DN&GJW‘EDiva-GIS.

//WV\}W.dive{-gis.or g/be

/https:
/Iwww.or dnancesur ve

: . org-lik
/ldata.nbn.org.uk/ ani
Hactsheehttp:
//www.nonnativespeci
[factsheet/

Variables in bold with VIF scores smaller than 1€revthe only ones retained for ana
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Variable Description Reason for inclusion Data source
Euclidean-distance-to
el i han
56-000 habitants Own-creation-based-
d—eityd_city censuEuclidean pressurlndicator of creation based on dat.

distanceto cities human pressure
with more than

50,000 habitants

from 2011 census

Office of National Sta

Euclidean distance to
closestagquaculture Indicatorofpressure
d—agud_aqua facHityEuclidean from-AlSIndicator of Own-creatioOwn cre:
distance to closest pressure from AlS
aquaculture facility

Euclid list tomdieatqp_gf .
closest boat accessibility-an : .
d—boad boat ramgEuclidean propagie Htlmaghttp:

; pressurlndicator of
gllos;?rr\g(rentg closest accessibility and /Iwww.boatlaunch.co.!

propagule pressure

closest

d—pord_port  periEuclidean ' : At oW w-shareg
. | pressurlndicator of  /https://www.sharegec
d|os;ttanceto clo accessibility and
P propagule pressure

. . Indicatorof
Euclidean-distance-to accessibility-and
propagule

Variables in bold with VIF scores smaller than 18re/the only ones retained for ana

Records of zebra mussel occurrences were collated different sources,
including detections by trained volunteers and rdsdrom government agencies
as described in Roy et al. (2014). Most recordsevdarived from monitoring
centres which ensures a more frequent and relgloeey. For bivalves, a
positive detection usually means full establishmmstause it is unusual to
record single specimens.

We corrected for sampling bias (i.e. the error haturs when more accessible
or more conspicuous species are more likely todiealed (Araujo and Guisan
2006) by using the inverse p-weighted bias coroec{Fourcade et al. 2014).
This approach adjusts the model by weighting thea points according to the
inverse of the probability of inclusion in the sampWe used information on
sampling effort to downweigh those sites that weaage likely to have been

05/01/2021 16:1
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sampled, based on the target group sampling metbwedloped by Phillips et al.
(2009). In this approach, occurrence data froma pbspecies that are sampled
with similar techniques are used to create a magaofpling effort in different
areas. The species included in the pool were #shfvater pearl mussel
(Margaritifera margaritifera), the Asian clamQorbicula fluminea) and the
gquagga musseD(eissena bugensis).

We evaluated each model using a temporal indepeénddidation (i.e. data from
different time periods) (Dobrowski et al. 2011; Rigdiez-Rey et al. 2019;
Svenning et al. 2011). For that purpose, we spétgresence data into training
and testing data sets based on the time periodpbeies was first recorded. We
selected the 70% oldest records for training aed3®% youngest records for
testing, which is a more robust procedure than Bimpoosing training and
testing data based on random splitting (Araujole2@05; Jiménez-Valverde et
al. 2011; Roberts et al. 2017). We selected teegimore absences than
presences in the training database and the sambarwhabsences and
presences in the testing database. Therefore,uimder of presences and
absences in the training dataset were 376 and @&fectively, and 161 and 161
in the testing dataset. Our temporal database ioglyded occurrences, so
absences were not temporally split but randomlgaed instead [called
pseudoabsences, (Barbet-Massin et al. 2012)].

Spatial autocorrelation may pose a problem in SRNIg tends to generate
inflated model results (spatial sorting bias, (Hams 2012). We removed this
bias by pairwise distance sampling on the evalnadiata (testing). We paired the
testing presences and absences that had the dgréstasice to their nearest
training presence using tlidesmo R package with a distance threshold of 0.1
(Hijmans et al. 2016) (Figure S2). Predictive abilvas assessed using True
Skills Statistic (TSS), with a threshold that maxaes both sensitivity and
specificity, and the Area Under the Curve (AUC) foe final model, and this
was compared to a null model based on 500 randomuytations of the
predictors (Borger and Nudds 2014). Variable imaoce was calculated
accounting for the correlation structure betweesdptors with thé/arlmp
function in the ‘caret’ R package (Williams et 2017) and assessed by
inspection of partial plots of the predictors. Tlastrate the application of our
results, we generated suitability maps based onrbedel fits and predicted the
probability of occurrence across the entire studiaa
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Fine-scale model

To investigate the pattern of zebra mussel dispertsa finer spatial scale, we
examined four watersheds with high boating actiyithames, Severn, Stour, and
Avon). The aim was to test whether boat ramps &fftkzebra mussel dispersal at
a local scale. For each watershed, we calculatedvéighted distance (1/d)

from each sampling site to the four nearest boaipsa(upstream and
downstream) to obtain an index of propagule pres¢Gonsuegra et al. 2011).
We then modelled the distribution of zebra musaslif the coarse-scale model)
as a function of both propagule pressures (upstreagndownstream), altitude
and watershed identity, using a generalized adelitmdel with a binomial logit
link. We included altitude to account for longitondi variation (i.e. stream order)
as altitude is positively related to slope and &iev velocity in streams (Vannote
et al. 1980). We used tissep function in R to derive a minimal adequate model
based on AIC criteria and refitted with a quasidsmal link to account for
overdispersion and compared with the REML selecéipproach implemented in
themgcv package in R (Wood and Wood 2016) as for the mod#le whole of
Great Britain.

Results

Macroecological-scale model

A model containing 6 anthropogenic and 6 bioclimatiedictors explained the
distribution of zebra mussel significantly bettkah chance (Table 2; TSS
model=0.2658, TSS nulk 0.1709; AUC modet 0.6654, AUC nulkE 0.5830)
across the whole study area (Fig. 1). Distanceott bamps and to cities with
more than 50,000 inhabitants were the most infla¢predictors, explaining
26.96% and 17.12% of variation in zebra mussel oecice, respectively

(Fig. 2).

Table 2

Parameter estimates for the minimal adequate geérsgahdditive model (GAM) fitted
with a binomial link to assess the relationship lestw zebra mussel occurrence
(presence/absence) and various environmental andbaotienic predictors

Estimate Std. Error z value p-value

Discrepancies between stepwise selection and REBID ingcv package are reported
with (*) when the methods differ in the inclusiohtbe smooth term or by (#) if the
methods differ in the inclusion of the term

10de 2 05/01/2021 16:1



e.Proofing

11de 2

https://eproofing.springer.com/journals_v2/printpganp?token=y4zQI

Estimate Std. Error z value p-value
(Intercept) -20.17 4.96 -4.066 <0.0001
bio6* 0.1198 0.0283 4.237 <0.0001
bio18* 0.0276 0.0051 5.380 <0.0001
d_city* 0.0001 0.000001 -10.372 <0.0001
d_aqua 4.533 1.472 3.080 0.0021
Terms Edf Ref.df Chi.sq p-value
s(d_intro) 5.332 9 52.52 <0.0001
s(slope) 4.819 9 33.18 <0.0001
s(bio4) 5.068 9 40.61 <0.0001
s(bio8) 5.919 9 34.25 <0.0001
s(biol5) 6.614 9 47.72 <0.0001
s(pop) 6.095 9 46.21 <0.0001
s(d_boat) 2.945 9 172.28 <0.0001
s(d_port) 7.555 9 87.20 <0.0001

Discrepancies between stepwise selection and REbM fngcv package are reported

with (*) when the methods differ in the inclusiohtbe smooth term or by (#) if the
methods differ in the inclusion of the term

Fig. 1

GAM model predictions of the probability of occunce of zebra mussel for a
model including all the predictors
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Suitability

B 0.329 - 0.382

o 0.382-0.428
0.428 - 0.434
0.434 - 0.445
0.445 - 0.458
0.458 - 0.472
0.472 - 0.482

- 0.482-0.487

B 0.487 - 0.506

B 0.506 - 1.000

0 100 200 km
I

Fig. 2

Relative importance of environmental and anthrgmiedictors of zebra mussel

distribution in Great Britain based on Generali2ettlitive Model (GAM)
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Slope

Isothermality

Ta Seasonality

Min Ta of Coldest Maonth
Mean Ta of Wettest Quarter

Mean Ta of Driest Quarter

TN

P Seasonality
i: Precipitation of Warmest Quarter Ffﬂdiﬂml
E Grass land use Anthi
= Fopulation density . Envir

Distance o cities =50k population
Road density
Distance to farms

Distance to boat ramps
Distance to ports

Distance to the first records

1

10 20 30
Percentage of Importance

The probability of finding zebra mussel was higheghin 3 km from the
location of boat ramps, once the effects of otlmrfeunding factors were
statistically controlled for (Fig. 3a). A suitaltyimap, generated using the
location of boat ramps while controlling for otrggnificant predictors,
identified locations currently without zebra mustedt have a high risk of
becoming invaded (Fig. 3b). Such high risk or shigaareas are areas where
prevention can be prioritised (the dashed areasgrtiFig. 3b) and serve to
illustrate the application of our findings for maeanent.

Fig. 3

Generalized Additive Model predictions 86 Cl envelope) of the effect of
distance to boat ramps on probability of occurrenteebra musselaj, andb
suitability map of zebra mussel vulnerability. Insbows close-up of the Thames
River as an example of a high risk area that hayeiobeen invaded (dashed line),
and should be targeted for monitoring and preventio
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(a)

e -, 3 A
S

i 2
Destance o boat ramps (kin)

The most plausible model of zebra mussel occurranéme spatial scale
according to both methods of variable selectioruded upstream propagule

pressure (edt 1.71, SE=0.743,t=2.30,P =0.023) and altitude (edf = - 0.015,

SE=0.005,t = - 2.93,P = 0.004) as predictors. The number of 5 kn? grid

cells between sampling sites and boat ramp loealitanged between 0 and 32

along the watershed.

Discussion

The zebra mussel is one of the most damaging dfiduti to control freshwater
invaders (Strayer 2009), making the identificatafrareas at risk of invasion of
paramount importance for management (Kappes andedH2@12; Strayer 2009).
We have shown how this can be achieved by consigemly a few predictors,
of which the location of boat ramps is by far thesnimportant. Other modelling
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approaches, like spatially explicit gravity moddiaye also forecasted the
dispersal of invasive species by assuming that mmeve: is based on human
transportation (Hui and Richardson 2017). For examgverland boat
movements or boat traffic predict the spread ofraabussel (Bossenbroek et al.
2007; Bossenbroek et al. 2001; Padilla et al. 199@hlighting the potential role
of boat ramps (Leung et al. 2006).

Boating is a main vector for the spread of manyep#muatic invasive species,
including the spiny water flea (Maclsaac et al. £0@he macrophyt€abomba
caroliniana (Jacobs, Macisaac 2009), the Eurasian watermilBukchan, Padilla
2000), and zooplankton discharged from ballast w@telly et al. 2013). Our
study highlights the fact that although environna¢ntariables explain almost
half of the variation in zebra mussel occurren@mstderation of anthropic
drivers holds the key for preventing further spré&dusa et al. 2014).

Ports can be important vectors for the introducttbézebra mussel (Minchin et
al. 2005), but in our study they were less relexhah boat ramps, possibly
because zebra mussel cannot survive in placeshigthsalinity (Sylvester et al.
2013). Proximity to large cities also affected thstribution of zebra mussel in
our study, suggesting that water bodies aroundrudsaas may be more prone to
be invaded. However, road density was not a sigafi predictor of zebra
mussel presence and population density only expthth 7% of the variation,
highlighting the role that water sports—and not elgthuman pressure - play in
the distribution of zebra mussel (Bossenbroek e2@07; Kappes and Haase
2012). This also suggests that sampling bias indata& must have been low, as
road and population density are usually good prowiesampling effort (Block et
al. 2016).

Zebra mussel can disperse during all life staged,pmssive drift as well as other
dispersal and gravity models have been used tagresddownstream dispersal
(Bossenbroek et al. 2001). However, the speciesatsamsurvive in damp
conditions outside the water for at least 5—-7 d&isciardi et al. 1998; Ricciardi
et al. 1995) and can be readily transported upstrieatween waterways by
anglers, canoeists, motorboats and occasionaligsfCarlton 1993; Matthews
et al. 2014). Anglers and canoeists in Great Britgpically visit 2—3 different
catchments more than once a week and only few aealny their equipment
(Anderson et al. 2014). This probably makes ovetlaansport one of the main
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routes of dispersal of zebra musel, as noted ieradtudy areas (Bossenbroek et
al. 2007; De Ventura et al. 2016; Johnson et @120along with recreational
boats (Bacela-Spychalska et al. 2013; De Ventued. ¢1016). Great Britain has
more than 3000 miles of canals and navigable rivamd more than 340
registered river boats (Zhou et al. 2003), makingting a very popular activity.
Our fine scale study of four catchments indicated tlistance upstream of boat
ramps was a significant predictor of zebra musseliaence. This may reflect
the uptake by anglers and canoeists, as well asnpeundment associated with
barriers and barrages, where boat ramps are typicalated, and which provide
ideal conditions for the establishment of zebra seligAldridge 2010; Strayer
2009).

Our modelling approach has made it possible totileseveral factors
responsible for the spread of zebra mussel, armligr the use of suitability
maps, identify areas at high risk of invasion whigigsecurity measures are most
needed. Such measures could range from the installaf cleaning facilities to
the closure of particular boat ramps or limitati@mmsboating at vulnerable
locations, where invasion by zebra mussel coule paks to sensitive
infrastructures, such as power or water treatmritp. Hot pressure washing
seems to be the only efficient method of disinfegtzebra mussel from
equipment (Anderson et al. 2014; Morse 2009), amdrick mapping approach
could be used to inform the location of cleaningtisins at localities with a high
risk of invasion. For example, suitability mappimgght particularlybe useful

for deploying mobile decontamination stations ispense to boat traffic, like
those being deployed in the US (United States Oiapart of Interior 2019), or

in the case of many European countries which ldgrakin preventive measures
regarding bivalves invasions (De Ventura et al.@01

Management of zebra mussel rests heavily on th&ifttmation of uninfected
locations and on managing and reducing risks (liweaslussel Collaborative
2018), (United States Department of Interior 20¥hough our study reflects
the application of suitabilitynaps to the spread of zebra mussel in Great Britain
alone, the generation of risk maps that considat b@mps might also prove
useful for other species and contexts, given traegpread influence that water
sports have on the dispersal of invasive bivalveh similar vectors of
introduction (e.g. the quagga mussel or the Asiamg (Anderson et al. 2014;
Bidwell et al. 2010).
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In conclusion, we have shown that boat ramps favoedispersal of the highly
invasive zebra mussel and illustrate how suitabitiaps could be used by
managers for prevention purposes, the preferrecagement strategy for
invasive species (Simberloff et al. 2013). Explminsideration of risk factors
should improve the efficacy of control measurestdrgetting those locations
most vulnerable to invasions.
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