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Abstract Biosecurity protocols designed to prevent

invader spread have become integral to invasive

species management strategies. However, application

of many proposed spread-prevention practices is

inhibited due to low practicality, high expense,

undesirable non-target effects and a lack of known

efficacy. Here, we examine the use of direct steam

exposure to induce substantial fragment (i.e. propag-

ule stage) degradation of seven invasive macrophytes:

Ceratophyllum demersum, Crassula helmsii, Egeria

densa, Elodea canadensis, Elodea nuttallii, La-

garosiphon major and Potamogeton crispus. Each

species was independently exposed to steam treat-

ments in loose clumps of three fragments, steamed at a

distance of 2–3 cm from the source, for varied

exposure times: 10 s, 30 s, 1 min, 2 min, and 5 min.

Furthermore, we develop and apply a novel degrada-

tion scale describing visual tissue biodegradation

stages and/or resumption of growth for fragmentary

propagules. Steam treatments were observed to be

highly efficacious, with total degradation being

induced by 10 s of direct steam exposure. This was

apparent for all species following a seven day recovery

period, except C. demersum, which took until 21 days.

Conversely, control specimens displayed excellent

survival and/or viability (i.e. resumption of growth).

Therefore, we argue that this innovative, yet simple

technique can be used to improve biosecurity practices

to inhibit the spread of invasive macrophytes.
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Introduction

Aquatic invasive species (AIS) can adversely impact

the physical, chemical and biological processes of

freshwater ecosystems (Dudgeon et al. 2006; Sim-

berloff et al. 2013; Piria et al. 2017). In particular,

invasive macrophytes often represent a substantial

economic burden, as large monospecific stands can

inhibit recreational and commercial activities and

have been shown to escalate flood frequencies (Wil-

liams et al. 2010; Lafontaine et al. 2013). Due to

hydrological interconnectedness and exposure to a

plethora of natural and anthropogenic vectors, fresh-

water systems are highly vulnerable to the introduc-

tion and spread of invasive species (Dudgeon et al.

2006; Banha and Anastácio 2015; Banha et al. 2016;

Coughlan et al. 2017a). For example, an abundance of

AIS have rapidly and repeatedly colonised a variety of

both connected and unconnected sites, such as rivers,

ponds and lakes (Santamarı́a 2002; Caffrey et al. 2016;

Coughlan et al. 2017b; Hussner et al. 2017). Although

successful overland dispersal of AIS can be facilitated

by more mobile organisms (Green 2016; Coughlan

et al. 2017a), the underlying mechanisms of assisted

dispersal are frequently unknown (Coughlan et al.

2017c). However, anthropogenic activities such as

angling, boating and the aquatic pet trade are known to

have facilitated a substantial portion of AIS introduc-

tions (Johnson et al. 2001; Rothlisberger et al. 2010;

Gallardo and Aldridge 2013).

Biosecurity protocols designed to prevent further

invader spread have become essential to AIS man-

agement strategies (Barbour et al. 2013; Caffrey et al.

2016; Booy et al. 2017; Coughlan et al. 2017c;

Cuthbert et al. 2018a, b). In particular, spread-

prevention often represents the most cost effective

management option, as eradication and control of

established invader populations is often complex,

resource-intensive and expensive (Hussner et al. 2017;

Piria et al. 2017; Coughlan et al. 2018c). Moreover,

once established, eradication of AIS populations is

notoriously difficult (Kolar and Lodge 2001; Briski

et al. 2012), with relatively few documented accounts

detailing complete eradication of problematic fresh-

water invaders, such as invasive macrophytes (Beric

and MacIsaac 2015; Hussner et al. 2017; Coughlan

et al. 2018c). Accordingly, various stakeholder groups

actively promote best practice biosecurity protocols

such as ‘Check, Clean, Dry’ to reduce invader spread

(Anderson et al. 2015). Moreover, European Union

(EU; Regulation 1143/2014) and United States of

America (USA; Safeguarding the Nation from the

Impacts of Invasive Species—amendment to Execu-

tive Order 13112) legislation requires member terri-

tories to enforce spread-prevention of damaging

invaders (Coughlan et al. 2017c).

Although various invader population suppression

techniques have been studied (Beric and MacIsaac

2015), there often exists only a limited understanding

of the relative efficacies of proposed spread-preven-

tion procedures (Barbour et al. 2013; Anderson et al.

2015; Piria et al. 2017; Coughlan et al. 2018a, b, c). In

addition, while some methods such as hot water

(C 45 �C) submersion appear to be both highly

successful and environmentally-friendly (Anderson

et al. 2015; Shannon et al. 2018), it will likely be

difficult and expensive to maintain water at a high

enough temperature for prolonged periods of time,

especially in the field (Sebire et al. 2018). Moreover,

hot water submersion will be problematic for larger

equipment items, such as kayaks, canoes, boats,

vehicles and trailers. Equally, chemical disinfectant

treatments have also been proposed as a suitable mech-

anism to prevent AIS spread (Barbour et al. 2013;

Cuthbert et al. 2018a, b), however, these methods are

not necessarily inexpensive, or environmentally or

user-friendly. Therefore, there is an urgent need to

develop innovative measures that efficaciously inhibit

AIS spread, while being cost-effective, easily applied,

and ideally having negligible non-target effects.

Many invasive aquatic macrophytes predominantly

reproduce and spread by vegetative propagation,

particularly through vegetative fragments (Umetsu

et al. 2012; Li et al. 2015; Redekop et al. 2016).

Although the dispersal potential of plant fragments

(i.e. propagules) will vary among species, exception-

ally small (B 23 mm; Coughlan et al. 2018b) and even

single node stem fragments can display substantial

regeneration of biomass (Bickel 2015; Heidbüchel

et al. 2016). Fragmentary propagule creation can occur

by either self-induced autofragmentation, or allofrag-

mentation as a result of physical disturbance (Riis

et al. 2009; Heidbüchel et al. 2016). This division of

aquatic macrophytes into fragmentary propagules can

be facilitated by water currents, herbivory, and

anthropogenic activities (Johnson et al. 2001; Roth-

lisberger et al. 2010; Bakker et al. 2016; Hussner et al.

2017). Although tolerance to desiccation will be a
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limiting factor for successful dispersal (Bruckerhoff

et al. 2015; Evans et al. 2011; Bickel 2015; Coughlan

et al. 2018b), equipment such as fishing nets, water-

craft, boat trailers, and towing vehicles continuously

facilitate invader overland transport (Johnson et al.

2001; Rothlisberger et al. 2010). Moreover, although

compliance with current best practice biosecurity

protocols likely reduces invader spread, visual inspec-

tion of some sections of equipment may not be

possible, and decontamination methods (e.g. brushing,

scraping, high pressure washing, hand-removal) will

not necessarily result in complete invader propagule

removal or mortality (Rothlisberger et al. 2010). In

addition, desiccation induced mortality by enacting

extended drying times prior to visiting uninvaded

waterways may not be feasible (Coughlan et al. 2018b;

Sutcliffe et al. 2018), as many recreational water users

rapidly and repeatedly travel short distances between

different freshwater sites, and often rapidly travel

long-distances (e.g. 260–9500 km) between multiple

sites (Anderson et al. 2014; De Ventura et al. 2016).

For example, De Ventura et al. (2016) found that,

when transported overland, 67% of all moored boats

are subsequently relaunched within less than two days.

Consequently, the risk of continued invader spread

remains highly possible, even with adherence to

current decontamination protocols.

Accordingly, quantifying survival and viability (i.e.

resumption of growth) for plant fragments post-

exposure to biosecurity treatments will improve

knowledge of spread-prevention techniques to decon-

taminate equipment and inform correct disposal of

weeds following removal from infested sites (Barnes

et al. 2013; Bruckerhoff et al. 2015; Hussner et al.

2017; Coughlan et al. 2018b). In this study, we

examined the efficacy of direct steam exposure to

reduce the secondary spread of fragmentary propag-

ules of seven invasive macrophytes. Although limited

research has examined the use of steam for the

suppression of unwanted terrestrial weed species

(Bond and Grundy 2001; Rask and Kristoffersen

2007), the application of steam as a mechanism to

control freshwater invasive macrophytes has not

previously been investigated. Recently, however,

Coughlan et al. (2018a) demonstrated that thirty

seconds of direct steam exposure can cause complete

mortality of Asian clamsCorbicula flumineaO.F.Müll.

Accordingly, it is argued, that steam applications could

potentially facilitate improved biosecurity protocols to

prevent the further spread of prolific freshwater

invaders. In addition, we further develop the novel

fragment degradation scale recently proposed by

Cuthbert et al. (2018a). The scale facilitates the scoring

of fragments based on a simple assessment of visual

tissue biodegradation stages and/or resumption of

growth. Here, we hypothesised that direct steam

exposure will induce substantial fragment degradation,

or even mortality, dependent on exposure time.

Methods

Survival of invasive macrophyte fragmentary propag-

ules to steam exposure was examined for seven

prolific invaders: Ceratophyllum demersum L., Cras-

sula helmsii (Kirk) Cockayne, Egeria densa (Planch.)

Casp., Elodea canadensis Michx., Elodea nuttallii

(Planch.) H. St. John, Lagarosiphon major (Ridl.)

Moss, and Potamogeton crispus L. (Table 1). All

selected species can asexually reproduce via vegeta-

tive fragments, which are frequently observed to be

transferred by a variety of anthropogenic vectors such

as watercraft, boat trailers and vehicles (see www.

cabi.org/isc/ for further species-specific information).

Source sites, cultivation and preparation

Each species was collected locally throughout North-

ern Ireland from a variety of lakes and ponds

(Table 1). Species were separately maintained in the

laboratory within aerated aquaria, filled with locally

sourced pond water (Lough Cowey: 54� 240 41.7900 N;

5� 320 25.9600 W). Light of 200–250 lmol m-2 s-1

was supplied by cool white fluorescent lamps under a

16-h light and 8-h darkness regime. Temperature was

maintained at circa 13 �C. Water was exchanged on a

weekly basis. Species displayed excellent survival and

sustained growth during a cultivation period of

3 months. All waste invasive plant material was

destroyed by autoclaving.

Apical fragments were harvested from mature

plants. Where possible, fragments were cut from

unbranched sections of stem; however, if present,

axillary side shoots and turions were left intact. For

most species, fragment length was based on the

number of nodes, with specimens cut immediately

below the final node (Table 2). However, if plants

lacked distinct nodes, an arbitrary length was chosen
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based on available plant material (L. major,

60 ± 0 mm and C. demersum, 35 ± 0.6 mm). Frag-

ments were harvested as required and briefly main-

tained (\ 30 min) in de-chlorinated tap-water prior to

experimental use. Plant fragments were randomly

selected from these holding aquaria and excess liquid

was gently removed by manually spinning individual

fragments, 10 times in both directions, within a

handheld centrifugal spinner.

Experimental steam exposure

Each species was then independently exposed to steam

treatments. Groups of three fragments, each placed in

parallel on a flat plastic board as a loose clump, were

directly exposed to a continuous jet of steam

at C 100 �C (Bissell� Steam Shot Handheld Steam

Cleaner) at a distance of 2–3 cm from the spout of the

device for: 10 s; 30 s; 1 min; 2 min, and 5 min

(Table 2; n = 3 replicates for each experimental

group). The jet of steam was manoeuvred along the

entire length of the fragments for the duration of the

assigned exposure time, repeatedly moving in both

directions. Due to their relatively large size, fragments

of P. crispus were each steamed individually, with

three fragments per experimental group, replicated in

triplicate overall. Control groups were allowed to air

dry for the maximum 5 min treatment period. Post

exposure, fragments were allowed to cool for a 10 min

period and were then returned to vessels containing

200 ml of de-chlorinated tap-water. Fragment tissue

degradation and resumption of growth were assessed

following a 7 day recovery period, and in the case of

C. demersum, also at 14 and 21 days, using a novel

Table 1 Study species, source site locations and invaded range

Species Common name Source site Non-native range

Ceratophyllum demersum

L.

Coontail Lower Lough Erne

54�25025.700N;

7�41039.200W

New Zealand, invasive in native range

Crassula helmsii (Kirk)

Cockayne

Australian swamp

stonecrop

Lough Beg

54�47028.600N;

6�28027.100W

Europe, North America, invasive in native range

Egeria densa (Planch.)

Casp.

Leafy elodea Artificial Pond

Dominican College

Portstewart

55�10054.100N;

6�43018.300W

Europe, North America, Central America, Caribbean,

Oceania

Elodea canadensis Michx. Canadian

waterweed

Mill Pond

Tully Mill

54�15032.3400N;

7�42050.8800W

South America, Europe, Africa, Asia, Oceania,

invasive in native range

Elodea nuttallii (Planch.)

H. St. John

Nuttall’s waterweed Upper Lough Erne

Knockninny

54�13050.600N;

7�34014.200W

Europe, Asia

Lagarosiphon major

(Ridl.) Moss

African elodea Artificial Pond

Portadown Golf Club

54�24014.600N;

6�24051.300W

Europe, Australia, New Zealand, potentially invasive

in native range

Potamogeton crispus L. Curly-leaf

pondweed

Mill Pond

Tully Mill

54�15032.3400N;

7�42050.8800W

North America, New Zealand, Fiji, South America,

invasive in native range

See www.cabi.org/isc/ for further species specific information
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degradation scale (Table 3). A longer observation

period of up to 21 days was required for C. demersum,

which displayed a slower visible rate of fragment

disintegration in relation to the other examined

species. The eleven-point degradation scale (0–10,

inclusive), allows for visual estimation of plant

degradation and/or viability. Scores of 0–4 accommo-

date various incremental levels of plant tissue degra-

dation but with resumption of new growth. A score of

5 indicates no deterioration of the plant tissues (other

than unavoidable minimal degradation of the frag-

mentary site) or resumption of growth. Scores of 6–10

denote plant tissue deterioration up to and including

complete degradation (i.e. mortality), with no new

growth. The standard conditions for fragmentary

growth were circa 18 �C, with 16:8 light–dark regime

at a light intensity of 200–250 lmol m-2 s-1, sup-

plied by cool white fluorescent lamps. Due to evap-

oration, vessels were topped-up every 2–3 days with

de-chlorinated tap-water from an aerated source.

Statistical analyses

As three fragments were contained within each

individual replicate, in order to maximise considera-

tion for potential plant viability in analyses, we

selected the single most viable fragment score (i.e.

the lowest score observed) from each group as a

Table 2 Summation of species mean fragmentary propagule lengths and weights, treatment durations (n = 3) and degradation

assessment points (i.e. recovery days post exposure) for each focal species

Species Node count Mean (± SE) length mm Mean (± SE) weight g Assessment point

Ceratophyllum demersum – 35.0 ± 0.6 1.1 ± 0.05 7, 14, 21 days

Crassula helmsii 15 69.5 ± 1.7 0.11 ± 0.01 7 days

Egeria densa 10 86.7 ± 2.5 0.63 ± 0.02 7 days

Elodea canadensis 20 100 ± 10.0 0.27 ± 0.01 7 days

Elodea nuttallii 20 100 ± 10.0 0.17 ± 0.01 7 days

Lagarosiphon major – 60.0 ± 0 0.51 ± 0.02 7 days

Potamogeton crispus 6 185.6 ± 4.7 0.86 ± 0.06 7 days

Treatments of direct steam exposure for 10 s, 30 s, 1 min, 2 min and 5 min were employed, with control samples air-dried for a 5

min period

Table 3 Degradation scale describing visual tissue biodegradation stages and/or resumption of growth for aquatic macrophyte

fragmentary propagules

Colour codes relate to the graphical representation of result in Fig. 1
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nominated data point. Statistical analyses were per-

formed using R v3.4.2 (R Core Team 2017). We

analysed the final scaled tissue degradation scores for

each plant species, obtained at 7 or 21 days, as ordinal

data using Kruskal–Wallis rank sum tests with respect

to ‘steam exposure time’ i.e. 10 s; 30 s; 1 min; 2 min,

and 5 min, and this included the control groups.

Results

Overall, treatment with steam significantly induced

fragment degradation (for all plant species v2 = 17.00,

df = 5, P = 0.005). Fragmentary propagules for

almost all of the examined species displayed total

degradation (i.e. a score of 10) at 7 days post-exposure

to steam treatments lasting 10 s or longer (Fig. 1).

Ceratophyllum demersum fragment degradation

increased incrementally between days 7, 14 and 21

(Fig. 1). At 14 days, C. demersum had not yet

displayed complete degradation. At this time, 10 s,

30 s and 1 min treatments scored a median degrada-

tion score of 9, while fragments exposed to 2 min

steam treatments scored 10. Final confirmation of C.

demersum mortality was observed at 21 days for

steam exposure durations of 10 s or longer (Fig. 1).

Control specimens for all species displayed sur-

vival (i.e. a score of 5, with expected minimal

degradation at the site of stem fragmentation only),

and in most cases viability in relation to resumption of

growth (score B 4). After 7 days controls of C.

helmsii, E. canadensis and E. nuttallii showed no

decline and scored 0 on the degradation scale, having

new shoot and/or root growth present with only minor

degradation at the fragmentation site. Controls of C.

demersum,E. densa and L. major also showed no signs

of decline (with expected minimal degradation at site

of stem fragmentation) and, despite not having

resumed growth, appeared healthy. P. crispus dis-

played minor browning on some leaves but had

resumed growth.

Discussion

Direct steam exposure lasting 10 s achieved a score of

10 on the degradation scale, whereby the complete

degradation of fragmentary propagules was achieved.

Complete degradation was observed for all examined

aquatic macrophytes following a 7 day assessment

period, with the exception of C. demersum which took

up to 21 days to display full degradation. The slower

visual degradation of C. demersum was likely due its

more rigid stem morphology, relative to the other

examined species. For all species, given the total lack

of viability shown following the 7 day recovery

period, it appears that steam treatments caused rapid,

if not immediate, mortality of the specimens. Accord-

ingly, our results indicate that direct steam exposure is

a highly efficacious method of inducing propagule

mortality. Although the mechanical stress of stem

fragmentation may have contributed to increased

degradation, we consider this unlikely given the

complete survival (score B 5) and, in most cases,

the resumption of growth (score B 4) was observed

across control samples. Moreover, fragmentary

propagules with apical tips generally have greater

colonization and regeneration abilities, and higher

growth rates than fragments which lack an apical tip

(Riis et al. 2009; Umetsu et al. 2012). Therefore, as the

present study only examined fragments with apical

tips, it appears that brief steam application will further

reduce invasive macrophyte spread and induce mor-

tality of fragmentary propagules.

Although small sized propagules can result in

enhanced species spread, larger fragments will likely

retain a greater capacity for survival (Hoffmann et al.

2014; Kuntz et al. 2014; Li et al. 2015; Redekop et al.

2016). Here, we examined relatively large fragmen-

tary propagules given that larger fragments are likely

to have a greater capacity for growth resumption

(Jiang et al. 2009) and mitigate lateral growth

reductions driven by apical dominance (Cline 1991).

However, the size of plant propagules examined in the

present study is still likely within the range capable of

bFig. 1 Median degradation score describing visual biodegra-

dation stages and/or resumption of growth for aquatic macro-

phyte fragmentary propagules at 7 or 21 days post exposure to

direct steam treatments (n = 3). Bars signify minimum and

maximum scores attained. The dashed line highlights a score of

5, whereby no meaningful deterioration of the plant tissues or

resumption of growth has occurred. Scores of 0–4 portray

incremental levels of degradation, while noting the presence of

sustained viability. Scores of 6–10 denote plant tissue deteri-

oration stages which lack of viability in relation to the

resumption of new growth. See Table 3 for description of the

score categories
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surviving transportation by human-mediated vectors

(Barrat-Segretain et al. 1998; Coughlan et al. 2018b).

It is plausible that longer steam applications may be

required for larger fragments, for species which

display a relatively thicker fragmentary mid-stem,

and those which have more robust emergent life

stages. Moreover, large clumps of plant material, such

as longer stems coiled into several layers, may display

increased resistance to steam applications. This

potential resistance to direct steam exposure follows

general physical principles, as larger clumps should

have a lower surface area to volume ratio than single

stems, and thus lower evaporative loss (Bruckerhoff

et al. 2015). Therefore, length of exposure time needed

to induce complete mortality in such scenarios

requires confirmation.

Previously, Rothlisberger et al. (2010) observed

that visual inspection and hand removal can reduce

adhering macrophytes on trailered boats by

88% ± 5% (mean ± SE), while decontamination

using high-pressure and low-pressure washing

resulted in macrophyte removal rates of 83% ± 4%

and 62% ± 3%, respectively. However, these com-

monly promoted and utilised methods of decontami-

nation did not result in the complete removal of

macrophyte biomass, nor likely induce complete

mortality of viable propagules. Interestingly, immer-

sion in hot water (45 �C) for 15 min can induce up to

100% mortality of some AIS (Anderson et al. 2015).

However, this method only induced 90% mortality for

specimens of C. helmsii, while our application of

direct steam exposure rapidly induced 100% mortality

at 10 s exposure. Shorter submergence times in higher

water temperatures (C 50 �C) can also result in

substantial, if not complete AIS mortality (Shannon

et al. 2018). While hot water at 45 �C represents a safe

and simple decontamination method, application of

steam should present no greater risk than the use of

high-pressure washers if appropriate care is taken with

users being risk aware. In particular, while the

apparent excellent potential of hot water should be

further explored, steam applications could provide for

effective biosecurity when immersion into hot water

may not be feasible, such as large nets and watercraft.

Although previous studies have proposed the use of

chemical biosecurity protocols (Barbour et al. 2013;

Cuthbert et al. 2018a), the simple non-chemical

method of steam applications may provide for an

effective, efficient, environmentally-friendly and

relatively inexpensive method of spread-prevention.

Equally, steam treatments represent a negligible

environmental hazard in relation to non-target effects,

which can occur through spillage or mismanagement

of chemical treatments. Accordingly, additional

research to further examine the efficacy of steam to

induce mortality for all life stages of a wide range of

current, emerging and potential AIS would be highly

beneficial. In particular, understanding the suscepti-

bility of juvenile stages (e.g. seeds, spores, eggs,

ephippia, gemmules, statoblasts, cysts or veligers) to

steam treatments is an essential aspect of further

research. Many of these microscopic juvenile life

stages can be frequently dispersed, difficult to detect

and often remain impervious to suboptimal conditions

and resistant to desiccation for long periods of time

(Banha et al. 2016; Coughlan et al. 2017a). Moreover,

determination of the efficacy of steam treatments to

prevent the continued worldwide spread of damaging

aquatic parasites and pathogens, such as inter alia the

salmon fluke, Gyrodactylus salaris (Sandodden et al.

2018), the crayfish plague, Aphanomyces astaci (Svo-

boda et al. 2017), and amphibian ranaviruses (Price

et al. 2017), is urgently required. Many of these

organisms can disperse between non-hydrologically

connected watercourses, with anthropogenic activities

being linked to their continued spread and persistence

(Price et al. 2017; Sandodden et al. 2018; Svoboda

et al. 2017).

To ascertain if biosecurity steam treatments may

provide for a new method of AIS spread-prevention,

trials evaluating the efficacy of in situ steam treat-

ments to clean and decontaminate equipment which

can transport AIS (e.g. nets, boats) would also be

informative. Equally, subsequent assessment of sur-

vival and viability for any AIS removed from equip-

ment by steam treatment would also be worthwhile.

Moreover, the use of innovative biosecurity methods,

such as steam treatments, to prevent the spread and aid

removal of invasive marine biofouling organisms

warrants examination. Globally, biofouling by inva-

sive marine organism remains a problematic issue.

Although, international regulations seek to impede the

transfer biofouling organisms by the shipping indus-

try, recreational maritime yachts, which often travel

intra-regionally between marinas, remain substantial

and poorly regulated vectors of biofouling invaders

(Peters et al. 2017).
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The promising results presented here suggest direct

steam applications could be used to enhance biosecu-

rity protocols to prevent the further spread of invasive

aquatic macrophytes. As compliance with best prac-

tice protocols can be low (Anderson et al. 2014), with

stakeholders often experiencing a lack of clear guid-

ance (Sutcliffe et al. 2018), increased emphasis should

be allocated to the systematic examination of equip-

ment, followed by removal of adhering materials using

only the most efficacious biosecurity treatments

(Coughlan et al. 2018b). Installation of both industrial

or household steam cleaning devices at frequently

visited areas and points of entry (e.g. angling stations,

harbours and boat ramps) may facilitate utilisation of a

simple, environmentally-friendly, cost-effective, but a

highly efficacious biosecurity protocol. These steam

decontamination facilities could mimic the design of

car-wash stations (Coughlan et al. 2018a), and could

potentially be operated by a trained attendant, be self-

service, or automated for vehicles and trailered boats

to pass through. In addition, as industrial steam

cleaners can produce large volumes of steam, at

higher pressures and temperatures than household

steamers (e.g., 10–12 Bar; C 180 �C), these devices

are more likely to facilitate the improved decontam-

ination of large and more structurally complex equip-

ment, such as boats and trailers. Longer device lances

or flexible tubes could also be used to deliver steam

applications into structural areas difficult to decon-

taminate by using conventional biosecurity methods

alone. Increased steam temperature and pressure may

also provide for efficacious decontamination of equip-

ment at greater distances from the spout, beyond the

2–3 cm distance examined in this study. However,

further research is required to ascertain minimum

steam exposure times, distance from spout, practical-

ity of in-field applications, and the effect of steam on

larger fragmentary clumps with greater biomass.

Overall, steam applications present a promising

decontamination method that has potential to improve

biosecurity protocols for the spread-prevention for a

range of ‘hitch-hiking’ AIS, such as macrophytes,

amphipod crustaceans, bivalves and gastropods

(Coughlan et al. 2018a). Accordingly, further exam-

ination, promotion and adoption of steam cleaning by

biosecurity campaigns, stakeholder groups, and prac-

titioners should be encouraged and incorporated into

relevant legislation, with subsequent enforcement in

relation to all water users.
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