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ABSTRACT

Over the last century, water hyacinth, Eichhornia crassipes (Mart.) Solms, has invaded freshwater
systems in more than 50 countries, causing changes in biodiversity and widespread ecological
damage. It also disrupts fisheries, navigation routes, power generation, and water supply.
Although water hyacinth has invaded all tropical and subtropical countries and some parts of
the Mediterranean basin, recent climate change models suggest that its distribution may soon
expand into higher latitudes as temperatures rise within Europe, unless effective preventative
management measures are put in place. In this paper, we explore the potential ecological and
socioeconomic impacts of water hyacinth invasion using well-documented case studies from
Lake Victoria. We also consider the relative effectiveness of biological, chemical, and mechanical
control measures on established populations. We conclude that water hyacinth is almost
impossible to remove once established, and that controlling its spread into new areas is
probably the most cost-effective way of reducing its impact. We propose a framework for the
preventative management of this weed by combining the use of environmental DNA as an early
warning system with heightened biosecurity to prevent accidental introductions and the
physical removal of invasive plants before they become established. We also recommend that
nutrient concentrations be lowered in waterbodies to reduce their susceptibility to water
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hyacinth invasion and reduce its growth rate if introduced accidentally.

Introduction

Water hyacinth (WH), Eichhornia crassipes (Mart.)
Solms, recently renamed Pontederia crassipes (Pellegrini
et al. 2018), is a flowering aquatic plant native to South
America, but once introduced into new locations it can
grow quickly (Penfound and Earle 1948) to establish
expansive colonies of tall, interwoven mats of floating
material. In recent years, WH has spread rapidly around
the world, clogging waterbodies and limiting their use
for irrigation, fisheries, and recreation (Harley 1990).
This invasion has caused environmental damage and
socioeconomic impacts that include adverse effects on
human health and education (Honlah et al. 2019). The
spread of this plant has also undermined the develop-
ment of sustainable blue economies in many areas of
the world (Wilson et al. 2005, Ongore et al. 2018), and
its range is predicted to expand, especially into more
northern parts of Europe, as a result of climate change
(Kriticos and Brunel 2016).

A good illustration of the ability of WH to colonise
vast geographical areas is its well-documented invasion
of waterbodies across Africa. Initially recorded in Egypt

in the late 1880s, it then spread to South Africa (1910),
Zimbabwe (1937), Mozambique (1946), Ethiopia
(1956), Congo (1957), Rwanda and Tanzania (1950s),
and Kenya (1982-1983) (Navarro and Kanyama-Phiri
2000). By 1990, WH had reached the Kenyan part of
Lake Victoria.

Water hyacinth is believed to have entered Lake
Victoria via the Kagera River (Muli 1996), which was
delivering about 3.5 ha per day of WH mats into the
lake by the early 2000s (Mailu 2001). This pathway
illustrates the important role that freshwater connec-
tivity plays in facilitating the spread of invasive species
(Chapman et al. 2020).

The environmental and socioeconomic impacts of
WH are well documented for the Lake Victoria basin,
especially by Mailu (2001). The data collected provide
important insights into the detrimental effects this
plant can have on lakes and the local communities
they support. This study uses this large body of evidence
to compare the effectiveness of preventative manage-
ment and restorative management in terms of control-
ling the spread of WH and reducing its impact.
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Methods

Literature for this review, mainly compiled by searching
Web of Science (WoS) using the search term “water
hyacinth,” returned 138 references, of which 46 were
book chapters or parts of conference proceedings. An
additional 11 unpublished reports were found during
a search conducted using Google Scholar. The resultant
149 references were then imported into the reference
manager Endnote X8 where they were filtered using
the search terms “Lake Victoria” and “Winam Gulf’
(61 references). The results formed the knowledge
base for this review.

Impacts of water hyacinth
Environmental impacts

The adverse environmental impacts of WH invasion on
a waterbody include a decline in water quality, higher
water losses due to increased evapotranspiration rates
(Lallana et al. 1987), greater siltation rates, and an over-
all decline in freshwater biodiversity. Areas of a water-
body with high WH infestations have significantly
lower water quality than those without WH in terms
of their colour, turbidity, and dissolved oxygen concen-
trations (Mailu 2001). The associated drop in oxygen
levels can be sufficient to cause fish kills (Adan 2010),
which can decimate fisheries and cause a more general
loss of biodiversity. The loading of large quantities of
plant organic matter to the lake bed from sunken WH
biomass and other macrophyte detritus causes changes
in water chemistry, an emerging environmental concern
for the Winam Gulf of Lake Victoria in recent years. The
Winam Gulf is especially prone to high levels of WH
infestation because it is shallow, relatively sheltered,
and receives high levels of nutrients from its catchment
(Mitchell 1976).

Although fish diversity tends to be greater in areas
infested by WH, the most abundant species tend to be
those with a high tolerance for low oxygen levels, such
as lungfish and catfish (Yongo et al. 2017). By contrast,
the most abundant species in waters without WH is
Lates niloticus (Nile perch), which is highly sensitive
to low oxygen concentrations (Yongo et al. 2017). In
addition to fish, WH invasion also threatens endemic
free-floating macrophytes such as Azolla pinnata
Decne ex Mett. while encouraging the growth of other
aquatic plants such as Ipomoea aquatica Forsk., Enydra
fluctuans Lour., and Vossia cuspidata (Roxb.) (hippo-
grass) (Gichuki et al. 2012).

The environmental impacts of WH are not all nega-
tive, however. Some beneficial services it delivers

include water purification, achieved by converting
toxic ammonia into usable nitrates and by absorbing
heavy metals and organic compounds (Ingole and
Bhole 2003). However, even these benefits will have little
long-lasting effect on water quality unless the plants are
harvested because the stored nutrients and heavy metals
will be recycled when the plant dies and decomposes.
Ecosystem models used to evaluate the overall effects
of WH on Lake Victoria have shown them to be dramat-
ically negative (Nyamweya et al. 2016).

Socioeconomic impacts

The invasion of Lake Victoria by WH has been linked to
a 45% decline in fish catches between the 1990s and
early 2000s (Mailu 2001, Kateregga and Sterner 2009).
The maximum sustainable yield of the lake based on
fish stock estimates from 2014 is about US$800 million
(note: all monetary estimates are in US$) per year
(Odongkara et al. 2005), and the annual average fish
catch of ~500000 tonnes is valued at ~$600 million
(LVFO 1999). With a potential sustainable export
value of ~$288 million (Albright et al. 2004), the esti-
mated direct economic impact of WH on the fishing
industry is a loss in revenue of ~$130 million per year
(Guerena et al. 2015). The value is much larger if the
value of lost livelihoods within the fishing industry are
taken into account.

Other socioeconomic impacts of WH infestations
include the migration of fishing communities away
from stricken areas, social conflict arising from compe-
tition to access areas of open water, fewer tourists, and
blocked irrigation canals (Mailu 2001). Opande et al.
(2004) investigated how WH had affected the people liv-
ing around the Winam Gulf between 1995 and 1999 and
found that WH had affected their livelihoods by block-
ing access to fishing and landing sites, disrupting the
transport of fish around the lake, and damaging
fishing gear. WH has also increased the cost of fishing
operations and led to a decline in native fish species
(Wawire and Ochiel 2004). Mats of WH have also
blocked the breeding and feeding grounds of economi-
cally important fish such as tilapia and Nile perch
(Twongo and Howard 1998).

The presence of WH mats could possibly provide a
benefit by reducing the catchability of some overfished
species and allowing fish stocks to recover, thus provid-
ing a long-term benefit to fisheries (Kateregga and
Sterner 2009). However, catches of the most economi-
cally important fish (Nile perch and Nile Tilapia), usu-
ally found in open water, have been shown to be
negatively correlated with the areal coverage of WH
(Fig. 1; Opande et al. 2004, Ongore et al. 2018). This
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Figure 1. Plot of water hyacinth coverage and the amount of
tilapia landed in the Kenyan part of Lake Victoria, February
2016 to April 2017.

relationship is problematic because these species have
become commercially important in Kenya, which
receives 80-90% of the financial yields from the Nile
perch fishery and its associated processing factories
(Greboval 1990). Although in general the reduction in
fish catches has had serious economic consequences
for the fishing communities that depend on them,
some communities have been able to sustain their
incomes by fishing for lungfish and catfish instead
(Kateregga and Sterner 2009).

Water hyacinth infestations can also interrupt the
provision of services such as irrigation, water treatment,
and water supply, which has a marked impact on local
communities (Opande et al. 2004). In 1999, for example,
WH blocked a water intake near Kisumu, Kenya, reduc-
ing the local water supply by 25% and causing signifi-
cant water shortages (Mailu 2001, Opande 2002). In
addition, mats of WH have been deemed responsible
for hydroelectric power production outages (Kateregga
and Sterner 2007), with the additional costs of cleaning
the intake screens of power plants to keep them opera-
tional estimated to be ~$1 million per power plant per
year (Mailu 2001).

Water hyacinth also affects the transport of cargo and
people across affected waterbodies, especially in relation
to smaller vessels (<700 tonnes) that cannot penetrate
the WH mats without incurring unaffordable fuel
costs (Mailu 2001). In some severely affected places,
such as the Winam Gulf, frequent port closures due to
obstruction by WH has caused a decline in sustainable
development and significant loss of income to local
communities. For example, between 1996 and 1997,
the outgoing volume of cargo from Kisumu port alone
fell from 84000 to 34 000 tonnes per year due to a
heavy WH infestation (Mailu 2001), amounting to
losses of ~$2.5 million per year per ship, not including
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associated losses in jobs and income (Guerena et al.
2015). By 2013, the estimated total economic impact
of WH on Lake Victoria as a whole had reached
~$350 million per year (Mkumbo and Marshall 2014).

Human health impacts

The social costs of WH are even greater than the eco-
nomic costs; they include reduced access to safe water,
increased levels of mortality, and higher risks of disease
among the local population (Mailu 2001). Floating mats
of WH provide more habitat for vectors of diseases such
as schistosomiasis, malaria, and human lymphatic filar-
iasis (Masifwa et al. 2001, Chandra et al. 2006). Even as
early as 1962, WH infestations had been linked to an
increase in mosquito-related problems because they
hindered insecticide applications, interfered with pred-
ators, increased the amount of habitat available for vec-
tors of disease, and impeded runoff and water
circulation (Seabrook 1962). More recently, several
studies have shown a positive correlation between
increased WH cover and an increased abundance of
the snails, Biomphalaria sudanica and Bulinus africanus,
which are common hosts of schistosomiasis within Lake
Victoria (Ofulla et al. 2010, Borokoni and Babalola 2012,
Gichuki et al. 2012).

While some authors have suggested that WH masses
of fibrous, free-floating roots, and semi-submerged
leaves and stems enable it to decrease water currents
and increase the amount of breeding habitat available
to the malaria-causing Anopheles mosquito (Minakawa
et al. 2008), others have noted that any causal link
between WH masses and an increase in cases of malaria
remains unproven (Mailu 2001). However, WH is
known to harbour the causative agent for cholera, and
annual changes in WH coverage within the Kenyan
part of Lake Victoria are positively correlated with the
number of cholera cases reported in the surrounding
area (Feikin et al. 2010). This conclusion is further sup-
ported by the fact that Vibrio cholerae, which causes
cholera, seems to concentrate on the floating tissues of
WH under experimental conditions (Spira et al. 1981).

In addition to increasing the transmission of disease,
other human health impacts can be directly linked to
WH, including local increases in the number of attacks
by wild animals, which have been attributed to the plant
providing more cover for crocodiles, venomous snakes,
and hippos (Ndimele and Jimoh 2011, Patel 2012).
Additionally, malnutrition deaths have been reported
because WH infestations have reduced fish catches
(Navarro and Kanyama-Phiri 2000).

Although the socioeconomic costs of WH damage
have been estimated to some degree, many of the social
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Table 1. Overview of socioeconomic, social, and ecological costs (in USS$) of water hyacinth infestation in Lake Victoria.

Description

Economic costs

Reference

Socioeconomic

Total economic impact of WH on Lake Victoria

Economic loss of cargo transport from Kisumu port between
1996 and 1997

Direct economic impact of WH on the fishing industry

Control costs in Louisiana, USA, between 1975 and 2013
Hydroelectric power production outages and cleaning costs

Reduction in local water supply

~$350 million per year

~$2.5 million per ship per year +
associated losses of jobs and income

~$130 million + value of lost
livelihoods
$124 million

Power outages + $1 million per site per

year for cleaning

Mkumbo and Marshall 2014
Guerena et al. 2015

Guerena et al. 2015

Wainger et al. 2018

Kateregga and Sterner 2007,
Mailu 2001

Opande 2002

Migration of fishing communities, social conflict and competition, NA Mailu 2001
fewer tourists, blocked irrigation canals
Blocked access to fishing and landing sites, disruption to the NA Adan 2010
transport of fish around the lake, damage to fishing gear
Blocked breeding and feeding grounds for economically important NA Twongo and Howard 1998
fish such as tilapia and Nile perch
Social Access to safe water NA Mailu 2001
Increased levels of mortality NA Mailu 2001
increased risk of disease NA Mailu 2001
Ecological Increased losses of water due to higher levels of NA Lallana et al. 1987
evapotranspiration
Lower water quality in terms of colour, turbidity, and dissolved NA Mailu 2001
oxygen concentrations
Reducing oxygen in water due to reduced air/water interface and NA Smith-Rogers unpubl.
reduction in submerged oxygenating plants
Fish kills (loss of biodiversity) NA Adan 2010
Reduction in endemic free-floating macrophytes i.e., Pistia NA Gichuki et al. 2012

stratiotes and Azolla pinnata)

and ecological costs are unknown (Table 1). Better cost
estimates are critical to improve best practices for con-
trolling and managing WH.

Potential control strategies

Considering the high environmental and socioeco-
nomic impacts, understanding what controls WH dis-
tribution and abundance and determining how to
limit its spread is essential. When floating freely, its dis-
tribution is often influenced by flow in rivers or by
winds and currents in lakes. Its high reproductive rate
in tropical regions, which is about double that in tem-
perate regions, may possibly be related to higher polli-
nator abundances (Barrett 1980). While Albano et al.
(2011) found that WH seed banks were common in
Mediterranean climatic regions of South Africa and
had high germination potential, its capacity for vegeta-
tive reproduction is most important in determining its
spread and invasiveness. In addition, WH becomes
abundant in areas that are high in nutrients and
where water temperatures are between 20 and 30°C
(Center et al. 2002). In such locations, its growth rate
can be up to 1.5% per day (Center and Spencer 1981).

Seasonal and climatic events, such as El Nifo, can
also affect the growth, spread, and distribution of WH,
with heavy rains and rising water levels potentially caus-
ing the plant to become dislodged and redistributed
(Albright et al. 2004, Williams et al. 2007). Although a
potential link has been demonstrated between El Nifo

and WH abundance using earth observation data
(Kiage and Obuoyo 2011), it is not yet known how cli-
mate change will alter El Nifio (Paeth et al. 2008) and
thereby its effect on WH.

Because distribution of WH is largely driven by
flow, wind, and currents, hydrological connectivity is
important in the spread of this species. Transport of
propagules by water is probably the main mechanism
for downstream dispersal, whereas transport of propa-
gules by animals and humans is probably the most
important vector for upstream dispersal and transfer
from one geographical area to another (Jones et al.
2020). In terms of controlling dispersal, these mecha-
nisms can be disrupted by creating artificial barriers,
but their effectiveness is highly context dependent.
Although in-stream barriers are unlikely to affect the
transport of invasive aquatic plants by birds, they can
restrict fish movements and disrupt fish-related trans-
port processes (e.g., grazing by grass carp). Once intro-
duced into freshwater systems, transport by humans
can occur through accidental transfer (e.g., during
the routine maintenance of swimming areas or the
movement of boats and fishing gear). The risk of
these accidental introductions can be controlled by
introducing strict biosecurity measures, although
these can be difficult to implement in some parts of
the world (EPPO 2008). For example, some evidence
indicates that WH has been spread through its use as
an ornamental plant in garden ponds (Kriticos and
Brunel 2016).



A modelling study by Wilson et al. (2000) indicated
that 4 main environmental factors determine the abun-
dance and distribution of WH: water temperature, level
of disturbance, and water chemistry factors such as sal-
inity and nutrient concentrations (Wilson et al. 2000).
De Casabianca and Laugier (1995) studied the produc-
tion of WH along a salinity gradient and found that pro-
ductivity fell as salinity increased. However, in terms of
chemical control of WH infestations, manipulating the
salinity of a waterbody to suppress WH growth is not
a practical option.

In contrast to the situation with salinity, reducing
nutrient concentrations to deter WH is a much more
feasible solution because growth is accelerated by nutri-
ent enrichment (Carignan et al. 1994, Heard and
Winterton 2000, Xie et al. 2004, Moran 2006, Coetzee
et al. 2007, 2017, Coetzee and Hill 2012, Burke and
Coetzee 2014, Canavan et al. 2014, Ismail et al. 2017).
Wilson et al. (2005) showed that in eutrophic systems
at 30°C, WH biomass can increase from 0.01 to
10 kg m ™ in only 50 days, and even higher rates of
growth were measured under similar conditions by
Tucker and Debusk (1981). Understanding the interac-
tions between WH and eutrophication could be key to
its effective control (Gao et al. 2016), and the results
of Haller and Sutton (1973) suggested that active growth
of WH is likely inhibited if phosphorus (P) concentra-
tions fall below 0.1 mg L™". In addition, many other
studies have suggested that WH growth is correlated
with concentrations of both nitrogen (N) and P in
waterbodies (Bownes et al. 2013, Hill 2014), leading to
suggestions that nutrient control measures could help
slow its growth rate (Sinkala et al. 2002, Kiage and
Obuoyo 2011, Chamier et al. 2012). In a related study,
Kiage and Obuoyo (2011) suggested that mismanage-
ment of catchments is the main reason for waterbodies
such as Lake Victoria becoming more susceptible to
WH invasion, and that improving land management
practices to reduce nutrient runoff and soil erosion
could be key to finding a solution to the WH problem.
Also, P releases from the bed sediments of waterbodies
will likely need to be controlled to help suppress WH
growth.

Nutrient enrichment can also interfere with the effec-
tiveness of other control measures. For example, Coet-
zee and Hill (2012) found that biological control
agents (e.g., weevils) were far less able to control the
spread of WH under high nutrient conditions. They
concluded that WH growth is influenced more strongly
by bottom-up regulation (nutrients) than by top-down
regulation (herbivory), and that the first step in any
WH control programme should be to reduce the nutri-
ent status of the target waterbody.
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Herbicide use has been proposed to control WH, but
while this solution may seem relatively cheap and effec-
tive, concerns have been raised about the potentially
damaging effects this form of control would have on
the wider environment (Woomer 1997). For example,
if applied over large areas, WH biomass will sink and
undergo anaerobic decomposition, reducing oxygen
levels, causing fish kills, and promoting internal release
of P from sediments. Concern over the use of herbicides
has also been raised in relation to potential effects on
non-target plant species (Guerena et al. 2015), many
of which are native and beneficial to the healthy func-
tioning of freshwater ecosystems.

In the mid-1990s, the weevils Neochetina eichhorniae
and Neochetina bruchi were introduced into Lake Victo-
ria as biological agents to control the rapidly increasing
populations of WH (Ochiel et al. 1998, Mwende and
Njoka 2006). These weevils are the natural enemies of
WH in their native South America, and the damage
they cause (Fig. 2a-b) weakens the plants, making
them more susceptible to disease and physical damage
(Julien 2001). At first, weevils seemed to deplete the
population of WH significantly, reducing its coverage
from 20 000 ha in 1995 to <2000 ha by 1999, resulting

Figure 2. Weevil damage on water hyacinth in (a) Kisumu Bay,
Lake Victoria and (b) individual leaves of the plant.
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in this biocontrol programme being proclaimed one of
the most successful in the world (Guerena et al. 2015).
However, Williams et al. (2005) argued that weevils
alone may not have been responsible for the rapid
reduction in WH infestation that was observed, suggest-
ing the decline was more likely to have been caused by
an El Niflo event that occurred at roughly the same
time (1997 and 1998). However, Wilson et al. (2007)
were able to demonstrate that WH levels had continued
to decline after the El Nifio event had ended, eventually
collapsing the following year.

Although initially relatively successful as a biocontrol
agent in Lake Victoria, the weevils have established a
new ecological equilibrium with WH and are now less
effective at controlling the weed than when first intro-
duced (Wilson et al. 2007). However, when Hill and
Gitonga (2015) surveyed the level of infestation at 23
sites on Lake Victoria and met with local people to dis-
cuss their experience of the weed, they concluded that
the weevils were still having a considerable influence
on the size of individual plants and of the overall popu-
lation. The biggest weakness in the weevil biological
control programme is the difficulty sustaining weevil
populations once the WH mats have been decimated.
A continuous breeding strategy to maintain the supply
of biological control agents and support intensified, fre-
quent introductions timed to coincide with the non-
flowering phase of the invasion has been recommended
by R. Omondi and others (unpubl.). Researchers are
continuing to search for more types of biological control
agents, including a number of insects identified as hav-
ing high host specificity for WH and the appropriate
thermal physiologies that suggest their potential for
future release into Lake Victoria (May and Coetzee
2013, Hill and Coetzee 2017, Porter et al. 2019).

Weed cutting boats to control WH have been trialled
in many places but with limited success. Although larger
boats can clear harbour areas in the short term, large
mats of WH are so mobile that keeping them clear is
difficult. Typically, weed boats are effective only on
small or spatially restricted infestations, such as those
found on canals and waterways (Pieterse and Murphy
1990). While the shredding and removal of WH has
been shown to allow algal reoxygenation of deeper
waters on a local scale (Osumo 2001), the method
must be tested for more extensive use. Nevertheless,
weed removal does provide some opportunities for
WH biomass to be recycled into goods that deliver
financial and health benefits to local communities,
including biogas (Guerena et al. 2015, Omondi et al.
2019), fuel pellets (Langeberg, pers. comm.), fertilisers,
feed for fish and farm animals (Gopal 1987, Jarafi
2010), handicrafts (Opande et al. 2004), and other

products. However, these small-scale activities do little
to offset the much greater economic damage caused
by WH (Makhanu 1997) and have never been shown
to control its populations.

The case for preventative management

Water hyacinth has invaded freshwater systems in >50
countries across 5 continents (EPPO 2008), causing
widespread environmental and socioeconomic damage
to freshwater systems. While many attempts have been
made to control or eradicate the weed, mostly focused
on chemical, physical, and/or biological methods, they
have had few lasting effects (Williams et al. 2005, Wilson
et al. 2007), possibly because WH flowers produce large
numbers of seeds that can remain viable in the bed
sediments of infected waterbodies for up to 20 years
(Matthews et al. 1977, Gopal 1987), even in areas
where sexual reproduction is limited by the scarcity
of suitable pollinators (Barrett 1980).

Once a WH infestation has taken hold, little can be
done to eradicate it completely, and the control methods
discussed earlier, apart from nutrient reduction, can
cause further harm to an already stressed environment.
Although WH is virtually impossible to remove
completely, and suppression and containment make
more sense economically, the cost of controlling WH
infestations is still huge. In Louisiana, USA, for example,
$124 million was spent controlling WH between 1975
and 2013, although the socioeconomic benefits accrued
over the same period were estimated to be ~$4.2 billion
(Wainger et al. 2018). Of the methods trialled, mechan-
ical removal seems to be the preferred way of trying to
reduce the nuisance caused by WH in specific problem
areas, such as blocked access to landing beaches, ports,
and harbours; it also avoids the use of potentially dam-
aging herbicides. However, once the biomass has been
removed, its safe disposal becomes a challenging envi-
ronmental problem because the mechanical process
can split WH biomass into thousands of small rhizomes,
each of which can create a new plant. (Guerena et al.
2015). Harvesting also creates debris that falls to the
bottom of the waterbody, where it decomposes causing
deoxygenation problems (Guerena et al. 2015). Even if
harvested in large quantities and used for societal
benefit (i.e., to produce added value products), large
infestations cannot be eliminated completely.

The only practical way to limit the damage this plant
can inflict is preventing its introduction to susceptible
systems. However, preventative management can only
be effective if it involves a combination of measures
that include (1) careful management of waterbody con-
nectivity, (2) scrupulous Dbiosecurity to prevent



accidental transfer from one place to another, and (3)
regular monitoring to enable action to be taken at an
early stage if a potential invasion is detected (EPPO
2009). These measures need to include legislation that
prohibits the planting or release of WH into uninfected
areas (EPPO 2009) and a public education campaign
(Kriticos and Brunel 2016) that encourages professional
water managers and the public to help monitor the
spread of WH into new areas (Nang’alelwa 2008) and
to notify sightings to a central data repository via a
mobile phone app (https://www.planttracker.org.uk/).
Priority areas to survey would be natural waters,
impoundments, and water tanks, with a particular
focus on waterbodies rich in nutrients (EPPO 2009).
In addition, recently developed environmental DNA
(eDNA) techniques (Scriver et al. 2015) could provide
early warning of potential invasion by WH before it
becomes so abundant that its physical presence is visible
to the naked eye or can be detected on satellite images.
Sepulveda et al. (2020) explored whether eDNA
methods have developed sufficiently to enable their
widespread incorporation into the management of
aquatic invasive species. They found that, although
eDNA techniques are sufficiently reliable for detecting
presence and absence, invasive species managers often
struggle with the level of uncertainty surrounding its
use. Because the cost of taking action is high and cur-
rently no eDNA-based decision support tools are avail-
able operationally to help interpret the results, manuals
on best practices, decision support trees for interpreta-
tion of results, and education and training of managers
and stakeholders are required before widespread incor-
poration of eDNA into invasive species management.
However, with many such outputs now being devel-
oped, eDNA approaches will likely be able to better sup-
port invasive species management in the future.
Although WH has invaded all tropical and subtropi-
cal countries and some parts of the Mediterranean basin
(Kriticos and Brunel 2016), recent climate change mod-
els suggest its distribution may soon expand into higher
latitudes as temperatures rise (Rodriguez-Gallego et al.
2004, Hellmann et al. 2008, Rahel and Olden 2008,
Kriticos and Brunel 2016). Europe has been identified
as an area most at risk of invasion, with the currently
limited distribution likely to expand to cover most of
France, Greece, Italy, Portugal, and Spain unless effec-
tive preventative measures are put in place (Kriticos
and Brunel 2016). Because eradication is almost impos-
sible once established, an established preventative
management strategy is critical to stop its spread to pre-
viously unimpacted areas. We therefore conclude that a
framework of measures is needed whereby (1) connec-
tivity is disrupted to prevent active or passive movement
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from one waterbody to another, (2) biosecurity is
increased to reduce the risk of accidental transfer
by humans, and (3) excessive nutrient inputs to water-
bodies from external sources are reduced to make
waterbodies less susceptible to invasion. At the same
time, cost-effective monitoring solutions are needed to
provide early warning of new invasions to enact effective
control measures before the plant becomes established.
As Leung et al. (2002) suggested, targeted surveillance
and early intervention may provide the ounce of pre-
vention that negates the need for the pound of cure.
Operational use of eDNA could, potentially, provide
the early warning of species invasions to deliver preven-
tative management effectively.
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