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Abstract
The spread of aquatic invasive species (AIS) is a threat to the biodiversity and ecosystem services
of invaded environments, and human activities largely facilitate their dissemination. Recreational boating
activities enable the overland dispersal of AIS among disconnected lakes, as invertebrate and plant
species can become attached to, caught on, or contained within watercraft and equipment used in invaded
waterbodies. As AIS can survive transport aboard fouled watercraft, the Ontario Ministry of Natural
Resources and Forestry recommends decontaminating watercraft and equipment by washing them at high
pressure, rinsing with hot water, or air-drying all parts for up to seven days to inhibit this mode of
secondary spread. There is a lack of studies on the efficacy of several recommended methods, especially
under realistic conditions, and that consider their feasibility to implement by recreational boaters. Hence,
I conducted experiments addressing this knowledge gap, using AIS present in Ontario, namely zebra
mussels, banded mystery snails, spiny waterfleas, Eurasian watermilfoil, Carolina fanwort, and European
frogbit. I found that washing at high pressures of 900-1200 psi removed the most biological material
(90%) from surfaces. Brief exposure to water at ≥ 60°C caused almost 100% mortality among all species
tested, except snails which required water at ≥ 65°C. Additionally, acclimating specimens to a range of
temperatures (15°C to 30°C) before hot water exposure had little effect on the minimum temperature
required for no survival. Air-drying durations producing complete mortality were ≥ 60h for zebra mussels
and spiny waterfleas, and ≥ 6 days among plants, whereas survival remained high among snails after a
week of air-drying. Nonetheless, hot water exposure followed by air-drying was more effective than
either method separately against all species tested, reducing either the minimum water temperature or airdrying duration necessary. These findings can inform management strategies against the spread of AIS.
Although individual methods can be effective, and combining methods improves efficacy while also
reducing time or temperatures needed, the best approach would be to sequentially implement several
simple measures that target a diversity of species.
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Chapter 1
Introduction
1.1 Background
Human-related activities have rapidly changed ecosystems worldwide, and consequently,
the biodiversity they support (Sala et al. 2000). In addition to stressors associated with land use,
climate change, nitrogen deposition and carbon dioxide accumulation across all biomes, the
successful establishment of exotic species in new environments has also emerged as an important
driver of global change in ecosystems and biodiversity (Sala et al. 2000, Ricciardi 2007,
Blackburn et al. 2014). This biotic factor, in the form of invasive species, is of particular concern
for freshwater ecosystems (Sala et al. 2000). Lakes and other inland waterways are especially
susceptible to colonisation by invasive species (Ricciardi and Rasmussen 1998), an event
alarmingly accelerated and maintained by anthropogenic activities (Ricciardi 2007, Havel et al.
2015), and the impacts of which on aquatic ecosystems are aggravated by other stressors
(Stendera et al. 2012).
Overcoming geographical barriers is a crucial early step in the colonisation of new
environments by invasive species, and human-mediated transport has facilitated this stage in the
invasion pathway (Blackburn et al. 2011). There is strong evidence that anthropogenic activities
have amplified the frequency and range of long-distance dispersal, the number of species
transported, and propagule size, while diversifying the means of spread and greatly reducing the
effect of geographical barriers (Mack et al. 2000, Ricciardi 2007), especially with regards to
aquatic ecosystems. With the establishment of the St. Lawrence Seaway giving access to the
Laurentian Great Lakes, the release of water contained within the ballasts of transoceanic ships
has had an important role in the introduction of species such as the zebra mussel (Dreissena
polymorpha), spiny waterflea (Bythotrephes cederstroemi), and Eurasian watermilfoil
1

(Myriophyllum spicatum), originally from as far as the Ponto-Caspian region, into North America
(Ricciardi 2007, Vander Zanden and Olden 2008). Nowadays, other pathways for the introduction
and spread of aquatic invasive species (AIS) include the trade and release of animals and plants
intended for aquaria and water gardens, live food, stocking, and the movement of transient
boaters among lakes (Havel et al. 2015, Drake et al. 2017).
The establishment of AIS outside of their native range is accompanied by a multitude of
ecological (Ricciardi and Rasmussen 1998, Ricciardi et al. 2013, Blackburn et al. 2014, Gallardo
et al. 2016) and economic impacts (Pimentel 2005, Krantzberg and de Boer 2008). For instance,
the emblematic zebra mussel is a prolific filter-feeder that can affect food webs and biodiversity
by decreasing phytoplankton availability in ecosystems (Young et al. 1996, Higgins and Vander
Zanden 2010, Gallardo et al. 2016). They can also alter habitats as the increase in water clarity
associated to filter-feeding promotes the abundant growth of macrophytes, while zebra mussel
growth on surfaces and the deposition of pseudofeces both modify the substrate and benthic
properties of invaded environments (Young et al. 1996, Higgins and Vander Zanden 2010,
Gallardo et al. 2016). In addition, zebra mussel colonies have economic repercussions as they are
known to damage and impair the functioning of infrastructure such as water pipes (Krantzberg
and de Boer 2008). Other studies have shown that the presence of spiny waterfleas, a planktonic
predator, was associated with reduced zooplankton species abundance and richness, which may
lead to changes in the food web, as well as on water clarity owing to the reduced abundance of
prey grazers (Kerfoot et al. 2016, Walsh et al. 2016). Aquatic snail species can also alter the
community structure and water turbidity of their invaded environment, by competing with native
species as well as feeding on other invertebrates and macrophytes. Furthermore, they have been
associated with the loss of aquatic crops such as rice, and the spread of human and animal
diseases (Solomon et al. 2010, Alonso and Castro-Diez 2012, Horgan et al. 2014). Various
aquatic invasive plants that form dense beds in the water column or at the surface, such as
2

Eurasian watermilfoil, hydrilla (Hydrilla verticillata), or Carolina fanwort (Cabomba
caroliniana), contribute to reduced abundance and richness of native aquatic plant species,
consequently reducing the predation and spawning success of ecologically and economically
important fish species, as well as the quality of food available to waterfowl (Eiswerth et al. 2000,
Bradshaw et al. 2015, Havel et al. 2015). Extensive growth of invasive macrophytes can also alter
water quality by lowering dissolved oxygen concentrations and increasing nutrient loads, impede
recreational activities, and affect power and water supply infrastructures (Eiswerth et al. 2000,
McCracken et al. 2013, Bradshaw et al. 2015).
Given the relationship between human activities and the presence of invasive species
(Ricciardi and Rasmussen 1998), their dispersal and impacts are further exacerbated as invaded
sites become the source for propagules implicated in the secondary spread of AIS to disconnected
lakes and other water bodies (Vander Zanden and Olden 2008). Frequent dispersal events
originating from such colonized sources represent a threat to geographically disconnected lakes,
as the influx of propagules, mediated by either natural or human-related processes, is an
important factor in facilitating the establishment of new AIS populations (Leung and Mandrak
2007, Vander Zanden and Olden 2008). It is now well-established that recreational boating
activities contribute to the secondary spread of AIS among lakes (Johnson et al. 2001, Leung et
al. 2006, De Ventura et al. 2016). Invertebrate and plant AIS at various life stages and size are
capable of being carried by recreational watercraft and equipment used in invaded waterbodies,
either on surfaces, in residual or standing water, or through direct attachment to equipment such
as ropes, anchors and anchor lines, nets, and diving suits (Yan et al. 1992, Johnson et al. 2001,
Rothlisberger et al. 2010, Stasko et al. 2012, Bacela-Spychalska et al. 2013, Kelly et al. 2013,
Kerfoot et al. 2016). Moreover, AIS can survive overland transport (Alonso et al. 2016, Collas et
al. 2018) aboard trailered vessels, in areas that retain humidity or pooled water such as bilge and
live wells, engines, and as or among macrophytes caught on boats and trailers (Ricciardi et al.
3

1995, Johnson et al. 2001, Havel 2011, Kelly et al. 2013, Snider et al. 2014). The potential for
spreading AIS in such a manner is further compounded by the wide range of environmental
conditions that these organisms can tolerate, as well as physiologic or metabolic resistance to
abiotic stress (Ricciardi and Rasmussen 1998, Evans et al. 2011, Havel 2011, Wada and
Matsukura 2011, Gechev et al. 2012, Gaff and Oliver 2013) and adaptations such as resting eggs
and dormancy (Bailey et al. 2004, Muirhead and MacIsaac 2005, Wada and Matsukura 2011).
During peak seasons, high fishing and watersports-related boat traffic among lakes, as
well as shorter periods of time between successive trips, can potentially increase the number and
frequency of events where AIS are transported and introduced to non-colonised sites
(Rothlisberger et al. 2010, Chivers and Leung 2012, Kelly et al. 2013, Drake 2017, Hunt et al.
2019). Thus, considering the role of the frequency of propagule arrival, as well as the number and
condition of propagules arriving at a site in successful AIS colonisation (Blackburn et al. 2015,
Sinclair and Arnott 2016, 2017), it is important to not only reduce the quantity of individuals
arriving, but also ensure that potential dispersers are dead, or unlikely to recover if they survive
transport. Preventing the spread of AIS to novel ecosystems has been determined as the most
effective control strategy in AIS management (Puth and Post 2005, Drury and Rothlisberger
2008). Hence, in Ontario, the Ministry of Natural Resources and Forestry has developed the
Invading Species Awareness Program to increase awareness about invasive species and inform
the public on measures to prevent the dispersal of AIS to disconnected water bodies. Some of the
key recommendations (Ontario Ministry of Natural Resources and Forestry 2017) for recreational
anglers and boaters to decontaminate boats, trailers, and fishing, sailing or watersports gear are as
follows:
(i)

Washing with water at a pressure of 250 psi,

(ii)

Rinsing with hot water at greater than 50°C, and

(iii)

Allowing all parts to airdry for two to seven days, before use at another site.
4

Although these recommendations are similar to those of other Canadian provinces and
neighboring American states (Mohit et al. 2021, Canadian Council on Invasive Species 2021),
there is limited scientific evidence to support these practices. For instance, there is a lack of
studies assessing a range of water pressures used for washing, and consequently the efficacy of
the recommended 250 psi is unknown. Studies on the efficacy of hot water have generally tested
different modes of hot water application (e.g., prolonged immersion, hot water sprays, steam
sprays). Although commonly studied invertebrate AIS such as Asian clams (Corbicula fluminea),
quagga mussels, and zebra mussels, as well as a few macrophytes, had complete mortality when
immersed in water at a minimum temperature of 50°C for several minutes (Beyer et al. 2011,
Anderson et al. 2015, Coughlan et al. 2019), most studies tested different approaches, thus
limiting the generalizability of the results. Moreover, prolonged immersion in hot water would be
impractical for large structures such as boat hulls or trailers, and other modes of hot water
application such as steam sprays, would require specialised equipment capable of delivering and
sustaining high water temperatures, in addition to being potentially hazardous to the user and
damaging to equipment (Mohit et al. 2021). Several studies on air-drying, the simplest technique
to implement and that does not require specific equipment, reported that high mortality rates of at
least 90% could be achieved by air-drying for a duration of 7 days – as often recommended –
among invasive invertebrates such as golden mussels (Limnoperna fortunei), quagga mussels
(Dreissena bugensis), zebra mussels, crayfish, New Zealand mudsnails (Potamopyrgus
antipodarum), and bloody-red shrimps (Hemimysis anomala) (McMahon et al. 1993, Ricciardi et
al. 1995, Montalto and de Drago 2003, Richards et al. 2004, Banha and Anastácio 2014, Collas et
al. 2014, Anderson et al. 2015, Banha et al. 2016, Piersanti et al. 2018), as well as several
macrophytes (Anderson et al. 2015, Coughlan et al. 2018). However, various species of snails and
Asian clams were often capable of surviving desiccation periods lasting beyond the recommended
durations (Havel 2011, Collas et al. 2014, Yoshida et al. 2014, Bernatis et al. 2016). Interestingly,
5

the vast majority of studies on air-drying have so far been conducted under laboratory conditions,
which may not realistically replicate the environmental variability that boaters would experience
while implementing this means of decontamination (Mohit et al. 2021).
Although there seems to be evidence that decontamination methods such as 50°C hot
water use or air-drying for a week would be useful to kill certain organisms that may be present
on recreational watercraft, more rigorous decontamination methods with better efficacy may not
be practical for all recreational boaters. Surveys in the US and Canada have found that many
boaters who use their watercraft on more than one lake did not practise the recommended
cleaning techniques between trips (Rothlisberger et al. 2010, Kelly et al. 2013). For instance,
Rothlisberger et al. (2010) reported that among transient boaters surveyed in Michigan and
Wisconsin, 34% never implemented methods such as rinsing, pressure-washing or drying boats.
In Ontario, Kelly et al. (2013) found that a larger percentage of transient boaters never
implemented rigorous cleaning methods such as rinsing with hot water (95%), or pressurewashing (67%) compared to simpler tasks such as visual inspection (29%) and cleaning anchors
or anchor lines (18%). While there is increasing awareness among boaters and anglers about the
threat of AIS (Fera et al. 2014), they were nonetheless less likely to clean their boats if doing so
was perceived as difficult, time-consuming or costly (Fera et al. 2014, De Ventura et al. 2017).
Hence, there is a need for further studies to inform best decontamination practices that not only
have high efficacy and can produce very high mortality rates among a diversity of AIS, but that
are also safe and simple for recreational boaters to implement.

1.2 Thesis objectives
1.2.1 Systematic literature review
In order to find decontamination measures that would be both effective and easy to
implement, I first conducted a review of the literature for studies testing the efficacy of practices
that are commonly recommended for recreational watercraft decontamination, namely air-drying,
6

hot water application, pressure-washing, or the use of household cleaning agents. Additional aims
of the review were to determine if there was any consensus across studies for specific methods, or
to identify gaps in our current knowledge of their efficacy against diverse AIS. The findings from
the literature review were then used to inform laboratory and field experiments testing the
efficacy of decontamination methods.
1.2.2 Laboratory and field experiments
Given the paucity of studies testing more than one means of decontamination or several
species simultaneously, it was necessary to assess whether combining different decontamination
methods can improve their efficacy, as well as their performance on different species under the
same conditions. Therefore, to identify decontamination measures that would be both effective
and easy to implement, I performed laboratory and field experiments – the designs of which were
informed by the findings from the literature review – to assess the efficacy of current
recommendations pertinent to Ontario, as well as neighbouring provinces and states. The null
hypotheses were that high water pressure does not affect the abundance of biological materials
remaining on surfaces, and that neither hot water, air-drying, nor the combination of hot water
exposure and air-drying, affect the survival of invertebrate and plant AIS. The alternative
hypotheses tested were that:
(i)

Washing surfaces with high water pressure reduces the abundance of biological material
attached,

(ii)

Brief exposure to hot water (quick immersion to simulate rinsing) will decrease survival
among invertebrate AIS, and survival or growth among plant AIS,

(iii)

Air-drying will decrease survival among invertebrate AIS, and survival or growth among
plant AIS, and

(iv)

The combination of both brief exposure to hot water and air-drying will further decrease
survival among invertebrate AIS, and survival or growth among plant AIS.
7

The experiments were conducted on aquatic invasive invertebrate and plant species
present in freshwater bodies in Ontario and which can potentially be spread to new environments
via recreational boat transport. The invertebrates included in the study were zebra mussels,
banded mystery snails (Viviparus georgianus), and spiny waterfleas, and the plant species were
Eurasian watermilfoil, Carolina fanwort and European frogbit (Hydrocharis morsus-ranae).
Widespread AIS such as zebra mussels and Eurasian watermilfoil were included as the frequency
of their potential transport from a source location is thus greater, whereas little is known about the
efficacy of certain decontamination methods (e.g., hot water) against species such as banded
mystery snails. Other species such as spiny waterfleas were of interest as their spread and
establishment among inland lakes is strongly associated with the movement of recreational
watercraft (Yan et al. 1992, Gertzen and Leung 2011), while others such as Carolina fanwort
currently only have localised infestations in Ontario, thus requiring pre-emptive action to
minimise their spread.
Furthermore, since a typical boating season spans from April to September in Ontario,
with variability in water temperatures during this period, I was also interested in whether
decontamination efficacy with regards to mortality among invertebrates and viability among
macrophytes would differ as AIS become acclimated to different temperatures. While there seems
to be a lack of research on the seasonal efficacy of decontamination methods, previous studies on
invasive apple snails (Pomacea sp.) have shown that cold-acclimated individuals were more
resistant to freezing (Yoshida et al. 2014) and desiccation (Wada and Matsukura 2011). Invasive
marine macrophytes have also been shown to be more resistant to heat exposure during
heatwaves, following acclimation in warmer conditions, exhibiting increased growth after
treatment, whereas this effect was not observed among native species (Atkinson et al. 2020). I
sought to determine if the efficacy of hot water as a decontamination method would differ among
AIS acclimated at different temperatures that represent the thermal conditions of lakes during the
8

ice-free season. The null hypothesis was that the acclimation temperature does not influence the
effect of hot water exposure on invertebrate survival and macrophyte survival or growth. The
alternative hypothesis tested was that acclimation temperature influences the effect of hot water
exposure on the survival of aquatic invertebrates, as well as the survival and growth of
macrophytes.
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Chapter 2
Systematic literature review
The literature review in this chapter has been accepted for publication and is presented as it
appears in “Mohit S, Johnson TB, Arnott SE (2021) Recreational watercraft decontamination: can
current recommendations reduce aquatic invasive species spread? Management of Biological
Invasions 12(1):148-164”. Section, table and figure numbers have been changed to follow the
format of this thesis, and all supplementary material tables referenced in-text are in Appendix A.

2.1 Introduction
Overcoming geographical barriers is a crucial early step in the colonisation of new
environments by invasive species, and human-mediated transport has facilitated this stage in the
invasion pathway (Blackburn et al. 2011). There is strong evidence that anthropogenic activities
have amplified the frequency of long-distance dispersal, the number of species transported, and
propagule size, while diversifying the means of spread and greatly reducing the effect of
geographical barriers (Mack et al. 2000, Ricciardi 2007), especially with regards to aquatic
ecosystems. The establishment of aquatic invasive species (AIS) outside of their native range is
accompanied by a multitude of ecological (Ricciardi and Rasmussen 1998, Ricciardi et al. 2013,
Gallardo et al. 2016) and economic impacts (Pimentel 2005, Krantzberg and de Boer 2008).
These impacts are further exacerbated as invaded sites become the source for propagules
implicated in the secondary spread of AIS to disconnected, inland water bodies (Vander Zanden
and Olden 2008), where the vulnerability of the site to invasions and the influx of propagules via
natural or human-related vectors can allow for the establishment of new AIS populations (Leung
and Mandrak 2007, Vander Zanden and Olden 2008).
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Empirical research and models have determined recreational boating activities to be an
important vector of AIS spread (Johnson et al. 2001, Leung et al. 2006, De Ventura et al. 2016).
Several studies have shown that invertebrate and plant AIS of various life stages are capable of
becoming attached to or caught on recreational watercraft and equipment used in invaded
waterbodies (Johnson et al. 2001, Rothlisberger et al. 2010, Kelly et al. 2013). Moreover, AIS can
survive overland transport (Alonso et al. 2016, Collas et al. 2018) aboard trailered vessels, in
bilge and live wells, engines, and as or in macrophytes caught on boats and trailers (Ricciardi et
al. 1995, Johnson et al. 2001, Havel 2011, Kelly et al. 2013, Snider et al. 2014). Overland spread
is amplified as a result of AIS physiological or metabolic tolerance to abiotic stress (Brooks and
Storey 1997, Evans et al. 2011, Havel 2011, Wada and Matsukura 2011, Gechev et al. 2012, Gaff
and Oliver 2013) and adaptations such as resting eggs and dormancy (Bailey et al. 2004,
Muirhead and MacIsaac 2005, Wada and Matsukura 2011). High boat traffic among lakes during
peak seasons can potentially increase the number of events where AIS are transported and
introduced to non-colonised sites (Rothlisberger et al. 2010, Chivers and Leung 2012, Kelly et al.
2013). Thus, it is important to reduce the quantity of living or viable individuals arriving given
the role of propagule size in successful AIS colonisation (Blackburn et al. 2015, Sinclair and
Arnott 2016). Preventing AIS spread to novel ecosystems is the most effective control strategy
(Puth and Post 2005, Drury and Rothlisberger 2008). Hence, to reduce the risk of AIS dispersal
related to boat traffic, several biosecurity and management programs aimed at recreational
boaters have been proposed or implemented worldwide, including campaigns in the USA (US
Aquatic Nuisance Species Task Force 2017), Canada (Ontario Ministry of Natural Resources and
Forestry 2017, Ministère des Forêts, de la Faune et des Parcs 2018, Manitoba Government
Wildlife and Fisheries Branch 2020, Invasive Species Council of Britis Columbia 2020), Great
Britain (Great Britain Non-Native Species Secretariat 2020), and New Zealand (Biosecurity New
Zealand 2018), to state laws in the USA (Wisconsin Department of Natural Resources 2017,
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Minnesota Department of Natural Resources 2020). In general, these programs include
recommendations for lake users to decontaminate watercraft, and fishing, sailing or watersports
gear by washing with high water pressure, rinsing with hot water at temperatures from 50°C to
60°C, or allowing all parts to air-dry for durations from two to greater than five days, before use
at another site (Table 2.1). However, surveys in the US and Canada have found that many boaters
did not implement recommended cleaning techniques such as rinsing, pressure-washing or drying
between trips when the watercraft was used on more than one lake (Rothlisberger et al. 2010,
Kelly et al. 2013). Boaters were also less likely to clean their boats if they perceived the related
effort to be difficult or costly in terms of time and money (De Ventura et al. 2017).
Table 2.1. Examples of recommended recreational watercraft and equipment decontamination measures,
with set conditions where specified by the agency.
Agency

Hot water use

Air-drying conditions

Pressurewashing

Ministry of Natural Resources
and Forestry, Ontario, Canada

> 50°C

2-7 days

> 250 psi

Manitoba Government
Wildlife and Fisheries Branch,
Canada

> 60°C for ≥ 10 s to
70 s

Yes, duration not
specified

Yes, pressure not
specified

Ministère des Forêts, de la
Faune et des Parcs, Québec,
Canada

60°C for 10 s

≥ 5 days (when
relative humidity
≤ 65%)

2600 psi

Invasive Species Council of
British Columbia, Canada

Not included

Yes, duration not
specified

Yes, pressure not
specified

Minnesota Department of
Natural Resources, USA

~ 48.9°C for ≥ 2 min,
or 60°C for ≥ 10 s

≥ 5 days

Not included

Wisconsin Department of
Natural Resources, USA

Not included

Yes, duration not
specified

Not included

US Aquatic Nuisance Task
Force

~ 48.9°C (2 minutes
for motors)

≥ 5 days

Not included

Ministry for Primary
Industries, New Zealand

> 60°C for ≥ 1 min, or
> 45°C for ≥ 20 min

> 48h after equipment
has dried

Not included

Great Britain Non-Native
Species Secretariat

Yes, temperature/
duration not specified

Yes, duration not
specified

Not included
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As such, in order to identify decontamination measures that would be both effective and
easy to implement, we reviewed the scientific literature for studies testing the efficacy of
commonly recommended methods geared towards recreational watercraft. We also sought to
determine if there was any consensus across studies, or if there were gaps in our current
knowledge of effective decontamination.

2.2 Methods
We conducted a search of journal articles published in English or French from 1900 to
September 2019, from four databases: Web of Science, Green file, Environment Complete and
Geobase. Web of Science has an extensive coverage dating back to 1900 for scientific disciplines,
while the other three also cover journals that include environmental aspects and applications in
the fields of ecology, natural resources, aquatic environments, public policies and social impacts.
The search terms are shown in Table 2.2.
Table 2.2. Literature review search terms and strategy.
1

(decontaminat* OR “hot water” OR steam* OR clean* OR disinfect* OR spray* OR
heat* OR dry* OR prevent* OR manage* OR antifoul* OR biofoul* OR sun* OR hot OR
inspect* OR interven* OR airdry* OR rins* OR pressure* OR desiccat* OR expos* OR
control OR biosecurity OR biocontrol OR "biological control")

2

(invasive OR non-native OR exotic OR foreign OR alien OR spread* OR invad*)

3

(aquatic OR freshwater OR lake* OR pond* OR river* OR stream*)

4

(species OR organism* OR animal* OR plant* OR invertebrate* OR arthropod* OR
mollusc* OR bivalve* OR mussel* OR pest)

5

(viability OR viable OR mortality OR death OR surviv* OR reproduc* OR dispersal OR
"overland transport" OR tolerance OR maxim* OR lethal OR "acute upper lethal
temperature" OR temperature OR heat OR hot OR "critical maximum temperature")

6

1 AND 2 AND 3 AND 4 AND 5

13

2.2.1 Eligibility criteria
Studies were included if they (i) assessed cleaning and decontamination using hot water,
air-drying, pressure-washing, or commercially available/household products, (ii) evaluated their
efficacy on recreational watercraft and equipment, (iii) included aquatic invasive invertebrates or
plants, and (iv) determined AIS viability, survival or growth after treatment. We excluded studies
on boater surveys about cleaning practices or knowledge, decontamination of ballast, ocean-going
ships and industrial equipment, eradication of invasive species, invasion models, other vectors of
AIS spread, and experiments where the same group of test organisms were exposed to gradual
changes in treatment (e.g., increasing salt concentration or water temperature over a fixed time
period).
2.2.2 Data extraction and analysis
As the aim of this review was to identify the conditions under which a low survival rate
was achieved for the principal decontamination methods described above, we recorded those that
produced a minimum mortality of 90%. These were either reported as percentages of survival
after the application of specific treatments, or as estimates such as lethal concentrations and
values derived from regressions in the studies included. When 100% mortality was reported, we
produced scatterplots of the corresponding conditions to appraise those that had the highest
efficacy. Using the statistical software R (version R-3.5.2, R Core Team 2020), we applied a
quasi-Poisson regression (generalised linear models) to this data to determine the relationship
between conditions (for instance, hot water temperature and exposure durations) required for
100% mortality. For experiments with air-drying conditions producing 100% mortality, we
calculated the overall Pearson’s correlation coefficient to determine the strength of the
relationship between relative humidity and air temperature.
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2.3 Results
The search returned a total of 12,290 results from the four databases. Due to overlap
among the databases, we eliminated 5,163 duplicates and the remaining unique records were
screened by title. We retained 267 articles which were next screened by abstract. Finally, we
assessed the eligibility of 92 full articles, of which 37 were included in the review. The majority
of studies were from the USA (56.8%), with the remaining from Europe and the United Kingdom
(27.0%), Australia and New Zealand (5.4%), Argentina (5.4%), Canada (2.7%), and Japan
(2.7%).
The majority (70.3%) evaluated air-drying as a decontamination method, and only five
studies assessed the efficacy of more than one method simultaneously (Supplementary material
Tables S1 to S4). Species such as zebra mussels (Dreissena polymorpha [Pallas, 1771]) or quagga
mussels (Dreissena bugensis Andrusov, 1897), and various aquatic snails featured in 11 (29.7%)
and 8 (21.6%) studies respectively, whereas cumulatively, 16 different species of aquatic plants
were included in 11 studies with experiments on macrophytes.
2.3.1 Air-drying
Twenty-six studies (Tables S1 and S2) assessed the effects of air-drying on the survival
or viability of AIS. Only two included experiments conducted outdoors or in field settings
(Montalto and de Drago 2003, Havel 2011) whereas the remaining were laboratory experiments.
Overall, air-drying resulted in significantly higher and faster mortality than controls (Montalto
and de Drago 2003, Evans et al. 2011, Havel 2011, Anderson et al. 2015, Piersanti et al. 2018)
and increasing air-drying duration was significantly associated with decreased AIS survival
(Barnes et al. 2013, Collas et al. 2018, Coughlan et al. 2018). Collas et al. (2018) demonstrated
that increased exposure to air decreased the percentage of sessile zebra and quagga mussels that
were alive upon detaching from surfaces when the latter were returned to water (Table S2);
furthermore, 66% and 58% of these surviving zebra and quagga mussels remained alive 24 hours
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later. There were mixed results regarding the importance of air temperature on survivorship:
while Snider et al. (2014) showed that temperatures above 25°C were required for no quagga
mussel veliger survival at high humidity, Ricciardi et al. (1995) found that mortality among zebra
mussels was significantly higher with increasing temperature and air-drying duration, as well as
with decreasing relative humidity, but not among quagga mussels. Similarly, Bickel (2015) and
Havel (2011) showed that temperature did not affect survivorship among macrophytes (Carolina
fanwort, Cabomba caroliniana A. Gray, temperature range: 20 to 30 °C) and Chinese mystery
snails (Cipangopaludina chinensis [Gray, 1834], temperature range: 15 to 25 °C) respectively
(Havel 2011, Bickel 2015). Instead, relative humidity predicted mortality, with higher relative
humidity allowing various AIS to tolerate air-drying for longer (McMahon et al. 1993, Ricciardi
et al. 1995, Havel 2011, Coughlan et al. 2018). Moreover, other studies found no significant
difference in survivorship after treatment between test groups subjected to air-drying at high
humidity (70% to 89%), and control groups which remained in an aquatic environment for the
test duration (Bernatis et al. 2016, Piersanti et al. 2018). Our analysis on air-drying conditions for
100% mortality resulted in a significant Pearson’s correlation coefficient of 0.317 (p = 0.041)
between air-drying duration and relative humidity, supporting the observation that longer airdrying durations are required for maximum mortality as relative humidity increases.
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Figure 2.1. Heterogeneity of air-drying duration and environmental conditions (relative humidity
and air temperature) under which 100% mortality was observed among various AIS.

Table S1 shows the air-drying conditions and durations which led to a minimum
mortality rate of 90% among various AIS, with Figure 2.1 specifically illustrating those resulting
in no survival (data drawn from Tables S1 and S2). Nine studies recorded near-complete or
complete mortality (99% to 100%) after air-drying among invertebrates, namely red swamp
crayfish (Procambarus clarkii [Girard, 1852]) and signal crayfish (Pacifastacus leniusculus
[Dana, 1852]) (Banha and Anastácio 2014, Piersanti et al. 2018), molluscs including dreissenid
mussels, New Zealand mudsnails (Potamopyrgus antipodarum [J. E. Gray, 1843]) and juvenile
golden mussels (Limnoperna fortunei [Dunker, 1857]) (McMahon et al. 1993, Ricciardi et al.
1995, Montalto and de Drago 2003, Richards et al. 2004, Collas et al. 2014), and planktonic
organisms such as a non-native Daphnia, calanoid copepod (Tremblay et al. 2019) and bloodyred shrimps (Hemimysis anomala G. O. Sars, 1907) (De Stasio et al. 2019). However, only two of
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seven studies on aquatic plants reported 100% mortality among specific species (Jerde et al. 2012,
Barnes et al. 2013). Although others observed that durations of 3h to 18h led to at least 90%
mortality among various macrophyte species at temperatures ranging from 21°C to 26°C and
relative humidity from 40% to 80% (Evans et al. 2011, Bickel 2015, Baniszewski et al. 2016,
Coughlan et al. 2018) (Table S1), one study found that 4 to 9 days were required for the same
effect among other macrophytes such as curly water-thyme (Lagarosiphon major [Ridl.] Moss),
floating pennywort (Hydrocotyle ranunculoides L. f.) and parrot’s feather (Myriophyllum
aquaticum [Vell.] Verdc.) (Anderson et al. 2015).
As various agencies recommend air-drying watercraft and equipment for at least two to
greater than five days (Table 2.1), it is noteworthy that 18 studies found that air-drying for up to
seven days was sufficient to result in at least 90% mortality among zebra and quagga mussels,
crayfish, specific snails, planktonic organisms as well as certain macrophytes (Tables S1 and S2;
Figure 2.1). Although air-drying for a week therefore seems to be a rather effective means of
decontamination, other species – notably Asian clams, adult golden mussels, applesnails, Chinese
mystery snails, killer shrimps, and plants such as parrot’s feather and New Zealand pygmyweed –
required much longer air-drying durations ranging from greater than a week to several months for
complete mortality (Montalto and de Drago 2003, Havel 2011, Collas et al. 2014, Anderson et al.
2015, Collas et al. 2018), or as shown in Table S2, still had high survivorship within the study
duration. Among invertebrates, larger or older individuals were also more resistant to desiccation
than smaller ones or juveniles (Ricciardi et al. 1995, Montalto and de Drago 2003, Richards et al.
2004, Havel 2011, Collas et al. 2014, Havel et al. 2014, Snider et al. 2014, Bernatis et al. 2016),
often with drastic differences such as among Chinese mystery snail (Cipangopaludina chinensis
[Gray, 1834]) where air-drying for 14 days resulted in at least 90% mortality among small
juveniles (6-8mm), compared to only 10% among larger juveniles (25mm), regardless of
humidity level (Havel 2011) (Table S2). Similarly, as a species with different life stages, the
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planktonic veligers of zebra mussels had high mortality after air-drying for a few hours (Banha et
al. 2016) compared to sessile adults, which required several days in other studies (McMahon et al.
1993, Ricciardi et al. 1995, Collas et al. 2014, Anderson et al. 2015) (Table S1). Havel et al.
(2014), Wood et al. (2011) and Bernatis et al. (2016) further showed that certain aquatic snails
were especially capable of surviving extended periods of desiccation, whereas among plants, New
Zealand pygmyweed (Crassula helmsii [Kirk] Cockayne) required up to 23 days of air-drying for
90% mortality (Anderson et al. 2015). The configuration or shape of plant fragments also affected
their survival, with Jerde et al. (2012) achieving 100% mortality among uncoiled fragments of
Eurasian watermilfoil (Myriophyllum spicatum L.) compared to 76% for coiled fragments
subjected to the same treatment conditions. Similarly, coiled fragments remained viable for
longer after air-drying than single or uncoiled fragments (Bickel 2015, Bruckerhoff et al. 2015).
Finally, two studies assessed the probability of Eurasian watermilfoil fragments being viable after
desiccation as a function of water loss (Evans et al. 2011, Barnes et al. 2013). Both found that
water loss was positively correlated to both air-drying time and plant mortality. Moreover, the
ability for plant fragments to generate new growth following desiccation was inversely
proportional to drying time (Evans et al. 2011). Although Barnes et al. (2013) found that water
mass loss ranging from 64% to 100% was required for 90% (empirical) to 98% (modelled)
mortality among nine plant species, the corresponding air-drying times were not reported.
2.3.2 Hot water
We identified 12 studies assessing the effect of heat treatment on AIS survival or
viability, by means of hot water immersion, sprays, or steam (Table S3). While certain
invertebrate species such as zebra mussels, bloody-red shrimps, and killer shrimps
(Dikerogammarus villosus [Sowinsky, 1894]) appeared in at least two separate studies, few
studies included aquatic plants. The methodology or mode of hot water application differed based
on the management strategies that the authors sought to evaluate, and only three studies consisted
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of outdoors experiments (Comeau et al. 2011, Havel et al. 2014, Bruckerhoff et al. 2015).
Nonetheless, all reported very high mortality rates for at least one of the treatment groups and
most species tested, and compared to controls, hot water was an effective tool that significantly
increased mortality among organisms (Blumer et al. 2009, Morse 2009, Comeau et al. 2011,
Anderson et al. 2015, Coughlan et al. 2019, Crane et al. 2019). Figure 2.2 shows the water
temperature and exposure durations that produced 100% mortality among both invertebrates and
macrophytes, and consists of a subset of studies presented in Table S3. Regarding the relationship
between water temperature and exposure duration for all AIS and hot water application methods
resulting in no survival, our quasi-Poisson regression showed that the required exposure duration
decreased by 9.9% for every 1°C increase in water temperature (regression coefficient = -0.104,
SE = 0.033, p = 0.004).

Figure 2.2. Water temperature and exposure duration resulting in 100% mortality. The regression
line shows the relationship between water temperature and exposure duration among all AIS
types collectively. Dashed lines represent the 95% confidence bands.
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Overall, exposure to water at temperatures of at least 40°C for up to 15 minutes was
required for complete mortality among small invertebrates such as bloody-red shrimps, spiny
waterfleas (Bythotrephes longimanus Leydig, 1860), killer shrimps, and dreissenid mussels
(Table S3). For aquatic plants, increasing temperature reduced time to mortality: 90% mortality
after 15 minutes at 45°C (Anderson et al. 2015) vs 100% after 1 minute at 55°C (Shannon et al.
2018). More generally, species (both plant and invertebrate) was not a good predictor of mortality
when several species were subjected to the same treatment conditions (Anderson et al. 2015), and
temperature was a better predictor of mortality than immersion time (Blumer et al. 2009, Beyer et
al. 2011). There was no significant difference in mortality rates when hot water use was followed
by air-drying, compared to hot water only, implying that air-drying had no added benefit
(Anderson et al. 2015). Although most of the studies on heat treatment tested immersion as a
means of decontamination, spraying with hot water would be more feasible for boats and large
equipment. Higher temperatures (≥ 54 °C to 80 °C) are required with sprays to produce
comparable results to immersion (Table S3) (Morse 2009, Comeau et al. 2011). Steam (100°C)
was highly efficient on invertebrates and macrophytes, resulting in complete mortality or
degradation among species tested (Coughlan et al. 2019, Crane et al. 2019) (Table S3).
2.3.3 Pressure-washing
Only one study (Rothlisberger et al. 2010) evaluated the efficacy of pressure-washing,
comparing high pressure (1800 psi), low pressure (40 psi), and visual inspection combined with
manual removal. Known amounts of large plant fragments or small organisms (spiny waterfleas
and aquatic plant seeds) were attached to boats and the amount removed after pressure-washing
or manual removal was determined. Rothlisberger et al. (2010) found that high pressure or visual
inspection plus manual removal eliminated significantly greater quantities of large fragments
(83%, SE = 4% and 88%, SE = 5%, respectively) than low pressure (62%, SE = 3%, p < 0.001).
High pressure was also significantly more effective at removing small-bodied organisms (91%,
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SE = 2%) than low pressure (74%, SE = 6%) and visual inspection plus manual removal (65%,
SE = 4%, p < 0.001). Cleaning for either 90s or 180s did not affect the amount of either large
fragments (p = 0.37) or small organisms (p = 0.20) removed.
2.3.4 Other cleaning agents
2.3.4.1 Salt
Five studies (Hofius et al. 2015, Sebire et al. 2018, Coughlan et al. 2019, Tremblay et al.
2019, Underwood et al. 2019) assessed the efficacy of salt as a cleaning agent. Table S4 shows
the concentrations and immersion durations that produced complete mortality. Other studies
found high survivorship among different AIS for similar exposure time frames; 60% of killer
shrimps survived after 15 minutes in a salt solution of 160 Practical Salinity Units (PSU), the
highest concentration tested by Sebire et al. (2018), while Coughlan et al. (2019) found that over
70% of Asian clams survived when exposed to 35 PSU and 70 PSU salt solutions for 1 to 6
hours. Nonetheless, Asian clams immersed in these salt solutions for up to 72 hours had
significantly higher mortality (48%) than controls (11%, χ2 = 107.410, p < 0.001) (Coughlan et al.
2019).
2.3.4.2 Bleach
Four studies investigated the effects of bleach solutions for decontamination (Sebire et al.
2018, Coughlan et al. 2019, De Stasio et al. 2019, Tremblay et al. 2019), with three reporting
complete mortality (Table S4). Generally, increasing concentration of bleach solutions or
exposure time resulted in higher and faster mortality. For instance, complete mortality among
killer shrimp was instant at high concentrations of at least 10,000 mg/L (150 – 200 mL household
bleach per litre), but delayed at a lower concentration of 450 mg/L (6.75 – 9 mL household
bleach per litre), whereas survival remained high (40%) at 300 mg/L (4.5 – 6 mL household
bleach per litre) (Sebire et al. 2018). De Stasio et al.’s study including different species showed
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variable responses to bleach concentrations recommended by the Wisconsin Department of
Natural Resources. Despite its efficacy against planktonic AIS, 400 mg/L solution (6 – 8 mL
household bleach per litre) had lower efficacy against New Zealand mudsnails, resulting in 82.7%
to 92% mortality when immersed, which was nonetheless more effective than bleach sprays (F =
0.95, p = 0.456) (De Stasio et al. 2019). Finally, Coughlan et al. (2019) showed that mortality in
control groups of Asian clam (11%) was not significantly different to that in treatment groups
using 50 mg/L (≤ 1 mL household bleach per litre) to 200 mg/L (3 – 4 mL household bleach per
litre) bleach solutions and immersion times of 10 to 80 minutes (21%, χ2 = 1.6879, p-value not
specified).
2.3.4.3 Virkon
Virkon is a broad-spectrum veterinary disinfectant used on farming, aquaculture and
research equipment, with demonstrated efficacy against viral, bacterial and fungal pathogens
(Hernandez et al. 2000, McCormick and Maheshwari 2004). Three studies (Sebire et al. 2018,
Coughlan et al. 2019, De Stasio et al. 2019) evaluated its efficacy on AIS, including two which
revealed that immersion in Virkon solutions (concentrations ranging from 4g/L to 20 g/L)
produced complete mortality (Table S4). De Stasio et al. (2019) also showed that immersion
performed better than spray application as the latter failed to produce complete mortality among
all AIS tested. Coughlan et al.’s study on Asian clams further revealed that there was no
significant difference in mortality rates between 20g/L and 40 g/L Virkon Aquatic and Virasure
Aquatic solutions (p > 0.05). However, exposing Asian clams to either concentration resulted in
significantly higher mortality (31-58%) than among non-exposed controls (0-14%, χ2 = 133.40, p
< 0.001) (Coughlan et al. 2019).

2.4 Discussion
The studies included in this review show that the prescribed cleaning and drying methods
of various decontamination programs have demonstrated efficacy (Figure 2.1 and Figure 2.2),
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especially against species that have been widely studied, such as zebra and quagga mussels. The
paucity of studies on spiny waterfleas, bloody-red shrimps, and killer shrimps, as well as the lack
of more than one study on the same macrophyte species highlight the need for further research on
new or potential AIS. In the absence of other decontamination methods, air-drying is more
efficient than no action. Our review and analyses would indicate that air-drying for one week may
be adequate and effective to result in no survivorship among various AIS. However, certain
species of invasive snails were capable of surviving beyond the recommended time frame of airdrying protocols (Havel 2011, Havel et al. 2014, Bernatis et al. 2016), while desiccated plant
fragments may still remain viable (Coughlan et al. 2018). It is also difficult to establish air-drying
times required for complete mortality as the latter depends on other environmental factors,
especially relative humidity (McMahon et al. 1993, Ricciardi et al. 1995, Havel 2011, Coughlan
et al. 2018). Although we found a weak positive correlation between air-drying duration and
relative humidity, an important caveat is the considerable variation in experimental design,
environmental conditions, and species assessed among the studies included in our analyses.
Different studies have assessed air-drying at various temperatures and relative humidity in both
laboratory and field settings; while the studies covered a range of environmental conditions
occurring over the span of a boating season, they were not all effective at producing complete
mortality. Furthermore, the majority of these studies are limited to the response of few species
concurrently, or specific life stages and body sizes. In fact, Yoshida et al. (2014) observed that
individuals from the same species but different populations differed in their resistance to
desiccation, and as such, applying the findings from air-drying studies should be done cautiously
and with regards to regional context. As a result, the risk of introduction even after air-drying
remains a concern especially in high traffic lakes when mortality remains below 100%
(Blackburn et al. 2015, Sinclair and Arnott 2016).
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The studies on hot water presented here have shown that for water temperatures of 40°C
and above, immersion for up to 20 minutes results in complete mortality among various species
of invertebrates and plants. An important challenge in implementing this method is that it may be
feasible only for smaller equipment that can be immersed, and additionally, it would be necessary
to maintain the immersion water at the appropriate temperature for the required duration in order
for decontamination to be effective. However, since planktonic AIS or those with life stages not
readily detected with the naked eye are often found in the standing water of recreational vessels
(Johnson et al. 2001, Kelly et al. 2013), flooding parts such as the bilge and live wells with hot
water may be an appropriate means of eliminating live AIS; currently, in Canada for instance,
established protocols such as Manitoba’s Aquatic Invasive Species Regulations are already
centred around the use of hot water (60°C) for the decontamination of watercraft and related
equipment (Manitoba Government Wildlife and Fisheries Branch 2020), with specific
recommendations regarding its use also given by Ontario’s Invading Species Awareness Program
(Ontario Ministry of Natural Resources and Forestry 2017) and the province of Quebec
(Ministère des Forêts, de la Faunde et des Parcs 2018). Although hot water sprays and steam jets
have demonstrated efficacy and are more practical for large surfaces, the high temperatures they
deliver may damage equipment and be potentially injurious. In addition, steam and even hot
water sprayers are not commonly accessible to recreational boaters and homeowners. Overall,
comparatively few studies have evaluated the efficacy of hot water as a decontamination method
and it is necessary to explore the effects of hot-water on more diverse AIS. In fact, aquatic snails
– which often proved to be resistant to other decontamination methods – were not included in any
study testing the efficacy of hot water or steam.
Finally, other decontamination methods have been even more scarcely studied. Although
Rothlisberger et al. (2010) have demonstrated the efficacy of washing surfaces at high pressure,
further studies assessing the range of pressures between 40 and 1800 psi that could yield similar
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results are necessary. In addition to consolidating the evidence for pressure-washing, identifying
other effective pressures would contribute to informed best management practices that can be
adopted by a majority of watercraft users without the need for specialised equipment, often not
accessible to recreational lake users (De Ventura et al. 2016). Studies conducted so far on the use
of popular cleaning products such as salt, bleach, and Virkon have reported mixed results on their
efficacy in addition to testing a limited number of AIS (Hofius et al. 2015, Sebire et al. 2018,
Coughlan et al. 2019, De Stasio et al. 2019, Tremblay et al. 2019, Underwood et al. 2019). As
mortality rates were affected by chemical concentration and exposure duration – both of which
varied among studies – a caveat of this method is that the need for specific concentrations and
treatment time could present a barrier to effective implementation, as users would be required to
prepare precise amounts of solution, and allow equipment to soak in potentially corrosive media
for extended periods.
Overall, the differences in experimental design and methodology among the studies
included can be attributed to regional context (species, life stage, temperature, relative humidity)
and decontamination recommendations being evaluated (species, mortality following desiccation
on various material, hot water spray versus immersion versus steam). The criteria to establish
invertebrate mortality was common among all studies, but the means of determining plant
survivorship and viability differed. These included measuring enzyme activity (Blumer et al.
2009), the ratio of variable to maximal fluorescence of leaves as an indicator of stress (Anderson
et al. 2015, Shannon et al. 2018), visual estimation of degradation and colouration (Jerde et al.
2012, Baniszewski et al. 2016, Crane et al. 2019), morphological measurements (e.g. new
structure, growth rate, biomass) (Evans et al. 2011, Jerde et al. 2012, Barnes et al. 2013, Bickel
2015, Bruckerhoff et al. 2015, Coughlan et al. 2018), and estimating the probability of fragments
remaining viable as a measure of the percentage of water loss following desiccation (Evans et al.
2011, Barnes et al. 2013, Bickel 2015). Such variation in methodology could limit the
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generalisation of findings among studies, and future research on plant species should include the
determination of survival and viability by more than one means in order to ascertain the
sensitivity and specificity of the chosen criteria. Nonetheless, all studies specified whether only
fragments containing the vegetative part, apical meristems, or turions of plants were included,
which is important to consider given the different propagative potential of these structures.
Our review has revealed that although current recommended decontamination methods
may be effective, the range of species that they can be confidently used against is limited given
the lack of studies including multiple and more diverse organisms simultaneously. Air-drying,
although extensively studied, is less effective than hot water, while also being influenced by
fluctuating conditions such as air temperature and humidity. In addition to comparing the efficacy
of different methods, it will also be important to further explore the efficacy of hot water use and
pressure-washing in field studies in order to best inform in situ decontamination practices. More
knowledge on the demonstrated range of efficacy on various species and ease of use for
recreational boaters would allow government and environmental agencies to tailor best
management practices adapted to the geography, climate, and existing as well as emergent AIS of
threat locally.
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Chapter 3
Field and laboratory experiments on decontamination methods
3.1 Introduction
Human activities have facilitated the long-distance spread of various species beyond their
native range, enabling invasive species to colonise new environments (Mack et al. 2000, Ricciardi
2007), with severe ecological and economic consequences (Ricciardi and Rasmussen 1998,
Pimentel 2005, Krantzberg and de Boer 2008, Ricciardi et al. 2013). Invasive species have been
introduced to aquatic ecosystems through a variety of pathways, including the discharge of ballast
waters from transoceanic ships into the Laurentian Great Lakes, the release or escape of species
intended for the aquarium or water garden trade and live food market, the use and transport of
live baits, as well as the movement of watercraft among disconnected waterbodies (Ricciardi
2007, Vander Zanden and Olden 2008, Drake et al. 2017). In fact, there is ample evidence that
recreational boating activities are associated with the secondary spread of aquatic invasive species
(AIS) among lakes, as the transport of boats and other equipment enable these species to
overcome land barriers (Johnson et al. 2001, Leung et al. 2006, De Ventura et al. 2016). When
used in infested waters, recreational boats and gear are apt to catch or trap plant and invertebrate
AIS on various structures such as boat trailers, ropes, anchors, anchor lines and nets, or in
compartments that may retain water such as bilge and live wells (Johnson et al. 2001,
Rothlisberger et al. 2010, Stasko et al. 2012, Bacela-Spychalska et al. 2013, Kelly et al. 2013,
Kerfoot et al. 2016). Unless they are removed, these AIS may then survive overland transport
(Alonso et al. 2016, Collas et al. 2018), whether in humid areas such as the bilge, live wells, and
bait buckets, as or among macrophytes entangled on boats and trailers (Ricciardi et al. 1995,
Johnson et al. 2001, Havel 2011, Kelly et al. 2013, Snider et al. 2014), or owing to physiologic or
metabolic abilities to tolerate conditions outside of water until they are reintroduced into an
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aquatic environment (Ricciardi and Rasmussen 1998, Bailey et al. 2004, Muirhead and MacIsaac
2005, Evans et al. 2011, Havel 2011, Wada and Matsukura 2011, Gechev et al. 2012, Gaff and
Oliver 2013). Therefore, invaded environments can become the source of propagules for
secondary AIS spread to disconnected lakes and other water bodies (Vander Zanden and Olden
2008), mediated by the transport of recreational watercraft and equipment. With recreational
boaters and lake users moving greater distances and more frequently among water bodies during
peak seasons, there are potentially more occasions where AIS propagules are introduced to new
environments in this manner (Rothlisberger et al. 2010, Chivers and Leung 2012, Kelly et al.
2013, Drake 2017, Hunt et al. 2019). It is therefore crucial to reduce the number of live or viable
AIS specimens arriving at non-colonised sites to prevent their establishment and range expansion
(Blackburn et al. 2015, Sinclair and Arnott 2016, 2017).
To prevent the spread of AIS, numerous resource management agencies in Canada and
worldwide recommend that recreational boaters adopt practices to clean, drain, and dry watercraft
and equipment before transport and use at another site (Mohit et al. 2021, Canadian Council on
Invasive Species 2021). Similar guidelines are in place in Ontario, where the methods prescribed
by the Ministry of Natural Resources and Forestry include washing with water at a pressure of
250 psi, rinsing with hot water at greater than 50°C, or allowing all parts to airdry for two to
seven days (Ontario Ministry of Natural Resources and Forestry 2017). The effect of similar and
commonly recommended decontamination methods for recreational watercraft and equipment on
different AIS have been assessed by previous studies. A review of the literature revealed that
there was no clear consensus on any method with demonstrated efficacy against various AIS,
while also being easy for recreational boaters to implement (Mohit et al. 2021). While air-drying
was extensively studied, experiments on hot water use varied largely with regards to the
application method and species assessed, whereas very few studies evaluated pressure-washing
and the use of cleaning products.
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In general, increasing air-drying duration was associated with lower survival among
various species. Some AIS such as golden mussels, quagga mussels, zebra mussels, crayfish,
bloody-red shrimps, and certain species of snails and macrophytes had high mortality (≥ 90%)
after air-drying for up to 7 days (McMahon et al. 1993, Ricciardi et al. 1995, Montalto and de
Drago 2003, Richards et al. 2004, Banha and Anastácio 2014, Collas et al. 2014, Anderson et al.
2015, Banha et al. 2016, Coughlan et al. 2018, Piersanti et al. 2018). However, other AIS such as
Chinese mystery snails, apple snails, and Asian clams were found to survive air-drying durations
that lasted from two weeks to several months (Havel 2011, Collas et al. 2014, Yoshida et al.
2014, Bernatis et al. 2016). Alarmingly, over 90% of all studies on air-drying were conducted
under laboratory conditions, which may not accurately simulate the environmental variability that
boaters would encounter when air-drying their boats and equipment over the span of several days
(Mohit et al. 2021). With regards to the use of hot water, immersing AIS specimens in water at
50°C for 15 minutes was sufficient to produce 100% mortality among Asian clams, quagga
mussels, zebra mussels, small invertebrates such as killer shrimp, bloody-red shrimps and spiny
waterfleas, as well as certain plant AIS (Beyer et al. 2011, Anderson et al. 2015, Shannon et al.
2018, Coughlan et al. 2019). In general, similar results could be achieved with shorter exposure
duration but only if higher water temperatures were used, as demonstrated by other studies which
used hot water sprays at 60°C, or steam sprays (≥ 100°C) on invertebrate and plant AIS (Morse
2009, Comeau et al. 2011, Coughlan et al. 2019, Crane et al. 2019). Despite evidence suggesting
that hot water could be an effective means of decontamination, its application nonetheless
requires specific equipment capable of delivering and sustaining high water temperatures. In
addition to the potential for injury or damage associated to high temperatures, immersion for long
periods of time is only feasible for smaller equipment rather than large structures such as boat
hulls or trailers. Finally, no study to date has included any species of aquatic invasive snails,
despite their known tolerance to other decontamination methods (Mohit et al. 2021). The
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literature review also revealed that the use of pressure-washing and cleaning agents are less well
studied. A single study on pressure-washing reported that an elevated water pressure of 1800 psi
eliminated significantly more entangled plants, and small organisms than a low pressure of 40 psi
(Rothlisberger et al. 2010); however, as it did not test a range of pressures, the efficacy of this
method is not well understood, when considering the variation in pressure output of
commercially-available power-washers. There is also a lack of research testing the efficacy of
more than one means of decontamination or several species simultaneously. It is unknown
whether combining different decontamination methods can improve efficacy, or if their
performance differed considerably when tested on various species under the same conditions. In
addition, no study so far seems to have assessed whether the response of AIS to prescribed
decontamination methods is affected by acclimation to the changing environmental conditions
over the span of a boating season. Previous research has shown that cold-acclimated invasive
apple snails were more resistant to desiccation (Wada and Matsukura 2011), and invasive marine
macrophytes were more resilient than native species after exposure to heat stress if they had been
previously acclimated to warmer conditions (Atkinson et al. 2020).
Informed by the gaps in knowledge identified in the literature and considering putative
environmental and logistic factors pertinent to recreational boaters implementing the
recommended decontamination practices, I designed a series of experiments to test the efficacy of
pressure washing, brief hot water exposure, air-drying in field conditions, and the combination of
both hot water exposure followed by air-drying (Table 3.1). Pressure washing experiments
included a range of pressures corresponding to no washing (control, or 0 psi), the output from a
garden hose connected to a main water supply (50 psi) and possible pressures using
commercially-available electric washers (125 psi, 500 psi, 900 psi, 1950 psi). In order to simulate
rinsing with hot water, I selected brief exposure times of 2 to 10 seconds during which the tested
specimens were immersed in water at 25°C, 40°C, 50°C, 60°C, and 70°C. The air-drying
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durations tested cover a span of one hour to one week, representing plausible periods for
recreational boaters to implement this method between watercraft and equipment use. The
experiment on hot water exposure followed by air-drying was designed to assess if combining
decontamination methods could have an additive or synergistic effect on efficacy. I also
conducted experiments to determine if acclimation to different water temperatures affected the
viability of AIS when they are exposed to hot water. Three invasive invertebrates and three
invasive macrophytes already present in Ontario were included in the study, namely zebra
mussels (Dreissena polymorpha), banded mystery snails (Viviparus georgianus), spiny waterfleas
(Bythotrephes cederstroemi), Eurasian watermilfoil (Myriophyllum spicatum), Carolina fanwort
(Cabomba caroliniana), and European frogbit (Hydrocharis morsus-ranae) to identify conditions
that would be the most effective against diverse species (Table 3.1).
Table 3.1. Summary of design for field and laboratory experiments.
Pressure-washing
Experiment

Test material

Pressure groups

Rep

Periphyton
experiment

Periphyton grown on surfaces

6 levels: 0 psi, 50 psi, 125 psi, 550 psi,
900 psi, 1950 psi

3

Gel
experiment

Watermilfoil leaflets attached to surface
with water-soluble gel

6 levels: 0 psi, 50 psi, 125 psi, 550 psi,
900 psi, 1950 psi

4

Rinsing with hot water and/or air-drying
Experiment

Species

Acclimation
conditions

Hot water
temperature

Hot water
exposure
duration

Air-drying
duration

Rep

Hot water

3 invertebrates:
Zebra mussels* (2
size classes),
banded mystery
snails*, spiny
waterfleas

N/A

5 levels:
25°C, 40°C,
50°C, 60°C, 70°C

3 levels:
2s, 5s, 10s

N/A

3

4 levels:
15°C, 20°C,
25°C, 30°C

5 levels:
25°C, 40°C,
50°C, 60°C, 70°C

5s

N/A

4

N/A

N/A

N/A

7 levels:
1h, 3h, 12h,
36h, 60h, 5
days, 7 days

3

Acclimation

Air-drying
3 macrophytes:
Eurasian
watermilfoil*,
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Hot water
followed by
air-drying

Carolina fanwort,
European frogbit

N/A

5 levels:
25°C, 40°C,
50°C, 60°C, 70°C

5s

5 levels:
3h, 12h, 36h,
60h, 5 days

3

Note: “Rep” = number of replicates. (1) Only species denoted with * and one size class of zebra mussels were
included in the acclimation experiment; (2) not all treatment levels were tested in experiments on spiny
waterfleas; (3) air-drying experiments (alone or combined with hot water) on banded mystery snails included
additional treatment levels; (4) all experiments on European frogbit had four replicates.

3.2 Materials and methods
3.2.1 Experiments to assess the efficacy of pressure-washing
All pressure-washing experiments were conducted at the Queen’s University Biological
Station (QUBS; 44.568 N, 76.325 W) from June 12 to August 16, 2019. One experiment involved
periphyton grown on surfaces (section 3.2.1.1), and the other used plant material artificially
attached to surfaces (section 3.2.1.2), with both experiments assessing the efficacy of washing
surfaces at pressures of 50 psi, 125 psi, 550 psi, 900 psi, and 1950 psi, compared to no washing
(0 psi). The pressure of 50 psi corresponds to the output from a garden hose fitted with a hose
nozzle, while the higher pressures were delivered using two commercially-available electric
pressure-washers (Sun Joe SPX3000 and Sun Joe SPX4600) fitted with 25° spray tips indicated
for gentle lifting and cleaning. I obtained operating pressures of 125 psi, 550 psi, 900 psi, and
1950 psi – measured with a pressure gauge fitted to the spray wand – using spray tips with orifice
size number 5.0, 3.0, 2.5, and 2.0. For both experiments, I used aluminum tiles measuring 20 cm
by 20 cm as the surface to be washed (simulating an aluminum boat hull), which were secured
with cable ties to hardware cloth attached to a metal frame built for these experiments (Figure
3.1). One side of the metal frame was oriented perpendicular to the ground, while the other was at
a 20° angle to imitate the deadrise angle of boat hulls. During pressure-washing, the nozzle was
held at a distance of approximately 30 cm from the surface washed, and the spray was applied
with a sidewards unidirectional motion, covering an area of 75 cm by 60 cm that included the
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tiles, in 15 seconds. Each experiment also included a control group (0 psi) where the tiles were
handled and secured to the frame for the same amount of time as in the treatment groups, but did
not undergo any washing.

Figure 3.1. Set-up for pressure washing experiments; the diagram shows the side-view of the frame.

3.2.1.1 Periphyton experiment design
Forty-eight aluminum tiles were suspended from wooden frames on Lake Opinicon
(44.563 N, 76.325 W), at a depth of approximately 1 m below the water surface for a period of
three weeks, to allow algae and other organisms to grow on the tile surfaces. The frames were
sheltered by an islet to reduce disturbance from motorboats and wind, and prior to deployment,
the surface of each plate was brushed four times in two directions with a steel brush, in order to
create scratches and improve algae adhesion. Plate colonisation occurred between June 12 and
July 10 for replicate 1, and between July 15 and August 12 for replicates 2 and 3. Upon retrieval,
the periphyton from twelve random tiles was immediately scraped and collected in water to
34

estimate the average amount of periphyton that had grown on the tiles. Of the remaining tiles,
three groups of six were then randomly allocated to each treatment (50 psi, 125 psi, 550 psi,
900 psi, and 1950 psi) or control (0 psi) groups, where half were positioned on the vertical side of
the frame, and the other half on the angled side. The residual material (algae, invertebrates) from
each group was then scraped and collected in water at the end of each trial, before being filtered
using pre-weighed Whatman Grade 1 qualitative filter papers. All filter papers were labelled with
the treatment group and tile orientation (vertical or angled) and dried at 60°C for 30 minutes, or
until a constant weight was achieved, prior to filtration. The residue and filter paper were then
dried at 60°C for at least 2 hours until a constant mass was achieved, and the weight was recorded
twice and averaged. The dry mass of residual algae for each treatment group and orientation were
calculated by subtracting the dry mass of the filter paper only, from the final dry mass of the filter
paper and residue (Appendix B – Figure 1). All weighing was done with an analytical balance
with an accuracy of 0.0001g.
3.2.1.2 Gel experiment design
Using 12 aluminum tiles measuring 20 cm by 20 cm per pressure and control group,
fifteen leaflets of Eurasian watermilfoil were randomly stuck on each tile using 15 ml of extrastrong water-soluble hair gel (Garnier Fructis Extra Strong Gel 600g). The tiles were then used in
the experiments within 10 minutes of the leaflets being attached to avoid hardening of the gel.
Half of the tiles were placed vertically, and the other half on the angled side of the frame. After
pressure washing and handling (50 psi, 125 psi, 550 psi, 900 psi, 1950 psi and control group), I
recorded the number of whole leaves and leaf fragments remaining attached. This experiment was
replicated four times (Appendix B – Figure 2).
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3.2.2 Experiments to assess the effect of hot water, air-drying, and the combination of both
treatments on invertebrate and macrophyte survival and viability
I conducted the experiments shown in Table 3.1 from May to October 2019 at QUBS and
the Queens University campus (44.227 N, 76.488 W). Hot water and air-drying experiments
included three species of invertebrates (banded mystery snails, zebra mussels – two size classes
of 8-12 mm and 15-20 mm, and spiny waterfleas) and three species of aquatic plants (Eurasian
watermilfoil, Carolina fanwort, and European frogbit). All experiments included ten healthy
specimens (invertebrates) or ten 10 cm-long fragments (plants) per treatment group in three
replicates, except for European frogbit, where a whole rosette was used per treatment group, with
four replicates. After each trial conducted at QUBS, the invertebrate and macrophyte specimens
were placed in trash bags and kept in a freezer. They were then transported in sealed coolers to
Queen’s University for disposal by incineration.
3.2.2.1 Hot water experiment design
Experiments to simulate rinsing with hot water (Appendix B – Figure 3) consisted of 15
treatment groups, using a factorial design with five water temperatures (25°C, 40°C, 50°C, 60°C,
and 70°C) and three immersion times (2s, 5s, and 10s) for all species, except spiny waterfleas. As
all spiny waterflea specimens died at 60°C in the first replicate, only 25°C, 40°C and 50°C were
used in the subsequent two replicates. An immersion heater circulator attached to a 10-liter tank
was used to maintain the water at a constant temperature during experiments. Snails, zebra
mussels and plant fragments/rosettes were placed inside mesh baskets that were lowered into the
water bath for the test duration, whereas modified centrifuge tubes were used for spiny
waterfleas. After exposing the test organisms to the hot water treatment, both plants and
invertebrates were returned to filtered lake water for recovery and monitoring as described below.
I also determined if the temperature to which aquatic invasive species were acclimated
influenced the effect of hot water treatment on their survival rates using separate groups of
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banded mystery snails, zebra mussels (size of 15 mm to 20 mm), and Eurasian watermilfoil. All
species were placed in tanks containing filtered lake water which was gradually brought to
temperatures of either 15°C, 20°C, 25°C or 30°C, and then allowed to acclimate to that
temperature for seven days. Due to very high mortality rates among the invertebrates that had
been kept at 30°C, zebra mussels and banded mystery snails from that acclimation group were not
included in subsequent hot water experiments. Groups of 10 specimens of each species were
briefly exposed to water temperatures of 25°C, 40°C, 50°C, 60°C, and 70°C for five seconds. I
recorded the number of snails and mussels alive after 24h, and the number of leaves, roots, and
branches from the Eurasian watermilfoil fragments weekly over 21 days (three measurements).
Further details on the acclimation experiment set-up are provided in Appendix C.
3.2.2.2 Air-drying experiment design
All test organisms (except spiny waterfleas) were allowed to air-dry outside, away from
direct sunlight and rain inside a screen tent at QUBS, for 1h, 3h, 12h, 1.5 days, 2.5 days, 5 days,
and 7 days (Appendix B – Figure 4). Banded mystery snails were air-dried for 3 and 4 days as
well, after a sharp decline in the number of survivors between 2.5 days and 5 days was noted.
Trials with spiny waterfleas were performed in the laboratory at Queen’s University, and the last
two replicates included only 1h and 3h, after observing complete mortality after 12h air-drying in
the first replicate. I assessed survival and viability as described below after returning all
invertebrates and macrophytes to filtered lake water for recovery following treatment.
3.2.2.3 Hot water and air-drying combination
In this experiment, I briefly immersed all invertebrate and plant specimens in hot water
(25°C, 40°C, 50°C, 60°C, and 70°C) for 5 seconds before immediately allowing them to air-dry
for 3h, 12h, 1.5 days, 2.5 days, and 5 days in an outdoor screen tent at QUBS (Appendix B –
Figure 5). In addition, snails were subjected to 4 days of air-drying after hot water exposure. I
used only temperatures of 25°C, 40°C, and 50°C, and air-drying durations of 1h, 3h, and 12h for
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spiny waterfleas due to very high mortality rates at the higher water temperatures and longer airdrying durations. Survival and viability were assessed as described in section 3.2.2.4 for all
species.
3.2.2.4 AIS specimen handling and monitoring
Banded mystery snails. Banded mystery snail collection and experiments were conducted
from June 17 to August 22. I included small adults measuring between 15 mm and 20 mm from
the bottom of the shell aperture to the apex in the experiments, rather than larger individuals that
would be more easily detected and removed during visual inspection of watercraft. All specimens
were collected by hand from the docks of QUBS (44.565 N, 76.323 W), as well as from rocks and
sediment around Sheep Island (44.563 N, 76.323 W), on Lake Opinicon. The snails were kept in
flow-through tanks with a direct supply of lake water for five to seven days (water temperature
between 16°C and 20°C), and were fed one algae wafer (commercially-available pet food; North
Fin Kelp Wafers 14 mm) per ten snails, daily or depending on whether any food remained in the
tank. Snails that were active and responsive were then taken from the tank for the experimental
trials. Following exposure to treatments, snails from each group were placed in plastic boxes
(clear fishing tackle boxes with compartments and holes drilled on all sides for increased water
flow) and these were immersed in tanks containing filtered lake water. I recorded the number of
snails that were responsive after 4 hours, determined by whether they retracted their body into
their shell when gently stimulated with a metal probe. After 24 hours, I recorded the number of
snails that were still alive by first counting all snails that responded by retracting their body into
the shells when stimulated. If a snail was not active or the foot or head was outside the shell at
that time, it was considered alive if (i) the body retracted further when the operculum was gently
tapped with the probe, or (ii) there was resistance when the operculum was gently tugged with
tweezers. Specimens for which the operculum would spring back or the body would come out of
the shell with minimum resistance were considered dead.
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Zebra mussels. Zebra mussel collection and experiments were carried out from June 11 to
August 22. Mussels were manually picked from rocks and drift wood around the docks at QUBS
and around Sheep Island, by cutting the byssal threads keeping them attached to the surfaces.
Zebra mussels were kept in mesh cages in flow-through tanks for five to seven days, and only
individuals that were actively filter-feeding at the end of this period were included in the
experiments. After exposure to treatments, the zebra mussels were placed in clear plastic boxes
with compartments and immersed in filtered lake water. I recorded the number of zebra mussels
actively filter-feeding after 4h, and again after 24h. At this time, I determined the number of
zebra mussels still alive by observing which zebra mussels had their siphons out and filterfeeding. Mussels were considered dead if they did not retract their siphon or close their valves
when gently touched with a probe. If the mussels had their valves closed, I considered them alive
if their valves were opened after two five-minute observation periods.
Spiny waterfleas. I collected spiny waterfleas from Lake Ontario (44.221 N, 76.502 W),
from October 10 to 17, using a 50 µm tow net. I also conducted the experiments on the same day
as collection, in the laboratory at Queen’s University. Individuals that were actively swimming
were transferred to modified centrifuge tubes with 80µm mesh on the ends, and the same tubes
were used to contain the spiny waterfleas during all treatments and observation in order to
prevent additional stress from handling. Following treatment, the tubes containing the spiny
waterfleas were immersed in jars containing filtered lake water, and I determined the number of
individuals alive after 2 and 4 hours. The spiny waterfleas were considered alive if they were
actively swimming after immersion. Inactive individuals were transferred to a petri dish and
observed under a dissecting scope for any internal movement, the absence of which would
confirm that the specimen was dead. At the end of the experiments, all spiny waterfleas were
immersed in ethanol, then frozen, prior to disposal.
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Eurasian watermilfoil. Eurasian watermilfoil strands were collected from Lake Opinicon
(44.563 N, 76.325 W) using a sampling rake. Collection and experiments were conducted
between June 14 to August 23, and each test group consisted of ten 10 cm-long fragments that did
not have any roots or side branches; the fragments were taken at least 30 cm away from the roots
and apical meristems. I counted the number of leaflets from each fragment in order to determine
the total leaflet per group prior to treatment (“baseline”). I also measured the weight of each
group of fragments using an analytical balance after spinning and blotting the fragments to
remove excess water, before the start of the experiments. After treatment, the groups of fragments
were placed in individual compartments of clear plastic boxes, and immersed in tanks of filtered
lake water, fitted with two air-bubblers. A light source was added at the surface of the tank, as
well as LED strip lights surrounding the tank, such that the fragments received 12 hours of light
daily. I rotated the position of the boxes daily by moving the bottom-most box to the top, to allow
for even exposure to light, and the water was changed weekly. I monitored the fragments over a
period of 28 days, recording the number of leaves, roots and lateral shoots (side branches) every
seven days. As from the first week of monitoring, it was not possible to reliably measure the mass
of fragments using the method employed at baseline, as some fragments had sustained damage
that would be worsened by spinning or blotting.
Carolina fanwort. Specimens were collected manually from a headwater stream north of
Round Lake, ON (44.526 N, 77.898 W) and transported to QUBS in plastic bags inside sealed
coolers to prevent desiccation. Collection and experiments were conducted from July 14 to
August 23, with ten 10 cm-long fragments per treatment group for all experiments. I recorded the
number of leaves before experiments, and then again, along with any new roots or lateral shoots,
weekly for 28 days after treatment as described previously.
European frogbit. European frogbit was collected from ponds located along Opinicon
Road, ON (44.482 N, 76.466 W). One single whole rosette was used per treatment group, in
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replicates of four. Any stolon or root was trimmed to a length of 5 cm when separating the
rosettes. I recorded the number of leaves, roots, stolons, fruits, flowers, or turions (Figure 3.2)
present per rosette before and after treatment. For the final analyses, I included only the number
of new leaves and new turions observed per treatment group as these would be indicative of the
plant’s potential for productivity or to propagate by means of resistant buds that can give rise to
new plants. Each rosette was placed in its own compartment for monitoring over the course of 28
days, as previously described.

Illustration by Bruce Kerr

Figure 3.2. Illustration of a European frogbit rosette (Michigan Department of Environmental
Quality 2018), with inset photos showing turions.

3.2.3 Statistical analyses
3.2.3.1 Pressure washing experiments
For the periphyton experiment, generalised linear models (GLMs) for a Gaussian
distribution (linear regression) were used to determine the relationship between pressure
(pressure) as the predictor variable, and the dry mass of algae remaining on surfaces after
pressure-washing (algae dry mass) as the response variable. I tested models including pressure as
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linear and/or quadratic terms, and selected the best model using Aikaike’s Information Criteria
(AIC) values (Appendix D – Table 1). The chosen regression model was then used to estimate the
pressure output corresponding to the least amount of algal residue remaining on surfaces after
pressure-washing.
The data from the gel experiment were analysed using Poisson regression (GLM with the
“Poisson” family function and “log” link function). I determined if the number of leaf fragments
remaining attached after pressure washing (number of leaves as response variable) was affected
by both pressure (pressure) and the orientation of the surface washed (orientation) as the
predictor variables. I tested models including linear and/or quadratic cubic terms for pressure, or
with orientation as a linear term (Appendix D – Table 1). The best-fitted model was selected
using quasi-AIC (qAIC) values after testing for overdispersion in the data. A quasi-Poisson
regression was then used to determine the number of leaves remaining on surfaces as pressure
increases for each orientation (vertical or angled surface), as well as to estimate the pressure
output corresponding to the minimum number of leaves remaining attached. Since a non-linear
model that showed a concave relationship between pressure and leaf count was eventually
selected, I was interested in the pressure output that resulted in the minimum number of leaves
remaining attached as an indicator of the most efficient pressure, rather than for a specific
percentage of leaves removed.
3.2.3.2 Experiments on invertebrates
I used logistic regressions to determine the relationship between treatment conditions and
survival among banded mystery snails and zebra mussels (two separate size classes). More
specifically, I applied GLMs (Appendix D – Table 2) with the “binomial” family function and
“logit” link function to determine the relationship between the probability of snails or zebra
mussels surviving after treatment (survival as response variable) and the following predictor
variables for each experiment:
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(i)

hot water experiment; linear and quadratic terms for water temperature (temperature) and
linear terms for immersion time (immersion time), or interactions of the two variables,

(ii)

air-drying experiment; linear and quadratic terms for air-drying duration (drying time),

(iii)

experiments combining hot water and air-drying; linear and quadratic terms for both
water temperature (temperature) and drying duration (drying time), or interactions of the
two variables.
If the data for each experiment had significant dispersion, I used qAIC values to select

the best model, and performed logistic regressions for a quasi-binomial distribution. I used the
selected logistic regression model to estimate the proportion of snails or zebra mussels that would
be alive after exposure to each treatment type. I further determined the conditions corresponding
to 50%, 90% and 99% mortality among snails and zebra mussels, more specifically (i) the water
temperature and immersion times in the hot water experiment, (ii) the air-drying duration in the
desiccation experiment, and (iii) the required air-drying duration following immersion at five
water temperatures in the combined exposure experiment.
Experiments on spiny waterfleas contained fewer treatment groups than the experiments
on the other invertebrates due to high mortality occurring at lower temperatures and/or air-drying
times. Hence, the treatment conditions were considered categorical variables, and I conducted
Analyses of Variance (ANOVAs). I determined if the assumptions of the test were met by
assessing diagnostic plots, and by performing Shapiro-Wilk and Bartlett tests for normality and
homoscedasticity, respectively. For the hot water experiments on spiny waterfleas, I performed
two-way ANOVA to assess whether there were main effects of water temperature or immersion
time on the number of spiny waterfleas alive after treatment, as well as whether there was an
interaction between temperature and time in their influence on survival. Similarly, I conducted
two-way ANOVA for the data from the experiment combining hot water and air-drying to assess
any main effect or interaction of water temperature and air-drying duration. One-way ANOVA
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was used for data from the air-drying experiments. A significance level of 0.05 was used for all
tests. I conducted post-hoc tests (Tukey HSD) to evaluate the difference among levels if a
significant interaction or main effects were detected for any of the experiments.
3.2.3.3 Experiments on aquatic plants
I used Poisson regression to determine the relationship between treatment conditions and
growth among plants, post-treatment. Each group of ten Eurasian watermilfoil and Carolina
fanwort fragments, or whole European frogbit rosette, were assigned a unique number (plant ID),
and the analyses were repeated for each plant structure of interest, namely leaves, roots, and
branches among Eurasian watermilfoil and Carolina fanwort, and leaves and turions among
European frogbit. The response variable (count) used in all analyses was the difference between
counts of structures at week 4 of monitoring and the minimum count recorded at any week for
each unique plant ID, as a quantitative indicator of new growth at the end of the recovery period.
The data was transformed by adding 1 to all structure counts to meet the assumptions of the test,
which were determined using diagnostic plots; I verified for any violation of the systematic
component of the regression from the plot of residuals versus predicted values for the models, and
I assessed the expected mean-variance relationship using the “scale-location” plot. Using GLMs
with the “Poisson” family function and “log” link function (Appendix D – Tables 3 and 4), I
determined whether the final number of structures among all species were affected by the
following predictor variables:
(i)

hot water experiment; linear and quadratic terms for water temperature (temperature) and
linear terms for immersion time (immersion time), or interactions of the two variables,

(ii)

air-drying experiment; linear and quadratic terms for air-drying duration (drying time),

(iii)

experiments combining hot water and air-drying; linear and quadratic terms for both
water temperature (temperature) and drying duration (drying time), or interactions of the
two variables.
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The best-fitted model was selected using qAIC values after testing for overdispersion in
the data. I used the selected quasi-Poisson model to estimate the treatment conditions that would
result in leaf, root, branch, or turion counts of less than one as a measure of no new growth
among plant specimens, after a recovery period of four weeks.
3.2.3.4 Experiments on acclimation and hot water exposure
Similar to the statistical methods previously described for experiments on invertebrates, I
used logistic regression (GLMs with the “binomial” family function and “logit” link function) to
determine if the probability of banded mystery snail and zebra mussel surviving after treatment
was associated with acclimation temperature (acclimation) and hot water treatment temperature
(hot water). The models tested included the linear term for acclimation, and linear and quadratic
terms for hot water (Appendix D – Table 5). The best model was selected using qAIC after
testing for overdispersion in the data, and used to estimate the hot water temperature required for
50%, 90%, and 99% mortality in each acclimation group. For the Eurasian watermilfoil data, I
used Poisson regression to assess the relationship between the predictor variables (linear and
quadratic terms for both acclimation and hot water) and count, representing the difference
between the number of leaves, roots, and branches at week 3 of monitoring (final measurement)
and the minimum count recorded across all weeks. The best model determined by qAIC after
testing for overdispersion was used to estimate the conditions corresponding to no new growth at
the end of three weeks of recovery. The data was transformed by adding 1 to all counts to meet
the assumptions of the test (as described in section 3.2.3.3), and I used GLMs with the “Poisson”
family function and “log” link function.
All analyses were performed using the statistical software R (version R-3.5.2, R Core
Team 2020), and figures were created with the ggplot2 package (Wickham 2016).
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3.3 Results
3.3.1 Results of pressure-washing experiments
3.3.1.1 Periphyton experiment
There was a significant concave relationship between water pressure and the dry mass of
algae remaining on the tile surfaces after pressure-washing (Appendix E – Table 1). The dry mass
of algae remaining decreased with increasing pressure, except at the highest pressure tested,
where the amount of algae remaining increased compared to lower pressures. The selected model
showed that pressure had a significant effect on the dry mass of algae remaining after washing
(Appendix F – Table 1), and a predicted pressure of 921 psi corresponded to the minimum dry
mass of algae (0.008g; Figure 3.3).

Figure 3.3. Relationship between dry-mass of algae remaining attached to surfaces after pressurewashing and pressure output. Jittered open circles represent the observed data, with the solid
black line and shaded area indicating the regression line and 95% confidence band, respectively.
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3.3.1.2 Gel experiment
I found a significant concave relationship between water pressure and the number of
leaves remaining attached to tile surfaces after pressure-washing, whether the surface was
perpendicular or at an angle to the ground (Appendix E – Table 1). For both orientations, the
number of leaves remaining attached decreased as pressure increases, but, as with the periphyton,
increased at the highest pressure tested (1950 psi). Here, both pressure and orientation had
significant effects on the amount of plant remaining (Appendix F – Table 1), with increasing
pressure resulting in fewer leaves remaining (Figure 3.4). Interestingly, these results also indicate
that the vertical surface retained 36% more plant fragments than the angled surface. Using the
best model, I determined that a pressure of 1113 psi was required to remove the greatest number
of fragments by pressure washing for either the vertical (89.2%) or angled surface (92.0%).

Figure 3.4. Relationship between number of fragments remaining attached to surfaces and
pressure output. Jittered open circles show the observed data, with the solid black and blue lines
indicating the regression lines for the vertical and angled surfaces, respectively. The shaded areas
represent the 95% confidence bands for both orientations.
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3.3.2 Results of experiments on invertebrates
3.3.2.1 Effects of hot water immersion on invertebrates
When exposed to hot water, the number of banded mystery snails that survived
significantly decreased with both increasing water temperature and increasing exposure duration
(Appendix F – Table 2). Using the selected logistic regression model (Appendix E – Table 2), I
predicted the proportion of snails surviving after hot water exposure for each immersion times,
and observed that there was a rapid decrease in survival as from temperatures above 50°C (Figure
3.5), and that a lower minimum water temperature was required for 50% to 99% mortality when
immersion time increases (Table 3.2).

Figure 3.5. Relationship between banded mystery snail survival and hot water temperature. The
observed proportion of snails surviving at each temperature tested is shown as jittered open
circles, and the solid lines and shaded areas represent the regression lines and the 95% confidence
bands, respectively, for each immersion time.
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From the acclimation experiments where only an exposure of 5s was applied, I also found
that the temperature of hot water used for immersion significantly reduced the proportion of
snails surviving. Although, from the best model (Appendix E – Table 3), increasing acclimation
temperature was associated to reduced survival, its effect was not statistically significant
(Appendix F – Table 2). In general, lower water temperatures were required to produce the same
percentage mortality when acclimation temperatures increase, but the difference was small among
all acclimation temperature groups (Figure 3.6, Table 3.2).

Figure 3.6. Relationship between banded mystery snail survival and hot water temperature among
three acclimation temperature groups. The jittered open circles show the observed data. The solid
lines and shaded areas represent the regression lines and 95% confidence bands, respectively, for
each acclimation temperature.
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Table 3.2. Predicted minimum water temperature required for 50-99% banded mystery snail
mortality (rounded to nearest degree).
Mortality

Immersion times
2s

5s

10s

Water temperature required (oC)
50%

58

56

53

90%

61

59

56

99%

65

63

59

Acclimation temperature
15°C

20°C

25°C

Water temperature required (oC)
50%

54

53

52

90%

62

62

61

99%

69

68

68

As with the snails, zebra mussels of both size classes had lower survival when both water
temperature and exposure duration increased (Figure 3.7). Increasing water temperature resulted
in significantly fewer small zebra mussels surviving after exposure, and although the model
selected (Appendix E – Table 2) indicates that longer immersion duration also results in lower
survival, the latter was not statistically significant (Appendix F – Table 3). This is further
corroborated by the small difference among predicted temperatures required for a given
percentage mortality after immersion for two, five or ten seconds (Table 3.3). The same model
was used for large zebra mussels. Increasing both water temperature and immersion time were
associated with significantly lower survival among large zebra mussels (Appendix F – Table 3).
Figure 3.7 shows the predicted change in the proportion of small and large zebra mussels
surviving hot water treatment with increasing water temperature, whereas the minimum water
temperature required to achieve 50% to 99% mortality for exposures of two to ten seconds are
presented in Table 3.3. For both zebra mussel size classes, survival decreased rapidly after
immersion at 40°C, compared to a higher temperature of 50°C for banded mystery snails.
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Figure 3.7. Relationship between zebra mussel survival and hot water temperature (small zebra
mussels – top; large zebra mussels – bottom). The observed proportion of zebra mussels
surviving at each temperature tested is shown as jittered open circles, and the solid lines and
shaded areas represent the regression lines and the 95% confidence bands, respectively, for each
immersion time.
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Table 3.3. Predicted water temperature required for 50-99% zebra mussel mortality (rounded to
nearest degree).
Mortality

Immersion times
2s

5s

10s

Water temperature (oC)

Small zebra mussels
50%

46

45

42

90%

52

51

50

99%

57

57

55

Water temperature (oC)

Large zebra mussels
50%

48

47

43

90%

55

54

52

99%

61

60

58

Large zebra mussels

Acclimation temperature
15°C

20°C

25°C
o

Water temperature required ( C)
50%

44

45

47

90%

47

48

50

99%

50

51

52

From the acclimation experiments using only the large (15-20mm) size class of zebra
mussels, I found that increasing hot water temperature significantly reduced zebra mussel
survival, with a rapid decrease at temperatures above 40°C, whereas increasing acclimation
temperature resulted in significantly higher survival after exposure to hot water (Appendix E –
Table 3, and Appendix F – Table 3). Contrary to the findings on banded mystery snails,
increasing acclimation temperatures resulted in zebra mussels requiring higher water
temperatures to produce the same percentage mortality among all acclimation temperature groups
(Figure 3.8, Table 3.3).
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Figure 3.8. Relationship between large zebra mussel survival and hot water temperature among
three acclimation temperature groups. The jittered open circles show the observed data. The solid
lines and shaded areas represent the regression lines and 95% confidence bands, respectively, for
each acclimation temperature.

Spiny waterfleas exposed to hot water did not survive temperatures ≥ 50°C. Results of
the two-way ANOVA showed that only water temperature had a significant main effect on spiny
waterfleas survival (F = 91.241, dftemperature = 2, dfresiduals = 22, p < 0.05). There was no significant
interaction (F = 1.375, dfinteraction = 4, dfresiduals = 18, p = 0.282) between water temperature and
immersion time, or main effect of immersion time (F = 1.098, dftime = 2, dfresiduals = 22, p = 0.351).
Significantly fewer spiny waterfleas survived after immersion at 50°C than at either 25°C or 40°C
(Tukey HSD adjusted p < 0.05), whereas there was no statistically significant difference in the
number of surviving spiny waterfleas at 25°C compared to 40°C (Tukey HSD adjusted p = 0.593;
Figure 3.9).
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Figure 3.9. Comparison of number of spiny waterfleas surviving among hot water treatment
groups. Groups sharing the same letter indicators were not significantly different from one
another based on pairwise Tukey HSD test.

3.3.2.2 Effects of air-drying on invertebrates
The results of the analyses on banded mystery snail survival after air-drying revealed that
the number of snails surviving showed significant decrease as air-drying duration increased
(Appendix F – Table 4). As shown in Figure 3.10, the rate of decrease in survival was greatest at
the lower air-drying times, and decreased as time increases. However, using the model selected
(Appendix E – Table 2), I could not determine the minimum air-drying duration required for 50%
to 99% mortality, as the maximum mortality achieved among banded mystery snails was 48.2%,
which corresponds to a minimum duration of 140h (approximately six days).
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Figure 3.10. Relationship between banded mystery snail survival and air-drying duration, with
jittered points representing the observed data. The solid line and shaded area represent the
regression line and the 95% confidence bands, respectively.

Zebra mussels were more susceptible to air-drying than snails. There was no significant
relationship between air-drying duration and survival among small zebra mussels (Appendix F –
Table 4). From the selected model (Appendix E – Table 2), I predicted that 50%, 90% and 99%
mortality occurred after a minimum air-drying duration of 15.5, 15.9 and 16.2 hours respectively,
indicating that almost no survival should be expected within one day of air-drying for small zebra
mussels. However, survival among larger zebra mussels was significantly lower with longer airdrying times (Appendix F – Table 4). Figure 3.11 shows the predicted proportion of large zebra
mussels remaining alive as air-drying duration increases. From the selected model (Appendix E –
Table 2), I predicted that the minimum air-drying time required for 50%, 90%, and 99% mortality
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was 25.6h, 44.3h, and 58.0h respectively, indicating that a duration of approximately 2.5 days
would be sufficient for almost no survival among larger zebra mussels.

Figure 3.11. Relationship between large zebra mussel survival and air-drying duration (jittered
points represent the observed data, the solid line and shaded area indicate the regression line and
the 95% confidence bands, respectively).

The results of the one-way ANOVA for spiny waterfleas showed that air-drying duration
had a significant effect on the number of spiny waterfleas remaining alive after exposure to air (F
= 19.00, dftime = 2, dfresiduals = 6, p = 0.003). Significantly fewer spiny waterfleas were alive after
3h (Tukey HSD adjusted p = 0.004) and 12h (Tukey HSD adjusted p = 0.004) of air-drying
compared to after 1h. As shown in Figure 3.12, there was 100% mortality among spiny waterfleas
after > 3h of air-drying.
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Figure 3.12. Comparison of number of spiny waterfleas surviving among air-drying groups.
Groups with the same letter indicators were not significantly different from one another based on
pairwise Tukey HSD test.

3.3.2.3 Effects of combining hot water exposure and air-drying on invertebrates
In this experiment, banded mystery snails were again the most resistant of the three
species tested. Increasing water temperature or air-drying duration each resulted in fewer snails
surviving hot water immersion followed by air-drying (Figure 3.13). From the selected model
(Appendix E – Table 2), the significant negative effect of temperature2 on the log odds of snails
surviving was dampened by the significant positive effect of temperature, which also had a
greater magnitude (Appendix F – Table 5). Although longer air-drying duration significantly
reduced survival for all water temperature groups, minimum air-drying durations for at least 90%
mortality among banded mystery snails could only be accurately predicted for the highest water
temperatures (Table 3.4).
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Table 3.4. Predicted air-drying time required for 50-99% banded mystery snail mortality after hot
water immersion for 5s at temperatures from 25°C to 70°C.
25°C
Mortality
50%
90%

72.10 h
3.0 days
*

99%

*

Water temperature (oC)
40°C
50°C
60°C
Air-drying duration
96.93 h
66.13 h
†
4.0 days
2.8 days
*
*
82.41 h
3.4 days
*
*
*

70°C
†
†

68.47 h
2.9 days
Note: * air-drying duration cannot be accurately predicted for these mortality rates and water
temperatures; † mortality rates expected without air-drying (< 3h) at these temperatures.

Figure 3.13. Relationship between banded mystery snail survival and air-drying time following 5s
exposure to water at 25°C to 70°C (jittered open circles represent the observed proportion of
snails surviving; the solid lines and shaded areas represent the regression lines and the 95%
confidence bands, respectively, for each water temperature).
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Compared to snail survival which remained high when water temperatures of < 60°C
were combined with air-drying, zebra mussels of both size classes had complete mortality prior to
air-drying when they were exposed to hot water at ≥ 50°C for five seconds; therefore, the
analyses were conducted only on data for specimens exposed to 25° and 40°C. The selected
models for both small and large zebra mussels (Appendix E – Table 2) showed that survival was
affected by air-drying duration only at the lower temperatures, that is, survival in both size classes
were significantly reduced with increasing air-drying duration (Appendix F – Table 5).
Using the selected model to predict the proportion of zebra mussels surviving after
exposure to both hot water immersion and air-drying (Figure 3.14 and Figure 3.15), I observed
that there was a rapid decrease in survival after air-drying durations of at least 12h. Regardless of
water temperature, the minimum air-drying times required for 50%, 90%, and 99% mortality
were 12.0h, 20.8h, and 27.5h respectively among small zebra mussels, and 22.9h, 32.4h, and
40.2h respectively among large zebra mussels. Overall, complete mortality can be expected after
2 days of air-drying if zebra mussels are exposed to water temperatures between 25°C and 50°C.

Figure 3.14. Relationship between small zebra mussels survival and air-drying duration following
5s exposure to water at 25°C and 40°C.
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Figure 3.15. Relationship between large zebra mussels survival and air-drying duration following
5s exposure to water at 25°C and 40°C (jittered open circles represent the observed proportion of
zebra mussels surviving; the solid line represents the best fit regression line).

In this experiment, spiny waterflea survival was reduced as air-drying duration increased,
if they were first exposed to water between 25°C and 50°C. The results of the two-way ANOVA
showed that there was no significant interaction between water temperature and air-drying time
on spiny waterflea survival (F = 1.626, dfinteraction = 4, dfresiduals = 22, p = 0.203). There was
however a significant main effect of air-drying duration (F = 8.891, dftime = 2, dfresiduals = 24, p =
0.00114), but not hot water temperature (F = 1.725, dftemperature = 2, dfresiduals = 24, p = 0.198).
There were significantly more surviving spiny waterfleas in the group exposed to 1h air-drying
after hot water immersion, than in the 3h and 12h groups (Tukey HSD adjusted p = 0.004) where
complete mortality occurred (Figure 3.16).
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Figure 3.16. Comparison of the number of spiny waterfleas alive among three air-drying groups
after exposure to hot water.

3.3.3 Results of experiments on macrophytes
3.3.3.1 Effects of hot water on macrophytes
The selected model (Appendix E – Table 4) showed that only hot water temperature, but
not immersion duration, had an effect on leaf, root, and branch growth among Eurasian
watermilfoil fragments. Despite the slow decrease in new growth at lower temperatures
(Figure 3.17 to Figure 3.19), the number of new leaves, roots, and branches decreased with
increasing water temperature (Appendix F – Table 6).
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Figure 3.17. Relationship between new leaf growth at week 4 and hot water temperature among
Eurasian watermilfoil fragments. Jittered circles represent the observed data; the solid line and the
shaded area represent the regression and the 95% confidence band, respectively.

Figure 3.18. Relationship between new root growth at week 4 and hot water temperature among
Eurasian watermilfoil fragments.
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Figure 3.19. Relationship between new branch growth at week 4 and hot water temperature
among Eurasian watermilfoil fragments.

In addition, results from the acclimation experiment (Appendix F – Table 6) on Eurasian
watermilfoil showed that increasing both water temperature and acclimation temperature resulted
in significantly fewer leaves after three weeks (Figure 3.20 and Appendix E – Table 3). New root
and new branch growth were negatively affected by water temperature only, regardless of
acclimation temperature ( Figure 3.21 and Figure 3.22; Appendix E – Table 3). While a minimum
temperature of 61.67°C and 62.57°C would be required to prevent new root and branch growth
irrespective of acclimation temperature, the predicted temperatures required for no new leaf
growth were 69.77°C, 69.19°C, 68.60°C, and 68.02°C for fragments acclimated at 15°C, 20°C,
25°C, and 30°C respectively.
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Figure 3.20. Relationship between new leaf growth and hot water temperature among Eurasian
watermilfoil fragments acclimated to four different temperatures.

Figure 3.21. Relationship between new root growth and hot water temperature among Eurasian
watermilfoil fragments acclimated to four different temperatures.
64

Figure 3.22. Relationship between new branch growth and hot water temperature among Eurasian
watermilfoil fragments acclimated to four different temperatures.

Among Carolina fanwort fragments, leaf and branch growth (Appendix F – Table 7, also
Figure 3.23 and Figure 3.25) decreased significantly as water temperature increased. Although
the model selected for Carolina fanwort root growth (Appendix E – Table 4) indicates that the
number of new roots decreased with increasing immersion duration (Figure 3.24), this effect was
not significant (Appendix F – Table 7).
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Figure 3.23. Relationship between new leaf growth at week 4 and hot water temperature among
Carolina fanwort fragments. Jittered circles represent the observed data; the solid line and the
shaded area represent the regression and the 95% confidence band, respectively.

Figure 3.24. Relationship between new root growth at week 4 and hot water temperature among
Carolina fanwort fragments.

66

Figure 3.25. Relationship between new branch growth at week 4 and hot water temperature
among Carolina fanwort fragments.

Among European frogbit, new growth was inhibited by increasing water temperature
(Figure 3.26) and immersion time. Higher water temperatures resulted in significantly reduced
new leaf growth. The best model selected for the analyses (Appendix E – Table 4) indicate that
the number of new turions was affected by both water temperature and immersion duration;
however, the effect of immersion time was not statistically significant (Appendix F – Table 8).
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Figure 3.26 Relationship between hot water temperature and new leaf growth (left) and new
turion growth (right) at week 4 among European frogbit rosettes.

From the predicted water temperatures required for no new growth (Appendix F – Table
9), an average water temperature of at least 60°C is necessary to ensure that Eurasian watermilfoil
and Carolina fanwort fragments do not remain viable (Table 3.5). Interestingly, predictions from
the acclimation experiment showed that a higher temperature of close to 70°C was required to
prevent new leaf growth among Eurasian watermilfoil, although that to prevent root and branch
growth was also close to 60°C. European frogbit was less resistant to hot water, and a minimum
temperature of 42°C could be used to prevent new leaf growth or turion production (Table 3.5).
Table 3.5. Predicted minimum water temperature required for no new growth among three
aquatic plant species, rounded to nearest degree.
Immersion times
5s

2s

10s

Eurasian watermilfoil
Water temperature (oC)
58
58
58

Leaf
Root
Branch
Carolina fanwort
Leaf
Root
Branch
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Water temperature (oC)
60
61
61
68

58

European frogbit
Leaf
Turion

42

Water temperature (oC)
42
40
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3.3.3.2 Effects of air-drying on macrophytes
Overall, increasing air-drying duration significantly decreased new leaf, new root, and
new branch growth among Eurasian watermilfoil and Carolina fanwort fragments (Figure 3.27
and Figure 3.28), as well as new leaf growth and new turion production among European frogbit
(Appendix F – Table 9, also Figure 3.29). However, from the selected models (Appendix E –
Table 4), I predicted that longer air-drying durations were required to prevent new growth among
Carolina fanwort compared to Eurasian watermilfoil (Table 3.6).
Table 3.6 Predicted minimum air-drying duration required for no new growth among three
aquatic plant species.

Eurasian watermilfoil
Carolina fanwort
European frogbit

Leaf
83.58h
3.5 days
147.27h
6.1 days
Leaf
1h

Root
76.89h
3.2 days
153.12h
6.4 days
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Branch
84.08h
3.5 days
125.54h
5.2 days
Turion
8.86h

Figure 3.27. Relationship between air-drying duration and new leaf (left), new root (middle), and new branch (right) growth among
Eurasian watermilfoil. Jittered circles represent the observed data; the solid lines and the shaded areas represent the regression and the
95% confidence band, respectively.

Figure 3.28. Relationship between air-drying duration and new leaf (left), new root (middle), and new branch (right) growth among
Carolina fanwort.
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Figure 3.29. Relationship between air-drying duration and new leaf (left) and new turion (right)
growth at week 4 among European frogbit.

3.3.3.3 Effects of hot water immersion followed by air-drying on macrophytes
Combining decontamination methods produced a rapid decrease in new growth (Figure
3.30 and Figure 3.31). Among Eurasian watermilfoil fragments exposed to the combined
decontamination methods, the selected models (Appendix E – Table 4) indicate that both
increasing hot water temperature and increasing air-drying duration resulted in significantly
reduced new leaf, root, and branch growth. Interestingly, for Carolina fanwort, I found a
significant positive interactive effect of hot water temperature and air-drying duration on growth,
but the magnitude of this effect was smaller than the significant negative relationship between
growth and either water temperature or air-drying (Appendix F – Table 10). The predicted airdrying durations required for no new growth among Eurasian watermilfoil and Carolina fanwort
fragments, after exposure to hot water, are shown in Table 3.7.
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Table 3.7. Predicted minimum air-drying duration required for no new growth among two aquatic
plant species after hot water exposure.
Hot water temperature
40°C
50°C
60°C
70°C
Eurasian watermilfoil
Air-drying duration
Leaf
91.77h
70.23h
50.32h
26.07h
3.8 days
2.9 days
2.1 days
1.1 days
*
Root
48.56h
32.63h
24.20h
16.82h
10.14h
2.0 days
1.4 days
1.0 day
0.7 day
0.4 day
Branch
41.30h
28.88h
21.97h
15.77h
10.03h
1.7 days
1.2 days
0.9 day
0.7 day
0.4 day
Carolina fanwort
Air-drying duration
Leaf
65.19h
54.65h
38.37h
*
*
2.7 days
2.3 days
1.6 days
Root
60.86h
53.01h
38.25h
*
*
2.5 days
2.2 days
1.6 days
Branch
59.22h
50.67h
35.44h
*
*
2.5 days
2.1 days
1.5 days
Note: * No new growth expected even without air-drying (< 3h) at these temperatures.
25°C
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Figure 3.30. New leaf (top left), new root (top right), and new branch (bottom left) growth after
four weeks among Eurasian watermilfoil fragments with increasing air-drying duration, after
exposure to hot water. Jittered points show the observed data for water temperature and drying
duration, while the solid line and the shaded areas represent the regression line and 95%
confidence bands, respectively.
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Figure 3.31. New leaf (top left), new root (top right), and new branch (bottom left) growth after
four weeks among Carolina fanwort fragments with increasing air-drying duration, after exposure
to hot water.

The models selected for European frogbit (Appendix E – Table 4) indicate that both
water temperature and air-drying duration might reduce new leaf growth, but their effect was not
statistically significant. Although the results suggest that increasing water temperature
significantly increases turion growth, the latter was not affected by air-drying duration (Appendix
F – Table 10). These results, however, need to be interpreted cautiously as the count of new
structures was generally low (maximum of 6 new leaves and 4 new turions) across all replicates.
Overall, it was not possible to accurately predict the conditions required for no new growth
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among European frogbit exposed to both hot water and air-drying, as the predicted number of
new leaves and turions were always less than one (Figure 3.32).

Figure 3.32. New leaf (left) and new turion (right) growth at week 4 among European frogbit
rosettes with increasing air-drying duration, after exposure to hot water.

3.4 Discussion
The findings from this study provide support for the use of hot water, air-drying, and
pressure washing as decontamination methods for recreational watercraft, as recommended in
Ontario and elsewhere. However, specific conditions need to be implemented to ensure the
effectiveness of these decontamination methods in preventing the potential transport of viable
specimens of aquatic invasive invertebrates or plants.
3.4.1 Pressure-washing
The results of the pressure washing experiments revealed that spray-washing boat hulls at
moderate pressures can remove a considerable amount of attached material, such as periphyton or
small plant fragments. Although a previous study reported that high water pressure (1800 psi)
removed more attached plant material and small organisms than a low pressure of 40 psi
(equivalent to the output from a garden hose) (Rothlisberger et al. 2010), I determined that water
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pressure ranging from approximately 900 to 1200 psi was the most effective, after testing a range
of pressure output. This range corresponds to the output of light-duty or electrical pressure
washers, and eliminated approximately 90% of the amount of material attached to surfaces in
both experiments. In addition, the highest pressure tested (1950 psi) was less effective than
pressures in the 900-1200 psi range; during the experiments, I observed that the highest pressure
seemed to cause more splash back and redistributed the material over the surfaces, instead of the
water running off as with the lower pressure groups. More material was removed from the angled
than the vertical surface, although the difference was less than 3%. This difference might have
been due to run-off water washing away any dislodged material off of the surface. Therefore,
these results show that commercially available pressure-washers can be effective cleaning tools
for recreational boaters.
3.4.2 Rinsing with hot water
When using hot water for decontamination, I found that a minimum water temperature of
60°C was necessary to produce 99% mortality among small invertebrates and the plant species
tested, when the exposure duration was very brief; banded mystery snails were more resistant
however, and required a minimum water temperature of 65°C. In a second experiment to assess
whether mortality rates would be influenced by seasonal changes in the lake water temperature
experienced by the species of interest over the course of a boating season, specimens were
accustomed to different water temperatures for a week, before exposure to hot water. I found that
Eurasian watermilfoil and snails from cooler waters were more resistant to hot water exposure –
in line with previous studies that found cold-acclimated snails to be more tolerant of various
stressors (Wada and Matsukura 2011, Yoshida et al. 2014, Tamburi et al. 2018) – whereas the
opposite was noted among zebra mussels. Despite these differences in the survival rate among
specimens from different acclimation groups, the minimum hot water temperature required for
complete mortality only differed by approximately 2°C among all species tested. This suggests
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that adjustments to the minimum hot water temperature used in decontamination are not
necessary over the span of a season, regardless of lake water temperature.
Overall, the findings of this study revealed that a much higher water temperature than the
recommended 50°C is required to produce complete mortality among several aquatic invasive
species, when hot water is used for rinsing. However, rinsing boats outdoors with hot water at a
temperature that ensures no survival among several invasive species can be difficult to implement
for recreational boaters. The equipment or installations required to consistently heat large
volumes of water to high temperatures are unlikely to be available or accessible to a large number
of users. Although the experiments I conducted tested short durations to simulate rinsing rather
than immersion, it is still important to ensure that a minimum contact duration is applied. Another
major obstacle in effectively rinsing boats with hot water is heat loss, as outside conditions and
the nature of materials being washed can rapidly reduce the temperature of water being applied. A
recent study on pressurized hot water spray use in decontamination has reported that the
temperature of hot water at the site of contact was between 5°C to 20°C lower than that indicated
by the machine used, even at close range, and that heat loss increases drastically with the distance
between the source and the surface being washed (Bradbeer et al. 2021). Also considering the
heightened risk for personal injury or damage to equipment at temperatures exceeding 50°C,
rinsing boats with hot water may therefore not be practical for recreational users.
However, previous studies that assessed the effect of hot water immersion as a
decontamination method have shown that complete mortality occurs when organisms are exposed
to water at less than 50°C for longer periods than that of rinsing. For instance, Asian clams,
quagga mussels, and zebra mussels do not survive exposure lasting from one minute to 20
minutes at temperatures between 38°C to 49°C (Beyer et al. 2011, Anderson et al. 2015,
Coughlan et al. 2019), while other smaller organisms such as killer shrimp (Anderson et al. 2015,
Sebire et al. 2018, Shannon et al. 2018), bloody-red shrimp (Anderson et al. 2015, De Stasio et al.
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2019), and spiny waterfleas (Beyer et al. 2011) also had complete mortality when immersed in
water at temperatures from 40°C to 50°C, for 30s. Hence, immersion in hot water could still be an
effective decontamination method but mainly for smaller equipment that can be immersed, or for
compartments that can be flooded before draining.
3.4.3 Air-drying
The results from the air-drying experiments provide some support for the recommended
air-drying duration of two to seven days. More specifically, I found that smaller invertebrates
such as zebra mussels or spiny waterfleas had complete mortality if allowed to air-dry for
approximately three days. Although the plant species tested required vastly different minimum
air-drying times for no new growth (European frogbit, half day; Eurasian watermilfoil, 3.5 days;
Carolina fanwort, 6.5 days), a week of air-drying could ensure that plant fragments are nonviable.
Conversely, I found a low mortality rate among banded mystery snails within the tested
period, indicating that adults of this species of operculate snails are capable of withstanding
exposure to air outside of water for extended durations. When exposed to air for extended
periods, operculate snails have been observed to seal their opercula, thus reducing water loss
(Unstad et al. 2013). The literature shows that aquatic snail survival following air-drying varies
among species; separate studies have reported 100% mortality among New Zealand mudsnail
after 48h of air-drying (Richards et al. 2004, Collas et al. 2014), but adults and juveniles from
other species such as bladder snails, channeled apple snails, Chinese mystery snails, and island
apple snails were found to survive from 14 to 154 days out of water (Havel 2011, Collas et al.
2014, Yoshida et al. 2014, Bernatis et al. 2016). Since it is therefore not possible to generalise the
efficacy of decontamination methods to a class of organisms – in this case, invasive gastropods –
it is important for recreational boaters to be aware of the type of organisms potentially present in
the lakes they visit in order to ensure that the appropriate decontamination measures are taken.
78

Among zebra mussels, I observed that 100% mortality occurred after a shorter air-drying
duration among smaller individuals (8 to 12 mm, 16h) compared to larger ones (15 to 20 mm,
58h). This difference in resistance based on the size or life stage of individuals of the same
species has also been found among both bivalves and gastropods (Ricciardi et al. 1995, Montalto
and de Drago 2003, Richards et al. 2004, Havel 2011, Collas et al. 2014, Havel et al. 2014, Snider
et al. 2014, Bernatis et al. 2016). These findings, combined with my results from experiments on
spiny waterfleas, would suggest that air-drying is an effective method to kill smaller organisms or
younger individuals of certain species, which owing to their size, might more easily escape visual
detection. However, as larger individuals or organisms such as snails might be more tolerant of
air-drying, recreational boaters should be encouraged to manually remove larger, visible
organisms and entangled plant material before implementing other decontamination techniques.
Previous studies have also shown that environmental conditions such as air temperature
and relative humidity can affect the survival of aquatic invasive species exposed to air. Although
a few studies have shown that higher air temperatures increased mortality among quagga mussels
(Snider et al. 2014) and zebra mussels (Ricciardi et al. 1995) during the air-drying period, there is
more evidence that relative humidity can predict mortality, with higher relative humidity allowing
various species of bivalves and snails to tolerate air-drying for longer (McMahon et al. 1993,
Ricciardi et al. 1995, Havel 2011, Bernatis et al. 2016, Piersanti et al. 2018). I did not include air
temperature or relative humidity in the analyses for this study, since all replicates for the airdrying experiments were conducted over the span of the same week, with the start of trials for
each air-drying duration staggered such that the end of each exposure period coincided on the last
day. However, based on the evidence from the literature, recreational boaters should be mindful
of equipment and compartments such as live wells, the bilge and engine, that may retain humidity
or pooled water, and which would enable any organisms present to survive for longer periods
(Johnson et al. 2001).
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In this study, increasing air-drying periods reduced viability/growth among plant
fragments, and this is supported by previous studies on the efficacy of desiccation against
invasive aquatic macrophytes, where water loss as a result of desiccation was positively
correlated to both air-drying time and plant mortality (Evans et al. 2011, Barnes et al. 2013).
Moreover, there is evidence that the ability of plant fragments (Eurasian watermilfoil) to generate
new growth following desiccation was inversely proportional to drying time (Evans et al. 2011).
Although some studies have shown that species such as least duckweed, water fern, and Canadian
waterweed had at least 90% mortality within one to five hours of air-drying (Coughlan et al.
2018), other species such as parrot’s feather and New Zealand pygmyweed are hardier and
require approximately 9 to 23 days of air-drying for the same mortality rate, respectively
(Anderson et al. 2015). As with snails, it is thus important that recreational boaters are aware that
resilience among plants varies by species, and consequently favour at least a week of air-drying,
since new growth can still occur after air-dried plant fragments are returned to water.
3.4.4 Combining decontamination methods and best practices
I determined that implementing more than one decontamination method sequentially was
generally more effective than each method separately, by exposing aquatic invasive species to hot
water for five seconds before allowing them to air-dry. Indeed, the results showed that a shorter
air-drying duration was required for no survival among invertebrates (except small zebra mussels
and spiny waterfleas), or for no new growth in plants. In addition, while a minimum water
temperature of 60°C is required for complete mortality when hot water is used by itself, lower
temperatures of 40°C and 50°C were also sufficient to contribute to complete mortality when
coupled with air-drying among most species assessed. Despite not being able to accurately predict
the conditions for 100% mortality among banded mystery snails in these experiments within the
range of air-drying durations tested, I found evidence that up to 90% mortality can occur if snails
are first exposed to 60°C water, followed by 4 days of air-drying, compared to a mortality rate of
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less than 50% after 6 days of air-drying alone. Interestingly, the combination of hot water and airdrying did not seem more advantageous than the two methods separately against the smallest
invertebrates tested, namely the zebra mussels of the small size class and spiny waterfleas;
similarly, Anderson et al (2015) did not find any significant difference in mortality rates among
zebra mussels, as well as planktonic species such as killer shrimp (Dikerogammarus villosus) and
bloody red mysids (Hemimysis anomala) when hot water use was followed by air-drying at 14°C,
compared to hot water only. The results from the experiments that I conducted showed that
mortality was already very high from air-drying alone among small invertebrates, possibly due to
rapid desiccation resulting from having a higher body surface area to volume ratio, or faster
physiologic complications (for instance, starvation, build-up of metabolites, anoxia) resulting
from higher metabolic rates among younger or smaller organisms. These could also explain how
hot water alone produced very high mortality, before subsequent air-drying.
The results of the present study nonetheless show that implementing more than one
means of decontamination would be a better approach than relying on only one method. Not only
would this approach ensure that a greater number of species and individual organisms are killed
prior to transport, but it can also be easier to implement for recreational boaters. The most
rigorous decontamination methods guaranteed to eliminate the most species and individuals (for
example, water temperatures > 60°C, air-drying for at least a whole week) may not be feasible to
the majority of recreational boaters either due to equipment or time constraints. Hence, the
possibility of combining lower water temperatures and shorter air-drying durations for the same
effect might be a more readily-adopted option. Considering that fouled watercraft and equipment
may potentially carry multiple species (Johnson et al. 2001, Rothlisberger et al. 2010, Kelly et al.
2013) which, as demonstrated by the current study, require different conditions for no survival
(Table 3.8), effective decontamination protocols should ensure complete mortality while targeting
the greatest number of species. Hence, the best approach might be to recommend the
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implementation of more than one means of decontamination as a series of steps, while also
considering ease of implementation and effort for recreational boaters (Figure 3.33). For instance,
recreational boaters could first manually remove visible debris, mud, plant strands and large
invertebrates. Next, pressure washing could be used to detach and wash off plant fragments, large
and small organisms – especially in areas that may be hard to access – and other residues. The
subsequent use of hot water, either for rinsing, immersion of small objects or flooding of
compartments, as well as air-drying are aimed at killing any remaining organisms that may not be
readily detected; however, if previous steps have not been implemented, the water temperature
and air-drying duration need to be increased in order to also be effective against larger, more
resilient invertebrates and macrophyte fragments which would otherwise be less likely present
following manual removal and pressure-washing. This series of action would optimise the
efficacy of individual decontamination methods, and consequently assist in preventing the
secondary spread of aquatic invasive species among lakes by reducing or eliminating viable
propagules that could potentially be transported overland.
Table 3.8. Minimum conditions required for 90% mortality among invertebrates and plants tested.
Water temperature

Air-drying duration

Banded mystery snails

59°C

> 7 days

Water temperature
and air-drying time
60°C and 82.4h

Zebra mussels

54°C

44.3h

25°C and 32.4h

Spiny waterfleas

50°C

3h

25°C and 3h

Eurasian watermilfoil

58°C

84.1h

25° and 91.8h

Carolina fanwort

62°C

153.1h

25°C and 65.2h

European frogbit

42°C

8.9h

Undetermined

Species

Note: Water temperatures shown for 5s immersion; minimum conditions shown for large zebra
mussels and plant structures that were the least sensitive to treatment.
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Figure 3.33. Potential approaches to the implementation of decontamination methods with good,
better, and best efficacy in reducing the number of viable specimens of aquatic invasive species.
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Chapter 4
General Conclusion
While my study findings are in line with previous ones that have assessed the efficacy of
common decontamination measures, I was able to address some of the gaps that were identified in
the literature. With regards to pressure-washing, I assessed a range of pressures, from 50 psi to
almost 2000 psi, and identified the most effective pressure for decontamination that could be
delivered with commonly available equipment. For hot water use, I evaluated the efficacy of
simulated rinsing, which entails very brief exposure and that would have thus been more easily
implemented, rather than prolonged immersion which would necessitate maintaining the water
temperature constant, and only work on small equipment. However, my results show that while
effective, the high temperatures required to ensure complete mortality among several species
could be a barrier to implementation. To my knowledge, no previous study has assessed the effect
of hot water on aquatic invasive snails, and I was able to determine that although adult banded
mystery snails could tolerate temperatures up to 65°C, using this method in combination with
another such as air-drying could improve its efficacy and feasibility. I also assessed if the efficacy
of hot water use would be affected by different environmental conditions that invasive species
would experience over a boating season. Despite some differences in mortality rates, any
difference in the condition required for complete mortality was minor and adjustments to
implementation are not necessary over the course of the season. Another strength of this study
was that carrying out the air-drying experiments in the field enabled me to observe the realistic
effect of air-drying on various organisms under conditions similar to what recreational boaters
would encounter. The air-drying durations tested were also intended to represent realistic periods
over which boats and equipment can be allowed to dry; for instance, one to three hours would
correspond to relaunching at a different site on the same day, 12 hours represents air-drying
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overnight, 60 hours takes into consideration air-drying over a weekend, while five days is the
span boaters would have between two weekend launches (e.g. boat taken out of the water on
Sunday, then relaunched the following Friday).
Nonetheless, some improvements to address the limitations of this study could help better
assess the response of certain invasive species. For instance, we found that banded mystery snails
were more resilient that other species tested, whereas the literature reports varying susceptibility
among snail species. As such, future studies could test additional snail species such as Chinese
mystery snail, New Zealand mudsnail – both operculate invasive snails species already present in
Ontario – as well as channeled apple snails, which although not yet recorded in Ontario lakes
(OFAH/OMNRF Invading Species Awareness Program 2021), can be readily found in the
aquarium trade. To best determine the susceptibility of aquatic invasive snails to air-drying as a
decontamination method, outdoor experiments testing a wider range of air-drying durations,
extending beyond only 7 days are needed. Although I only tested for the effect of seasonal
changes on hot water efficacy, past studies have shown that relative humidity can affect airdrying efficacy and this could be assessed in future outdoors experiments on air-drying among
various species. Finally, in contrast to experiments on Eurasian watermilfoil and Carolina fanwort
where each replicate consisted of ten individual fragments, experiments on European frogbit
considered a replicate to be a single rosette. This resulted in low leaf and turion counts per
replicate, which may not accurately represent growth given the small sample size. Hence in future
studies where whole plants or rosettes are used, more replicates or observation units are
necessary.
Overall, this study revealed that decontamination techniques that would be simple and
safe for recreational boaters to implement are effective against various aquatic invasive species of
concern to freshwater bodies in Ontario and other temperate regions worldwide. Applying
multiple decontamination techniques sequentially might be best approach to help eliminate the
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maximum number of species and specimens from recreational watercraft before use at different
sites. Synthesising the results of the literature review on decontamination methods (Chapter 2)
and the findings from my experiments (Chapter 3) will help inform future management strategies
in the fight against aquatic invasive species.
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Summary
1.

The establishment of aquatic invasive species (AIS) in environments outside of their native
range has negative ecological and economic impacts, and human activities are known to
facilitate their spread across geographical barriers.

2.

Recreational boating activities contribute to AIS spread among disconnected waterbodies
such as inland lakes, as the organisms can become attached to the surface of watercraft,
caught on equipment and trailers, as well as trapped in standing water. Various AIS can
survive overland transport between sites on trailered watercraft and equipment owing to
their broad abiotic tolerance, physiological and metabolic adaptations, as well as the humid
conditions on recreational watercraft.

3.

To prevent the transport of viable AIS specimens and reduce the number of introductory
events to new sites, commonly recommended means of decontamination aimed at
recreational boaters include washing surfaces with high water pressure, rinsing with hot
water, as well as allowing all parts and equipment to air-dry.

4.

In my experiments, I sought to address some of the gaps in the literature, such as the lack
of studies on pressure washing, air-drying conducted under field conditions, the efficacy of
the same treatments on various species, as well as the combination of decontamination
methods.

5.

I tested water pressures ranging from 50 psi to 1950 psi to determine if pressure-washing
can reduce the amount of material on surfaces, in experiments involving naturally-grown
periphyton or manually-placed plant fragments. I found that pressures in the range of 900
to 1200 psi were the most effective, removing approximately 90% of attached material,
whereas the highest pressure tested (1950 psi) was less effective.

6.

I also assessed the effect of exposure to hot water at temperatures ranging from 25°C to
70°C for 2s to 5s, air-drying for periods from one hour to seven days, and the combination
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of both methods on zebra mussels, banded mystery snails, spiny waterfleas, Eurasian
watermilfoil, Carolina fanwort, and European frogbit. I measured the number of surviving
invertebrate specimens and growth of new plant structures after each treatment.
7.

The results from only the hot water experiments showed that exposure to temperatures ≥
60°C was efficient against most species tested, producing 99% mortality among zebra
mussels and spiny waterfleas, and preventing new growth among macrophytes, whereas, a
minimum temperature of 65°C was required for banded mystery snails. In additional
experiments to determine if the lake water temperature to which zebra mussels, banded
mystery snails, and Eurasian watermilfoil were habituated (15°C to 30°C) influenced their
tolerance to hot water exposure, I found that the minimum temperature required for
complete mortality did not vary by a large extent among the lake water temperature groups.

8.

Longer outdoor air-drying durations produced lower survival/viability, and although all
species tested had complete mortality after air-drying for 3 days (zebra mussels and spiny
waterfleas) to 6 days (plant species), banded mystery snails had less than 50% mortality
after almost a week of air-drying.

9.

Combining both treatments by allowing the specimens to air-dry after hot water exposure
had better efficacy than each method separately. Lower minimum water temperatures and
air-drying durations were required, when combined, to produce high mortality among large
zebra mussels, banded mystery snails, and plants.

10.

Overall, my findings support the decontamination methods recommended by the Ontario
Ministry of Natural Resources and Forestry, and similar “Clean, drain and dry” guidelines
from other agencies. However, the results indicate that some modifications to the currently
recommended ranges of pressure, water temperature, or air-drying durations are necessary
to ensure high mortality among the maximum number of specimens and species.
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11.

In addition to considering ease of implementation for recreational boaters, species of
concern for the province, as well as realistic contexts and conditions in the design of these
study, the findings can be used to design best management practices including more than
one technique in order to reduce the spread of aquatic invasive species among sites.
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Appendix A
Systematic literature review – supplementary tables
Table S1. Air-drying conditions for maximum AIS mortality.
INVERTEBRATES (≥ 90% MORTALITY) – adults unless otherwise specified
Taxonomic group
Bivalves

Taxon
Asian clam
Corbicula fluminea (O. F. Müller, 1774)
dark false mussel
Mytilopsis leucophaeata (Conrad, 1831)
golden mussel
Limnoperna fortunei (Dunker, 1857)

Conditions
20°C, RH ~68%

Exposure duration
562h (~ 23 days)

Source
Collas et al. 2014 a

20°C, RH ~68%

68.6h

Collas et al. 2014 a

13°C, RH: 71%
(laboratory)
15.5°C, RH: 78.5% (field)

Montalto and de Drago
2003 a

quagga mussel
Dreissena bugensis Andrusov, 1897

20°C, RH ~68%
(12-18mm)
20°C, RH: 10%,50%
20°C, RH: 95%
14°C, RH: not specified,
organisms sealed in damp
nets
Larvae;
17.5°C, RH: 30%
50%
80%
27.5°C, RH: 30%
50%
80%
20°C, RH ~68%
25°C, RH > 95%
25°C, RH < 5%
small (10-18mm)
20°C, RH: 10%,50%
20°C, RH: 95%
large (21-28mm)
20°C, RH: 10%
20°C, RH: 50%, 95%

192-276h (~ 8-12 days; medium and large
adults), 72h (juveniles)
96-108h (~ 4 days; medium and large adults),
72h (juveniles)
45.2h

zebra mussel
Dreissena polymorpha (Pallas, 1771)

99

3 days
5 days
6.62 days

Collas et al. 2014 a
Ricciardi et al. 1995 a
Anderson et al. 2015 b

Banha et al. 2016
99.6 min (95% CI = 86.2 – 131.3)
100.6 min (95% CI = 91.1 – 113.4)
192 min (95% CI = 157.7 – 253.5)
64.5 min (95% CI = 49.8 – 167.2)
57.6 min (95% CI = 44.4 – 87.2)
188.6 min (95% CI = 172.7 – 211.9)
41.8h
97h
70h

Collas et al. 2014 a
McMahon 1993 a
Ricciardi et al. 1995 a

3-5 days
5-6 days
3-5 days
5-7 days

Crayfish

Gastropods

red swamp crayfish
Procambarus clarkii (Girard, 1852)
signal crayfish
Pacifastacus leniusculus (Dana, 1852)
bladder snail
Physella acuta (Draparnaud, 1805)
channeled applesnail/golden applesnail
Pomacea canaliculata (Lamarck, 1828)

Chinese mystery snail
Cipangopaludina chinensis (Gray, 1834)
island applesnail
Pomacea maculata (Perry, 1810)

New Zealand mudsnail
Potamopyrgus antipodarum (J. E. Gray,
1843)

24°C, RH: 30%
25°C, RH: 30-70%
24°C, RH: 30%

17.6h (95% CI = 15.4 – 21.6)
2-7 days
21.5h (95% CI = 19.2 – 25.6)

Banha and Anastacio 2014
Piersanti et al. 2018 a
Banha and Anastacio 2014

20°C, RH ~68%

36.7h

Collas et al. 2014 a

RH: 51-60%
80-89%
26.4°C, RH: variable (3878%)
17°C, RH: 75%
small juveniles, 6-8 mm
RH: 51-60%
80-89%
26.4°C, RH: variable (3878%)
20°C, RH ~68%
21°C, RH: 20-25%

98 days (juveniles), 154 days (adults)
147 days (juveniles)
24 days vs > 48 days
Note: Two populations were assessed.
14 days

Bernatis et al. 2016

153 days (adults)
133 days (juveniles)
6 days vs 48 days
Note: Two populations were assessed.
43.5h
44.53h (95% CI = 28.55 – 69.46; large),
11.04h (95% CI = 7.52 – 16.19; small)
20.93h (95% CI = 13.44 – 32.62; large),
8.35h (95% CI = 5.43 – 12.85; small)
8.54 days

Bernatis et al. 2016

0.95 days

Anderson et al. 2015 b

1h
72h on felt, up to 24h on all other materials

De Stasio et al. 2019
Tremblay et al. 2019 a

Exposure duration
8.73 days

Source
Anderson et al. 2015 b

4.34 days

Anderson et al. 2015 b

29°C, RH: 20-25%
Amphipods

Plankton

killer shrimp
Dikerogammarus villosus (Sowinsky,
1894)
bloody-red shrimp
Hemimysis anomala G. O. Sars, 1907

Water flea
Daphnia pulex Leydig, 1860
Copepod
Skistodiaptomus pallidus (Herrick, 1879)
AQUATIC PLANTS (≥ 90% MORTALITY)
Plant type
Taxon
Emergent
parrot’s feather
Myriophyllum aquaticum (Vell.) Verdc.
Floating

floating pennywort
Hydrocotyle ranunculoides L. f.

14°C, RH: not specified,
organisms sealed in damp
nets
14°C, RH: not specified,
organisms sealed in damp
nets
20.8°C, RH: 60%
19°C, RH:100%,
organisms on different
materials

Conditions
14°C, RH: not specified,
organisms sealed in damp
nets
14°C, RH: not specified,
organisms sealed in damp
nets

100

Yoshida et al. 2014
Havel 2011

Yoshida et al. 2014
Collas et al. 2014 a
Richards et al. 2004 a

Anderson et al. 2015 b

least duckweed
Lemna minuta Kunth

Floating

water fern
Azolla filiculoides Lam.

Submergent

Canadian waterweed
Elodea canadensis Michx.

Coontail
Ceratophyllum demersum L.
.
curly water-thyme/African elodea
Lagarosiphon major (Ridl.) Moss

curly-leaf pondweed
Potamogeton crispus L.
Eurasian watermilfoil
Myriophyllum spicatum L.

Nuttall’s waterweed
Elodea nuttallii (Planch.) H. St. John

Waterthyme
Hydrilla verticillata (L. f.) Royle

20°C, RH: 18%, 38%
27°C, RH: 18%, 38%,
60%
36°C, RH: 18%, 60%
20°C, RH: 18%, 60%
27°C, RH: 18%, 38%, 60%
36°C, RH: 18%, 38%, 60%

2h
2-4h
2-5h
2-3h
2-3h
2h

Coughlan et al. 2018

Coughlan et al. 2018

20°C, RH: 38%, 60%, 85%
27°C, RH: 18%, 38%, 60%,
85%
36°C, RH: 18%, 38%, 60%

1-3h
1h

“active desiccation” with air
current
25°C, RH: 40%
20°C, RH: 60%
27°C, RH: 38%, 60%
36°C, RH: 38%, 60%
14°C, RH: not specified,
organisms sealed in damp
nets
20°C, RH: 60%
27°C, RH: 38%, 60%
36°C, RH: 38%, 60%
“active desiccation” with air
current
25°C, RH: 40%
“active desiccation” with air
current
25°C, RH: 40%
“active desiccation” with air
current
25°C, RH: 40%
20°C, RH: 18%, 38%, 60%,
85%
27°C, RH: 18%, 38%, 60%,
85%
36°C, RH: 18%, 38%, 60%
26°C, RH: not specified

3h

Barnes et al. 2013 a

2h
2-4h
2-4h
3.21 days

Coughlan et al. 2018

2h
2-4h
2-4h
3h

Coughlan et al. 2018

3h

Barnes et al. 2013 a

3h (uncoiled fragments)

Jerde et al. 2012 a

1-2h

Coughlan et al. 2018
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Coughlan et al. 2018

1h

Anderson et al. 2015 b

Barnes et al. 2013 a

1-4h
1-2h
4h

Banizewski et al. 2016

“active desiccation” with air 3h
current
25°C, RH: 40%
25°C, RH: 40%
3.0h
60%
3.6h
80%
9.1h
Submergent, or
New Zealand pygmyweed/swamp
14°C, RH: not specified,
22.53 days
semi-submergent
stonecrop
organisms sealed in damp
Crassula helmsii (Kirk) Cockayne
nets
NOTE: a mortality rate of 99-100%; b study testing more than one decontamination method; RH – relative humidity
Submergent and
floating

Carolina fanwort
Cabomba caroliniana A. Gray

102

Barnes et al. 2013 a

Bickel 2015

Anderson et al. 2015 b

Table S2. Studies on air-drying with outcome measures other than maximum mortality.
Outcome measured

Taxon

INVERTEBRATES – adults unless otherwise specified
50% mortality
banded mystery snail
Viviparus georgianus (I. Lea,
1834)
Chinese mystery snail
Cipangopaludina chinensis
(Gray, 1834)
faucet snail – Bithynia
tentaculata (Linnaeus, 1758)
golden mussel
Limnoperna fortunei
(Dunker, 1857)
Maximum mortality
faucet snail – Bithynia
tentaculata (Linnaeus, 1758)
Percentage of live
quagga mussel
organisms detaching from
Dreissena bugensis
surfaces upon re-immersion Andrusov, 1897
zebra mussel
Dreissena polymorpha
(Pallas, 1771).
Air-drying temperature
quagga mussel
producing complete
Dreissena bugensis
mortality
Andrusov, 1897
AQUATIC PLANTS
Minimum probability of
Eurasian watermilfoil
being viable as a function
Myriophyllum spicatum L..
of maximum water loss

Maximum drying time after
which significant growth is
detected

curly-leaf pondweed
Potamogeton crispus L.

Conditions

Exposure duration

Source

adults; juveniles

19 days; 5 days

Havel et al. 2014

14-42 days

6-15 days
25°C, RH: 55%
Covered with humid canvas
104-110h
Not covered
47-61h
Only 38% adult mortality after 1 week of air-drying

Darrigran et al. 2004

21 °C, RHa: 82%

Collas et al. 2018

7.9% to 21.8% live detachment at
24h and 48h after re-immersion.

RH: > 95%
large veligers
small veligers

Wood et al. 2011

Snider et al. 2014
4h at ≥ 35°C; 20h at ≥ 25°C
4h at ≥ 35°C; 20h at ≥ 30°C

21°C, low RH

single stems; coiled stems
single stems

Eurasian watermilfoil
Myriophyllum spicatum L..
NOTE: RH – relative humidity; prob. – probability
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3h; 87% desiccation,
prob. = 0.06 (95% CI = 0.00 – 0.72)
6h; 93-99% desiccation,
prob. = 0.03 (95% CI = 0.00 – 0.61)
18h; 100% desiccation,
prob. = 0.02 (95% CI = 0.00 – 0.55)
18h; 48h
12h

Evans et al. 2011

Bruckerhoff et al. 2015

Table S3. Studies achieving at least 95% AIS mortality with hot water.
INVERTEBRATES – adults unless otherwise specified
Taxonomic group
Hot water immersion
Bivalves

Water temperature and exposure
duration

Source

45°C for ≥ 5 min

Coughlan et al. 2019 a b

38°C for ≥ 20 min, or
43°C for ≥ 5 min, or
≥49°C for ≥ 1min
37°C for 1 hour (veliger)

Beyer et al. 2011 a

45°C for 15 min

Anderson et al. 2015 a b

43°C for ≥ 5 min, or
≥ 49°C for ≥ 1min
≥ 40°C for ≥ 10s

Beyer et al. 2011 a

40°C, 50°C for 15 min
60°C for ≥ 1 min
45°C for 15 min

Anderson et al. 2015 a b

50°C for 30 seconds

Sebire et al. 2018 a b

≥ 40°C for ≥ 10s

Shannon et al. 2018 a

bloody-red shrimp
Hemimysis anomala G. O. Sars, 1907

45°C for 15 min

Anderson et al. 2015 a b

60°C for ≥ 5 min

De Stasio et al. 2019 a b

spiny waterflea
Bythotrephes longimanus Leydig, 1860

38°C for ≥ 20 min, or
43°C for ≥ 5 min, or
≥ 49°C for ≥ 1min
40°C for ≥ 5 min

Beyer et al. 2011 a

50°C for ≥ 30s

Tremblay et al. 2019 a b

Observed:
≥ 50°C for 20s, ≥ 54°C for 10s, ≥ 60°C
for 5s, > 80°C for 1s and 2s
Estimated:
58.8°C (95% CI = 54.1 – 64.4) for 5s
> 80°C for 1s and 2s

Comeau et al. 2011 a

Taxon
Asian clam
Corbicula fluminea (O. F. Müller, 1774)
quagga mussel
Dreissena bugensis Andrusov, 1897

zebra mussel
Dreissena polymorpha (Pallas, 1771)

Crayfish
Amphipods

Plankton

signal crayfish
Pacifastacus leniusculus (Dana, 1852)
killer shrimp
Dikerogammarus villosus (Sowinsky,
1894)

Water flea
Daphnia pulex Leydig, 1860
Copepod
Skistodiaptomus pallidus (Herrick, 1879)
Hot water spray
Bivalves

quagga mussel
Dreissena bugensis Andrusov, 1897
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Snider et al. 2014 a

Shannon et al. 2018 a

Anderson et al. 2015 a b

Tremblay et al. 2019 a b

Steam exposure (temperature ≥ 100°C)
Bivalves

zebra mussel
Dreissena polymorpha (Pallas, 1771)

Observed:
60°C for 10s, 80°C for 5s
Estimated:
53.9 °C (95% CI = 52.0 – 60.2) for 10s
69.1°C (95% CI = 65.5 – 75.5) for 5s
≥ 80°C for 1s

Morse 2009 a

Asian clam
Corbicula fluminea (O. F. Müller, 1774)

≥ 30s

Coughlan et al. 2019 a b

Taxon

Water temperature and exposure
duration

Source

parrot’s feather
Myriophyllum aquaticum (Vell.) Verdc..

45°C for 15 min

Anderson et al. 2015 a b

50°C for ≥ 5 min
55°C for ≥ 1 min
60°C for ≥ 10s
45°C for 15 min

Shannon et al. 2018 a

45°C for 15 min

Anderson et al. 2015 a b

≥ 55°C for ≥ 2 min

Blumer et al. 2009

55°C for ≥ 1 min
60°C for ≥ 10s

Shannon et al. 2018 a

≥ 10s

Crane et al. 2019 a

AQUATIC PLANTS
Plant type
Hot water immersion
Emergent

Floating
Submergent

Submergent, or semi-submergent
Steam exposure (temperature ≥ 100°C)
Submergent

floating pennywort
Hydrocotyle ranunculoides L. f.
curly water-thyme/African elodea
Lagarosiphon major (Ridl.) Moss
Eurasian watermilfoil
Myriophyllum spicatum L.
New Zealand pygmyweed/swamp
stonecrop
Crassula helmsii (Kirk) Cockayne
Brazilian waterweed
Egeria densa Planch.
Canadian waterweed
Elodea canadensis Michx.
Coontail
Ceratophyllum demersum L.
Nuttall’s waterweed
Elodea nuttallii (Planch.) H. St. John;
curly water-thyme/African elodea
Lagarosiphon major (Ridl.) Moss
curly-leaf pondweed
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Anderson et al. 2015 a b

Potamogeton crispus L.
Submergent, or semi-submergent

New Zealand pygmyweed/swamp
stonecrop
Crassula helmsii (Kirk) Cockayne
NOTE: a mortality rate of 99-100%; b study testing more than one decontamination method
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Table S4. Concentration and exposure duration of cleaning agents producing ≥ 99% mortality.
Taxonomic group
Salt
Bivalves

Taxon

Concentration and duration

Source

quagga mussel
Dreissena bugensis Andrusov, 1897

Hofius et al. 2015

Gastropod

island applesnail
Pomacea maculata (Perry, 1810)
Water flea
Daphnia pulex Leydig, 1860

33.4 PSU, 40 h
21.3 PSU, 71 h
15.3 PSU, 71 h
12 PSU, 2 days
16 PSU, 2 days
28.3 PSU, 10 min
31.2 PSU, 60 min

bloody-red shrimp
Hemimysis anomala G. O. Sars, 1907
killer shrimp
Dikerogammarus villosus (Sowinsky, 1894)
spiny waterflea
Bythotrephes longimanus Leydig, 1860
Water flea
Daphnia pulex Leydig, 1860

500 mg/L, 20 min

De Stasio et al. 2019 b

10,000 mg/L, 15 min
450 mg/L, 15 min + 1 h recovery a
400 mg/L, 20 min

Sebire et al. 2018 b

9.84 mg/L (95% CI = 5.79 – 11.0 mg/L),
20 min
6.05 mg/L (95% CI = 3.73 – 8.36 mg/L),
60 min
(Concentrations equivalent to < 1 mL of
5.25% – 7% household bleach per litre)

Tremblay et al. 2019 b

faucet snail – Bithynia tentaculata
(Linnaeus, 1758)
New Zealand mudsnail
Potamopyrgus antipodarum (J. E. Gray,
1843)
bloody-red shrimp
Hemimysis anomala G. O. Sars, 1907
killer shrimp
Dikerogammarus villosus (Sowinsky, 1894)

20 g/L, 20 min

De Stasio et al. 2019 b

Plankton
Order: Cladocera
Bleach
Plankton
Order: Mysida
Plankton
Order: Amphipoda
Plankton
Order: Cladocera

Virkon
Gastropod

Plankton
Order: Mysida
Plankton
Order: Amphipoda

Underwood et al. 2019
Tremblay et al. 2019 b

De Stasio et al. 2019 b

20 g/L, 20 min

20 g/L, 20 min
4 g/L, 15 min + 1 h recovery a
8 g/L, 15 min + 1 h recovery a
10 g/L, 15 min + 1 h recovery a
20 g/L, 20 min

Sebire et al. 2018 b

Plankton
spiny waterflea
De Stasio et al. 2019 b
Order: Cladocera
Bythotrephes longimanus Leydig, 1860
NOTE: Results reported are for adult invertebrates unless other life-stages are specified.a Complete mortality occurred within 1 hour after organisms were transferred to a
recovery bath following exposure; b study testing more than one decontamination method.
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Appendix B
Experiment design and set-up

Periphyton experiment design (Section 3.2.1.1)

Figure 1. Design and treatment groups of the pressure-washing experiment using
periphyton-covered tiles. The number of tiles in each group per replicate is denoted as “n”.
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Gel experiment design (Section 3.2.1.2)

Figure 2. Design and treatment groups of the pressure-washing experiment using
artificially-attached plant fragments. The number of tiles in each group per replicate is
denoted as “n”.
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Hot water experiment design (Section 3.2.2.1)

Figure 3. Treatment groups in the hot water experiment, and the total number of
specimens per replicate.
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Air-drying experiment design (Section 3.2.2.2)

Figure 4. Treatment groups in the air-drying experiment, and the total number of
specimens per replicate.
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Hot water and air-drying combination (Section 3.2.2.3)

Figure 5. Hot water immersion and air-drying combination treatment groups; number of
specimens in each group and replicates are shown.
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Appendix C
Set-up and design of acclimation experiments
Experiments to assess whether the temperature to which aquatic invasive species were
acclimated affected their survival rates after exposure to hot water treatments were conducted at
the Queens University Biological Station from July to August 2019. The experiments were
conducted on banded mystery snails (Viviparus georgianus), zebra mussels (Dreissena
polymorpha), and Eurasian watermilfoil (Myriophyllum spicatum). Each treatment groups
consisted of ten healthy snails or mussels, or ten 10 cm-long Eurasian watermilfoil fragments, in
four replicates.
The experiments included three acclimation groups to represent water temperatures that
aquatic invasive species may experience from mid spring to early autumn, more specifically
15oC, 20oC, 25oC and an extreme temperature of 30oC. Zebra mussels and banded mystery snails
were placed in plastic boxes with the sides cut out and replaced with mesh, and immersed in glass
tanks containing filtered lake water and fitted with two air-bubblers. The tanks were placed in
incubators to bring the water temperature to 15oC or 20oC, and these acclimation temperatures
were then maintained for 7 days. As the acclimation was conducted at the Queen’s University
campus (off-site), it was not possible to determine the rate of water temperature change. During
the acclimation period, the water was partially changed once, and the snails were fed with algae
wafers, and the zebra mussels with a solution of chlorella dissolved in filtered lake water added to
the tank, every other day. Whole Eurasian watermilfoil plants, or strands cut close to the roots,
were also kept in tanks in the incubators, but with an additional light source attached to ensure
that the plants received 12h of light daily. Similar measures were in place for the 25oC and 30oC
acclimation groups, but these were conducted outside of the incubator, using an aquarium heater
to maintain the water temperature. Since there was elevated mortality among invertebrates at the
end of the 7-day acclimation period for the 30oC group, we ultimately did not include them in the
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hot water exposure trials. Only snails and zebra mussels that were still active and responsive at
the end of the acclimation period were included in the hot water experiments, and 10 cm-long
fragments were cut from healthy (bright coloration of stems and leaves, non-droopy leaves)
strands of Eurasian watermilfoil. Groups of 10 specimens of each species were exposed to water
temperatures of 25oC, 40oC, 50oC, 60oC, and 70oC for 5s, then returned to filtered lake water for
recovery and monitoring, as per the protocols described in sections 3.2.2.1 and 3.2.2.4.

Figure 1. Treatment groups and outcome measurements for the experiment on
acclimation and hot water treatment; number of specimens in each group and replicates
are shown.

114

Appendix D
Statistical models
Table 1. Generalised linear models for pressure experiments
Periphyton experiment (Gaussian distribution)
AIC
A1 algae dry mass = a + b1(pressure)
-535.85
A2 algae dry mass = a + b1(pressure2) + b2(pressure)
-547.66
2
A3 algae dry mass = a + b1(pressure )
-537.75
Gel experiment (Poisson distribution)
qAIC
G1 log number of leaves = a + b1(pressure)
479.00
2
G2 log number of leaves = a + b1(pressure )
503.34
G3 log number of leaves = a + b1(pressure2) + b2(pressure)
419.46
G5 log number of leaves = a + b1(orientation)
509.05
G6 log number of leaves = a + b1(pressure) + b2(orientation) +
472.62
b3(pressure:orientation)
G7 log number of leaves = a + b1(pressure) + b2(orientation)
473.88
G8 log number of leaves = a + b1(pressure2) + b2(pressure) + b3(orientation)
414.34
Note: Models are shown with the link function applied to the response variable; a and bi
represent regression coefficients; “:” represents the interaction between variables. Selected
models based on AIC/qAIC and parsimony are indicated in boldface.
Table 2. Logistic regression models using snail and zebra mussel data
Banded
Small zebra
mystery snails mussels
Hot water experiment
qAIC
HW1 log odds survival = a + b1(temperature) 248.77
64.18
HW2 log odds survival = a + b1(immersion
2929.93
159.51
time)
HW3 log odds survival = a +
248.94
59.30
2
b1(temperature )
HW4 log odds survival = a + b1(temperature) 137.62
65.59
+ b2(immersion time) +
b3(temperature:immersion time)
HW5 log odds survival = a + b1(temperature) 168.98
64.53
+ b2(immersion time)
HW6 log odds survival = a +
137.24
60.33
b1(temperature2) + b2(immersion time)
+ b3(temperature2: immersion time)
HW7 log odds survival = a +
169.06
59.58
2
b1(temperature ) + b2(immersion time)
HW8 log odds survival = a +
170.97
55.83
2
b1(temperature ) + b2(temperature) +
b3(immersion time)
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Large zebra
mussels
90.62
175.73
82.34
87.00

87.38
77.32

78.91
67.78

Air-drying experiments
qAIC
AD1 log odds survival = a + b1(drying time) 53.43
113.36
152.99
2
AD2 log odds survival = a + b1(drying time ) 51.20
43.45
136.03
+ b2(drying time)
AD3 log odds survival = a + b1(drying time2) 59.10
74.57
135.72
Experiments combining hot water and airqAIC
drying
C1
log odds survival = a + b1(drying time) 136.26
118.88
57.47
+ b2(temperature) + b3(drying
time:temperature)
C2
log odds survival = a + b1(drying time) 136.21
119.79
58.43
+ b2(temperature)
C3
log odds survival = a + b1(drying time2) 153.66
115.89
53.41
+ b2(temperature) + b3(drying
time2:temperature)
C4
log odds survival = a + b1(drying time) 126.78
108.38
50.92
+ b2(temperature2) + b3(drying
time:temperature2)
C5
log odds survival = a + b1(drying time2) 110.93
117.22
52.38
+ b2(drying time) + b3(temperature)
C6
log odds survival = a +
108.60
77.53
30.38
2
b1(temperature ) + b2(temperature) +
b3(drying time)
C7
log odds survival = a + b1(drying time2) 152.22
115.28
51.60
+ b2(temperature)
C8
log odds survival = a + b1(drying time) 125.71
108.67
51.05
+ b2(temperature2)
C9
log odds survival = a + b1(drying time) 190.27
261.33
154.57
C10 log odds survival = a + b1(temperature) 171.43
302.36
170.08
C11 log odds survival = a + b1(drying time2) 202.56
254.43
149.11
C12 log odds survival = a +
162.49
291.98
163.45
b1(temperature2)
C13 log odds survival = a + b1(drying time2) 142.53
104.40
45.00
+ b2(temperature2)
Note: Models are shown with the link function applied to the response variable; a and bi
represent regression coefficients; “:” represents the interaction between variables. Selected
models based on qAIC and parsimony are indicated in boldface.
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Table 3. Poisson regression (GLM) for Eurasian watermilfoil and Carolina fanwort.
Number of Number of Number of
leaves
roots
branches
Hot water experiments
Species
qAIC
HW1 log count = a + b1(temperature)
EWM
64.41
121.45
125.96
CF
92.01
114.47
198.17
HW2 log count = a + b1(immersion time) EWM
168.14
224.09
224.68
CF
176.60
233.56
180.72
2
HW3 log count = a + b1(temperature )
EWM
52.61
114.25
116.19
CF
86.53
108.73
185.74
HW4 log count = a + b1(temperature) +
EWM
66.92
122.31
127.91
b2(immersion time) +
CF
94.18
116.12
200.62
b3(temperature:immersion time)
HW5 log count = a + b1(temperature) +
EWM
65.36
120.38
126.13
b2(immersion time)
CF
92.43
114.17
198.64
2
HW6 log count = a + b1(temperature ) +
EWM
55.05
115.14
118.48
b2(immersion time) +
CF
88.77
110.37
188.19
2
b3(temperature : immersion time)
HW7 log count = a + b1(temperature)2 +
EWM
53.55
113.18
116.67
b2(immersion time)
CF
86.94
108.44
186.21
HW8 log count = a + b1(temperature2) +
EWM
27.75
111.06
110.13
b2(temperature) + b3(immersion
CF
86.07
108.83
171.81
time)
HW9 log count = a + b1(temperature2) +
EWM
53.92
113.29
117.05
b2(immersion time2)
CF
86.63
107.55
186.43
2
HW10 log count = a + b1(temperature ) +
EWM
26.80
112.13
109.95
b2(temperature)
CF
85.66
109.12
171.34
Air-drying experiments
Species
qAIC or AIC (*)
AD1
log count = a + b1(drying time)
EWM
23.40
41.66
42.79
CF
24.74
43.12
96.48*
2
AD2
log count = a + b1(drying time ) +
EWM
24.68
41.06
43.88
b2(drying time)
CF
26.69
38.00
95.87*
2
AD3
log count = a + b1(drying time )
EWM
28.34
47.82
47.01
CF
25.23
37.97
94.10*
Experiments combining hot water and
Species
qAIC or AIC (*)
air-drying
C1
log count = a + b1(drying time) +
EWM
47.35
274.10*
248.95*
b2(temperature) + b3(drying
CF
151.75
259.23*
329.90
time:temperature)
C2
log count = a + b1(drying time) +
EWM
47.38
284.32*
255.81*
b2(temperature)
CF
161.60
281.16*
346.94
C3
log count = a + b1(drying time2) +
EWM
49.19
304.92*
274.00*
b2(temperature) + b3(drying
CF
166.61
288.14*
356.02
time2:temperature)
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C4

C9

log count = a + b1(drying time) +
b2(temperature2) + b3(drying
time:temperature2)
log count = a + b1(drying time2) +
b2(drying time) + b3(temperature)
log count = a + b1(temperature2) +
b2(temperature) + b3(drying time)
log count = a + b1(drying time2) +
b2(temperature)
log count = a + b1(drying time) +
b2(temperature2)
log count = a + b1(drying time)

C10

log count = a + b1(temperature)

C11

log count = a + b1(drying time2)

C12

log count = a + b1(temperature2)

C5
C6
C7
C8

EWM
CF

46.82
152.16

267.31*
256.78*

242.89*
325.61

EWM
CF
EWM
CF
EWM
CF
EWM
CF
EWM
CF
EWM
CF
EWM
CF
EWM
CF
EWM
CF
EWM
CF
EWM
CF
EWM
CF

49.01
157.77
49.13
163.59
50.20
175.68
47.13
162.94
59.17
215.56
59.06
205.99
61.99
229.64
58.80
207.33
49.95
177.02
60.80
211.74
60.80
207.98
48.85
167.64

267.08*
270.35*
277.50*
282.54*
312.40*
307.45*
279.73*
280.86*
319.79*
370.17*
356.52*
359.92*
347.88*
396.45*
351.93*
359.62*
307.81*
307.14*
302.55*
359.35*
349.70*
361.30*
349.70*
286.96*

239.81*
337.17
147.73*
346.30
278.17*
368.98
251.72*
344.51
276.88*
408.34
309.74*
413.36
299.24*
430.38
305.64*
410.93
274.08*
366.55
260.78*
398.57
301.65*
412.72
268.63*
352.40

log count = a + b1(drying time2) +
b2(temperature2)
C14
log count = a + b1(drying time2) +
b2(drying time)
C15
log count = a + b1(temperature2) +
b2(temperature)
C16
log count = a + b1(drying time2) +
b2(temperature2) + b3(drying
time2:temperature2)
Note: Models are shown with the link function applied to the response variable; a and bi
represent regression coefficients; “:” represents the interaction between variables. Selected
models based on AIC/qAIC and parsimony are indicated in boldface.
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Table 4. Poisson regression (GLM) for European frogbit.
Number of
leaves
Hot water experiments
HW1 log count = a + b1(temperature)
HW2 log count = a + b1(immersion time)
HW3 log count = a + b1(temperature2)
HW4 log count = a + b1(temperature) + b2(immersion time)
+ b3(temperature:immersion time)
HW5 log count = a + b1(temperature) + b2(immersion time)
HW6 log count = a + b1(temperature2) + b2(immersion
time) + b3(temperature2:immersion time)
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284.23
303.81
283.77
286.76

Number of
turions
qAIC
613.47
670.66
614.58
612.35

285.35
286.31

613.35*
613.58

log count = a + b1(temperature2) + b2(immersion
284.89
614.45
time)
HW8 log count = a + b1(temperature2) + b2(temperature) +
286.89
615.34
b3(immersion time)
HW9 log count = a + b1(temperature2) + b2(immersion
285.45
613.61
time2)
HW10 log count = a + b1(temperature2) + b2(temperature)
285.77
615.47
Air-drying experiments
qAIC
AD1
log count = a + b1(drying time)
194.37
364.97
2
AD2
log count = a + b1(drying time ) + b2(drying time)
191.74
359.87
AD3
log count = a + b1(drying time2)
197.58
372.67
Experiments combining hot water and air-drying
qAIC
C1
log count = a + b1(drying time) + b2(temperature) +
64.14
114.24
b3(drying time:temperature)
C2
log count = a + b1(drying time) + b2(temperature)
62.16
113.02
2
C3
log count = a + b1(drying time ) + b2(temperature) +
63.62
113.14
b3(drying time2:temperature)
C4
log count = a + b1(drying time) + b2(temperature2) +
63.89
114.62
2
b3(drying time:temperature )
C5
log count = a + b1(drying time2) + b2(drying time) +
63.65
114.94
b3(temperature)
C6
log count = a + b1(temperature2) + b2(temperature) +
63.78
114.81
b3(drying time)
C7
log count = a + b1(drying time2) + b2(temperature)
61.71
113.12
2
C8
log count = a + b1(drying time) + b2(temperature )
61.91
113.38
C9
log count = a + b1(drying time)
63.59
116.13
C10
log count = a + b1(temperature)
62.22
111.32
2
C11
log count = a + b1(drying time )
63.14
116.23
2
C12
log count = a + b1(temperature )
61.97
111.69
C13
log count = a + b1(drying time2) + b2(temperature2)
61.46
113.48
2
C14
log count = a + b1(drying time ) + b2(drying time)
65.08
118.05
C15
log count = a + b1(temperature2) + b2(temperature)
63.83
113.11
2
2
C16
log count = a + b1(drying time ) + b2(temperature ) + 63.35
113.46
2
2
b3(drying time :temperature )
Note: Models are shown with the link function applied to the response variable; a and bi
represent regression coefficients; “:” represents the interaction between variables. Selected
models based on qAIC and parsimony are indicated in boldface. Otherwise, model not having
the lowest qAIC was selected to avoid overfitting to the data (*).
HW7
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Table 5. Model selection for acclimation experiments
Banded mystery
snails

Invertebrates
Logistic regression models
A1
log odds survival = a + b1(hot water) +
b2(acclimation) + b3(hot water:acclimation)
A2
log odds survival = a + b1(hot water) +
b2(acclimation)
A3
log odds survival = a + b1(hot water2) +
b2(acclimation) + b3(hot water2:acclimation)
A4
log odds survival = a + b1(hot water2) +
b2(hot water) + b3(acclimation)
A5
log odds survival = a + b1(hot water2) +
b2(acclimation)
A6
log odds survival = a + b1(hot water)
A7
log odds survival = a + b1(acclimation)
A8
log odds survival = a + b1(hot water2)
Eurasian watermilfoil
Poisson regression models
A9
log odds survival = a + b1(acclimation) +
b2(hot water) + b3(acclimation:hot water)
A10 log odds survival = a + b1(acclimation) +
b2(hot water)
A11 log count = a + b1(acclimation2) + b2(hot
water) + b3(acclimation2:hot water)
A12 log count = a + b1(acclimation) + b2(hot
water2) + b3(acclimation:hot water2)
A13 log count = a + b1(acclimation2) +
b2(acclimation) + b3(hot water)
A14 log count = a + b1(hot water2) + b2(hot
water) + b3(acclimation)
A15 log count = a + b1(acclimation2) + b2(hot
water)
A16 log count = a + b1(acclimation) + b2(hot
water2)
A17 log count = a + b1(acclimation)
A18 log count = a + b1(hot water)
A19 log count = a + b1(acclimation2)
A20 log count = a + b1(hot water2)
A21 log count = a + b1(acclimation2) + b2(hot
water2)
A22 log count = a + b1(acclimation2) +
b2(acclimation)
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Zebra mussels
qAIC

77.83

74.12

81.15

86.06

71.89

66.91

69.65

50.71

74.93

73.86

79.65
151.74
73.47
Number of
leaves
107.65

87.99
519.47
76.30
Number of Number of
roots
branches
qAIC
184.09
218.66

105.65

182.58

216.99

108.48

184.59

218.90

93.44

175.27

202.22

103.20

182.27

218.26

60.93

165.12

172.17

106.48

182.94

217.20

91.44

173.64

200.46

172.11
107.65
172.94
93.44
92.27

246.29
182.09
246.65
173.15
174.00

300.90
216.36
301.10
199.83
200.67

169.66

245.98

302.12

log count = a + b1(hot water2) + b2(hot
62.93
164.63
171.54
water)
A24 log count = a + b1(acclimation2) + b2(hot
94.27
175.74
202.46
water2) + b3(acclimation2:hot water2)
Note: Models are shown with the link function applied to the response variable; a and bi
represent regression coefficients; “:” represents the interaction between variables. Selected
models based on qAIC and parsimony are indicated in boldface.
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Appendix E
Summary of statistical methods
Table 1. Statistical methods and best models for pressure washing experiments
GLM, Gaussian family
Periphyton experiment
algae dry mass = a + b1(pressure2) + b2(pressure)
GLM, quasi-Poisson family
Gel experiment
log number of leaves = a + b1(pressure2) + b2(pressure) +
b3(orientation)
Note: (i) a and bi represent regression coefficients.
Table 2. Statistical methods and best models for experiments on invertebrate species.
Hot water experiments
GLM, quasi-Poisson family
Banded mystery snails
log odds survival = a + b1(temperature) + b2(time) +
b3(temperature:time)
Zebra mussels
GLM, quasi-Poisson family
(both size classes)
log odds survival = a + b1(temperature2) + b2(temperature) +
b3(time)
Spiny waterfleas
Two-way ANOVA (additive model), Tukey HSD post-hoc
test
Air-drying experiments
Banded mystery snails
GLM, quasi-Poisson family
log odds survival = a + b1(AD time2) + b2(AD time)
Zebra mussels
GLM, quasi-Poisson family
Large size class:
log odds survival = a + b1(AD time2) + b2(AD time)
Small size class:
log odds survival = a + b1(AD time2)
Spiny waterfleas
One-way ANOVA, Tukey HSD post-hoc test
Experiments combining hot water and air-drying
GLM, quasi-Poisson family
Banded mystery snails
log odds survival = a + b1(temperature2) + b2(temperature) +
b3(AD time)
Zebra mussels
GLM, quasi-Poisson family
(both size classes)
log odds survival = a + b1(temperature2) + b2(temperature) +
b3(AD time)
Spiny waterfleas
Two-way ANOVA (additive model), Tukey HSD post-hoc
test
Note: (i) a and bi represent regression coefficients; (ii) “:” represents the interaction
between variables
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Table 3. Statistical methods and best models for acclimation experiments
GLM, quasi-Poisson family
Banded mystery snails
log odds survival = a + b1(hot water2) + b2(hot water) +
Zebra mussels
b3(acclimation)
Transformed data, GLM, quasi-Poisson family
log count = a + b1(hot water2) + b2(hot water) +
Leaf
b3(acclimation)
Eurasian watermilfoil
Root
log count = a + b1(hot water2) + b2(hot water)
Branch
Note: (i) a and bi represent regression coefficients; (ii) “:” represents the interaction
between variables; (iii) data was transformed by adding 1 to all counts.
Table 4. Statistical methods and best models for experiments on macrophyte species.
Hot water experiments
Transformed data, GLM, quasi-Poisson family
Leaf
Eurasian
watermilfoil
Root
log count = a + b1(temperature2) + b2(temperature)
Branch
Transformed data, GLM, quasi-Poisson family
Leaf
log count = a + b1(temperature2) + b2(temperature)
Carolina fanwort
Root
log count = a + b1(temperature2) + b2(time2)
Branch
log count = a + b1(temperature2) + b2(temperature)
Transformed data, GLM, quasi-Poisson family
European frogbit
Leaf
log count = a + b1(temperature2)
Turion
log count = a + b1(temperature) + b2(time)
Air-drying experiments
Transformed data, GLM, quasi-Poisson family
Leaf
Eurasian
watermilfoil
Root
log count = a + b1(time)
Branch
Transformed data, GLM, quasi-Poisson family
Leaf
log count = a + b1(time)
Carolina fanwort
Root
log count = a + b1(time2)
Transformed data, GLM, Poisson family
Branch
log count = a + b1(time2)
Transformed data, GLM, quasi-Poisson family
European frogbit
Leaf
log count = a + b1(time2) + b2(time)
Turion
Experiments combining hot water and air-drying
Transformed data, GLM, quasi-Poisson family
Leaf
log count = a + b1(time) + b2(temperature2)
Eurasian
Transformed data, GLM, Poisson family
watermilfoil
Root
log count = a + b1(time)2 + b2(time) + b3(temperature)
Branch
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Transformed data, GLM, quasi-Poisson family
log count = a + b1(time) + b2(temperature) +
Leaf
b3(time:temperature)
Carolina fanwort
log count = a + b1(time) + b2(temperature2) +
Branch
b3(time:temperature2)
Transformed data, GLM, Poisson family
Root
log count = a + b1(time) + b2(temperature)
Data not transformed, GLM, quasi-Poisson family
European frogbit
Leaf
log count = a + b1(time2) + b2(temperature2)
Turion
log count = a + b1(temperature)
Note: (i) a and bi represent regression coefficients; (ii) “:” represents the interaction
between variables; (iii) data was transformed by adding 1 to all counts.
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Appendix F
Statistical test results
Results of pressure-washing experiments (Section 3.3.1)
Table 1. Results from regression analyses for pressure washing experiments.
Variable
Regression coefficient
Standard Error
p-value
(SE)
Periphyton experiment (Gaussian regression)
Pressure2
1.811 x 10-8
Pressure
-3.339 x 10-5
Gel experiment (Poisson regression)
Pressure2
1.526 x 10-6
Pressure
-3.398x10-3
Orientation (vertical 0.306
relative to angled)
Note: * statistically significant
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4.785 x 10-9
9.545 x 10-6

< 0.001*
< 0.001*

1.934 x 10-7
3.786x10-4
0.103

< 0.001*
< 0.001*
0.003*

Results of experiments on invertebrates (Section 3.3.2)
Table 2. Results from logistic regression analyses for hot water exposure experiments on banded
mystery snails, including acclimation experiment.
Variable
Estimate
95% CI
p-value
Temperature
-0.692
-0.871 – -0.564
< 0.001*
Exposure time
-0.473
-0.713 – -0.292
< 0.001*
Acclimation experiment
Variable
Estimate
Hot water temperature2
-0.006
Hot water temperature
0.381
Acclimation temperature
-0.046
Note: * statistically significant

95% CI
-0.010 – -0.002
0.067 – 0.728
-0.187 – 0.089

p-value
0.005*
0.026*
0.504

Table 3. Results from logistic regression analyses for hot water exposure experiments on zebra
mussels, including acclimation experiment.
Small zebra mussels (8-12mm)
Variable
Estimate
Temperature2
-0.009
Temperature
0.556
Exposure time
-0.110

95% CI
-0.016 – -0.004
0.131 – 1.042
-0.260 – 0.034

p-value
0.005*
0.022*
0.148

Large zebra mussels (15-20mm)
Variable
Estimate
2
Temperature
-0.008
Temperature
0.549
Exposure time
-0.149

95% CI
0.987 – 0.995
1.308 – 2.419
0.771 – 0.958

p-value
< 0.001*
0.001*
0.010*

Acclimation experiment (large zebra mussels only; 15-20mm)
Variable
Estimate
95% CI
Hot water temperature2
-0.024
-0.030 – -0.019
Hot water temperature
1.523
1.137 – 1.947
Acclimation temperature
0.202
0.098 – 0.322
Note: * statistically significant
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p-value
< 0.001*
< 0.001*
< 0.001*

Table 4. Results from logistic regression analyses for air-drying experiments on
invertebrates.
Banded mystery snails
Variable
Estimate
2
Time
0.0002
Time

95% CI
8.330 x 10-6 –
0.0004
-0.009 – -0.018

-0.051

Small zebra mussels (8-12mm)
Variable
Estimate
Time2
-0.546
Time
8.789
Large zebra mussels (15-20mm)
Variable
Estimate
Time2
0.9983
Note: * statistically significant

p-value
0.063
0.011*

95% CI
-0.807 – -0.180
8.025 – 9.553

0.979
0.946

p-value

95% CI
0.9979 – 0.9986

p-value
< 0.001*

Table 5. Results from logistic regression analyses for experiments using hot water
exposure followed by air-drying among invertebrates.
Banded mystery snails
Variable
Water temperature2
Water temperature
Air-drying duration

Estimate
-4.110
0.361
-0.026

95% CI
-7.244 – -1.103
0.214 – 0.522
-0.034 – -0.018

p-value
< 0.001*
< 0.001*
< 0.001*

Small zebra mussels (8-12mm)
Variable
Estimate
2
Air-drying duration
-0.008

95% CI
-0.013 – -0.004

p-value
0.006*

95% CI
-0.006 – -0.003

p-value
< 0.001*

Large zebra mussels (15-20mm)
Variable
Estimate
Air-drying duration2
-0.004
Note: * statistically significant
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Results of experiments on macrophytes (Section 3.3.3)
Table 6. Results from quasi-Poisson regression analyses for hot water experiments on
Eurasian watermilfoil, including acclimation experiments
Regression
Standard
Variable
p-value
coefficient
Error (SE)
Temperature2
-0.009
0.004
0.022*
Leaf growth
Temperature
0.553
0.248
0.031*
2
Temperature
-0.002
0.001
0.003*
Root growth
Temperature
0.099
0.050
0.053
2
Temperature
-0.002
0.001
< 0.001*
Branch growth
Temperature
0.137
0.044
0.003*
Acclimation experiment
Variable
Water temperature2
Water temperature
Leaf growth
Acclimation
temperature
Water temperature2
Root growth
Water temperature
Water temperature2
Branch growth
Water temperature
Note: * statistically significant

Regression
coefficient
-0.004
0.265
-0.030

Standard
Error (SE)
0.0004
0.038
0.011

< 0.001*
< 0.001*
< 0.001*

-0.002
0.118
-0.002
0.173

0.0004
0.033
0.0003
0.024

< 0.001*
< 0.001*
< 0.001*
< 0.001*

p-value

Table 7. Results from quasi-Poisson regression analyses for hot water experiments on
Carolina fanwort.
Variable
Regression
Standard
p-value
coefficient
Error (SE)
Temperature2
-0.002
0.001
0.006*
Leaf growth
Temperature
0.094
0.053
0.082
Temperature2
-7.517 x 10-4
-7.712 x 10-5
< 0.001*
Root growth
2
Immersion time
-0.004
0.002
0.078
Temperature2
-0.002
0.0003
< 0.001*
Branch growth
Temperature
0.131
0.026
< 0.001
Note: * statistically significant
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Table 8. Results from quasi-Poisson regression analyses for hot water experiments on
European frogbit.
Variable
Regression
Standard
p-value
coefficient
Error (SE)
Leaf growth
Temperature2
-2.439 x 10-4
5.416 x 10-5
< 0.001*
Temperature
-0.025
0.003
< 0.001*
Turion growth
Immersion time
-0.022
0.016
0.158
Note: * statistically significant
Table 9. Results from Poisson/quasi-Poisson regression analyses for air-drying
experiments on three aquatic plant species
Variable
Regression
Standard
p-value
coefficient
Error (SE)
Eurasian watermilfoil
Leaf growth
Air-drying duration
Root growth
Air-drying duration
Branch growth Air-drying duration
Carolina fanwort
Leaf growth
Air-drying duration
Air-drying
Root growth
duration2
Air-drying
Branch growth
duration2

-0.048
-0.021
-0.017

0.016
0.006
0.005

0.009*
0.004*
0.002*

-0.018
-1.097 x 10-4

0.008
3.897 x 10-5

0.030*
0.011*

-9.755 x 10-5

1.942 x 10-5

< 0.001*

9.234 x 10-5

4.314 x 10-5

0.043*

-0.019
7.963 x 10-5

-0.007
2.990 x 10-5

0.012*
0.014*

-0.018

-0.005

< 0.001*

European frogbit
Air-drying
duration2
Leaf growth
Air-drying duration
Air-drying
Turion growth duration2
Air-drying duration
Note: * statistically significant
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Table 10. Results from Poisson/quasi-Poisson regression analyses for combination
experiments on three aquatic plant species
Variable
Regression
Standard
p-value
coefficient
Error (SE)
Eurasian watermilfoil
Air-drying duration
Leaf growth
Water temperature2
Air-drying duration2
Root growth Air-drying duration
Water temperature
Air-drying duration2
Branch
Air-drying duration
growth
Water temperature
Carolina fanwort
Air-drying duration
Hot water
Leaf growth
temperature
Interaction
Air-drying duration
Hot water
Root growth
temperature2
Interaction
Air-drying duration
Branch
Hot water
growth
temperature2
Interaction
European frogbit
Air-drying duration2
Leaf growth
Hot water
temperature2
Turion
Hot water
growth
temperature
Note: * statistically significant

-0.030
-0.0007
2.869 x 10-4
-0.050
-0.028
2.864 x 10-4
-0.049
-0.024

0.009
0.0002
6.642 x 10-5
0.008
0.005
6.885 x 10-5
0.008
0.005

0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*

-0.051
-0.064

0.009
0.008

< 0.001*
< 0.001*

0.0007
-0.039
-7.435 x 10-4

0.0002
0.005
7.765 x 10-5

< 0.001*
< 0.001*
< 0.001*

9.063 x 10-6
-0.030
-5.586 x 10-4

1.645 x 10-6
0.003
5.454 x 10-5

< 0.001*
< 0.001*
< 0.001*

6.564 x 10-6

1.145 x 10-6

< 0.001*

-1.204 x 10-4
3.862 x 10-4

9.392 x 10-5
2.085 x 10-4

0.203
0.067

0.032

0.015

0.033*
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