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Abstract

Invasive alien species, following an arrival, undergo different colonization stages. The full pattern of an invasion is seldom tracked as many
studies on invasive processes only take place over a few years. In this study the invasion of the zebra mussel, Dreissena polymorpha (Pallas,
1771), was followed for more than a ten-year period. It developed an expansion stage with peak abundance (outbreak) four to six years
following arrival. Thereafter the population entered an accommodation stage at a lower level of abundance and biomass. This pattern was
repeated for two separate lakes on the Shannon River in Ireland. In concert with the biomass at each invasion stage there were changes to the
transparency and chlorophyll a levels of lake water. Based on the results of the current study, revision of the terminology of invasion stages
is suggested. Providing some additional insight into the invasion process, it can be accorded with existing frameworks and bioinvasion
impact assessment approaches. The sequence of invasion stages with corresponding direct (semi-quantitative) and indirect (qualitative)
features as well as examples of empirical evidence is presented in this account.
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Introduction

Invasive alien species (IAS) in aquatic ecosystems
are often not noticed until such time as their
impacts become apparent. Due to infrequent
monitoring or poor recognition in the early stage
of invasion (Bax et al. 2003; Geller et al. 2010),
management methods may not be practical to
either eliminate them or otherwise reduce their
impact. Early intervention, when populations are
still confined to a small area and at a low
density, maximizes the probability of effective
management and enables a greater range of
management options (Simberloff 2001; Darling
et al. 2011). Since it is difficult to establish
whether an alien species will become a pest or stay
benign, it is often unclear whether management
measures are required at an early stage.

The dynamics of the invasion process with
reference to different states of an invader’s
population have been addressed many times in
the literature, starting from the early works on
invasion ecology (e.g., Elton 1958; Williamson and

Brown 1986) and acclimatization of intentionally
introduced species (e.g., Karpevich 1960). The
proposed theoretical invasion curves generally
evolve from a period of low abundance followed
by a rapid increase (e.g. Strayer and Malcom
2006; Pace et al. 2010; Moore et al. 2012). Such
patterns vary according to intrinsic or extrinsic
factors, e.g. changes in the IAS population, changes
within the invaded community, cumulative abiotic
changes, interactions between the IAS and other
variables that control the ecosystem (Strayer and
Malcom 2006). Invasions of highly impacting
IAS have a series of defined stages (e.g.,
Williamson 1996; Richardson et al. 2000; Reise et
al. 2006; Strayer et al. 2006; Davis 2009; Blackburn
etal. 2011), yet there is little agreement as to how
these stages should be practically distinguished
and named. Most agree to three major stages
following arrival: establishment; expansion; and
the post-expansion or adjustment phase. The
establishment stage involves colonization and self-
sustainability from recruitment successes. There is
little expansion at this time (Reise et al. 2006;
Wang and Wang 2006). The population may
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subsequently develop either, a constant linear
expansion, or a biphasic expansion with an initial
slow linear expansion followed by a more rapid
linear expansion, or an exponential increase
(Wangen and Webster 2006). The final phase, the
adjustment stage (also referred to as ‘saturation’,
‘naturalization’ or the ‘chronic’ phase) is attained
when the population stabilizes and the geographical
extent of the invasion remains approximately
constant (Reise et al. 2006; Wangen and Webster
2006). This normally follows a period of high
IAS abundance once confined within its invasive
range.

However, invasion stages are of little value to
managers since they lack the magnitude of impacts
caused by an IAS for each invasion stage. There
is also a lack of empirical support on the essential
thresholds and attributes for distinguishing each
stage of the invasion process (Pace et al. 2010;
Strayer et al. 2011). In order to optimize the existing
monitoring systems and increasing emphasis
given to the bioinvasion issues, a substantial effort
is put into development of repeatable, rapid and
cost-effective diagnostic tools that are able to
identify and quantify ecosystem-wide impact of
the established IAS. Rapid assessment methods
have proved to be suitable for monitoring purposes,
when assessing the environmental status of
ecosystems in relation to different anthropogenic
impacts. Rapid assessment has been successfully
applied for surveillance of marine IAS (e.g.,
Ashton et al. 2006; Minchin et al. 2006a; Minchin
2007). The approach is based on using surrogate
indicators that are easy to access and identify,
restricting sampling effort, extrapolating the
results (Oliver and Beattie 1996). Therefore, we
suggest, that empirical evidence of different
invasion stages, once established and properly
formalized, can provide sound qualitative and
quantitative information on the status of the
considered IAS population with relatively small
investment of time and effort. Moreover, the
approach does not require advanced expertise
and may serve for raising public awareness and
“citizen science” campaigns. The knowledge on
the invasion progress of a particular IAS would
enhance management opportunities and help to
select an appropriate and timely measure to
prevent or mitigate impact. For managers it is
also important to obtain reliable and scientifically-
based information on when these measures are of
no practical value anymore due to IAS having
become accommodated within the ecosystem and
naturally confined by established ecological
relationships.
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However, in order to develop such “surrogate
indicators” for rapid assessment purposes and
understand how an invasion progresses in general,
long-term surveillance is needed. Most IAS
population studies have been confined to a few
years, and most of these are usually undertaken
some years after an IAS appears or even decades
to centuries later (Strayer et al. 2006; Burlakova
et al. 2006; Strayer 2012). In this study we examine
the invasion of the zebra mussel Dreissena
polymorpha (Pallas, 1771) in two lakes on the
Shannon River in Ireland over a ten-year period.
Taking into account that there are few long-term
studies that have followed purposefully and
systematically zebra mussel populations from their
initial invasion (Burlakova et al. 2006), the
reported findings will contribute to the general
knowledge on the population dynamics of this IAS.
Simultaneously, we followed important features of
the invasion process — direct (quantitative and
semi-quantitative) and indirect (qualitative)
evidences of environmental changes caused by a
zebra mussel invasion. We hypothesize, that (i)
different stages of invasion could be identified
based on population characteristics of IAS and
environmental impact magnitude; (ii) given
similar environmental conditions, the invasion of
IAS will progress in a similar pattern (in terms
of impact magnitude, timing and sequence of
invasion stages); (iii) there are different qualitative
evidences of IAS progress in an ecosystem that
are related to the species impact and are typical
for a certain stage of invasion. In the current study
these hypotheses were tested in relation to a well-
known (model) species D. polymorpha. However,
the presented approach could be applied in a
wider sense for invading byssate molluscs in
general, or adjusted to other key aquatic invaders,
which induce well pronounced environmental
impacts at different ecosystem levels. Based on
our current findings we suggest adjustments to
the terminology of invasion stages which may
complement the existing frameworks by adding
more details and practicalities.

Methods

Study areas

Lough Derg and Lough Ree, are the most
downstream lakes on Ireland’s largest river, the
Shannon River (Figure 1), draining 11,250 km’
(17%) of the Irish land surface arca. While the
river’s water transparency is reduced by humic
acids from peatland runoff, it is buffered to produce
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Figure 1. The Shannon river system with two studied lakes —
Lough Derg and Lough Ree- indicated.

alkaline conditions as a result of outcrops of
carboniferous limestone. The river drops 120 m
from its source to the sea with a final 30 m drop
at a hydroelectric dam close to the Shannon
Estuary (Bowman 1999).

Lough Derg (LD) is at an altitude of 33 m, has
a maximum depth of 37 m, a mean depth of 7.5
m and volume of 0.88 km® with a surface area of
188km?. On either side of the lake are small
rivers and streams draining into shallow bays.
The main axis of the lake, in its most southern
region, contains a long narrow trough with
depths of 30 m or more (Bowman 1999).

Lough Ree (LR) is at an altitude of 38 m with
a maximum depth of 35 m, average depth of 6.2
m and volume of 0.65 km® with a surface area of
105 km®. This lake also has shallow bays on
either side where small streams or rivers enter.
There are many small shoals and islands. In the
south-eastern part of Lough Ree there are some
inner lakes in a fen region (Bowman 1999).

Navigation by small recreational craft takes
place throughout the main arterial drainage of
lakes interconnected by river sections. The Shannon
waterway connects to other regions extending to
Northern Ireland, Dublin in the east and Waterford
in the south (Figure 1).

The zebra mussel was first recorded in Ireland
in LD on the lower Shannon River (McCarthy et
al. 1998), having most probably arrived in 1993-
4 as hull fouling on leisure craft from Britain
(Pollox et al. 2003). It spread rapidly to all lakes
on the Shannon before, or during, the summer of
1996. As a result all sections of the entire
navigation have been exposed to the mussel
since then (Minchin et al. 2006b). Patterns in the
expansion and development of zebra mussels at
specific sites have varied according to their rate
of expansion within each lake (Minchin et al.
2002, 2006¢).

Sample collection and data analysis

Zebra mussels were collected from vertical
surfaces at navigation marks, piles and quays at
depths to 3.5m. Eight stations in Lough Derg and
four in Lough Ree were sampled annually from
1997 to 2007. Mussels were detached using a
15cm blade with a pocket net mounted on a 4m
handle, scraping known distances to provide an
estimate of numbers and biomass per m’
(Minchin 2007). The average individual biomass
was calculated later by dividing the sampled
biomass by the mussel abundance. The data on
larval abundance was retrieved from the results
of the earlier studies in the lakes (Minchin et al.
2005).

The environmental parameters, water transpa-
rency measured by Secchi depth and Chlorophyll
a (Chl-a) concentration, were selected as response
variables of the zebra mussel impact (quantitative
evidence) following the biofiltration - the most
prominent effect by the zebra mussel. The long-
term data were provided by the Irish EPA from a
general water quality monitoring program based
on 18 stations in LD and 18 stations in LR, all of
which are sampled 4 times per year.

The temporal changes within the lake ecosystems
were based on quantitative zebra mussel population
characteristics (abundance, biomass and averaged
individual biomass) and environmental variables
(water transparency and Chl-a concentration).
We did not take account of the spatial variability
of zebra mussel populations but examined the
generalized patterns of the invasion process
following the likely colonization date.
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The annual maximum abundance and biomass
values from each lake and maximum annual Chl-a
concentration and water transparency for each
sampling station were used in the analysis. For
reference, the Chl-a concentration and Secchi
depth data recorded in the lakes prior to the
presumptive zebra mussel arrival (in 1992 for
LD and 1995 for LR) were used.

A non-parametric Wilcoxon signed rank test
was applied to compare changes in zebra mussel
population abundance and biomass within the
two lakes. Similarities of the variables (zebra
mussel population characteristics and environmental
variables) were assessed using ANOSIM, and non-
metric multidimensional scaling (MDS) procedure,
at different periods of the invasion process. The
impact of outlier values were downweighted
using logarithmic transformation. Environmental
variables for the pre-invasion and later invasion
stages were compared using a ‘t’-test.
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We accepted a significance level of 0.05 for
statistical tests to differentiate between statistically
significant and random effects. The statistical
analyses were performed using Primer 6 for
Windows® and Statistica 6.0TM (StatSoft)
software.

Results

There were similar (Wilcoxon signed rank test, p
>0.05) trends for zebra mussel maximum
abundance and biomass and for the averaged
individual biomass (biomass to abundance ratio)
for both lakes (Figure 2). Biomass and abundance
rapidly increased in years 4 to 6 following
arrival, and then declined. Although the peak
abundance in LD was almost twice that found in
LR, in both cases it coincided with maximum
numbers exceeding 10,000 ind/m?, biomass of more
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in water quality parameters. The mean biomass of
individual mussels gradually increased within both
lakes during the study period. Changes in water
transparency and Chl-a concentration were
consistent with the mussel population dynamics
in both lakes, where increases in transparency
corresponded with the increase in zebra mussel
biomass and decrease in the levels of Chl-a
(Figure 3).

We distinguished three separate invasion stages
by using the similarity analysis of ecosystem state
for different periods following the zebra mussel
introduction (Figure 4). The main factors influ-
encing the similarity within a group of samples
were: mussel abundance (~45% contribution),
biomass (~35% contribution) and Chl-a levels
(~15% contribution). The most distant group
corresponded to the third year following arrival,
when high numbers of mussels coincided with

settlements of young individuals. Some changes
in transparency and Chl-a concentration took
place at that time, although reported values were
still within, or close to, the natural range observed
in the lakes before zebra mussel invasion.

For three to four years after initial discovery,
zebra mussel populations in both lakes increased
in numbers and biomass, and consisted of a high
proportion of young individuals (as it is evident
from the average individual biomass curve,
Figure 2). The greatest abundance was registered
during this stage. Peaks in abundance and biomass
coincided with changes in water quality (Chl-a
and transparency). Apart from these, this stage
had the highest variation in the measured values
(evident from the SD bars, Figures 2 and 3). The
final and subsequent stage revealed stabilization of
zebra mussel populations at lower densities, with
a prevalence of larger individuals. At this stage,
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Figure 4. Non-metric multidimensional
scaling plot of similarities in ecosystem
state (based on zebra mussel abundance,
biomass, averaged individual biomass,
Chl-a concentration and Secchi depth)
at different periods after the zebra
mussel introduction (ANOSIM: Global
R =0.781, p=0.001). Numbers indicate
the year after the zebra mussel
introduction (as in Figure 3), letters
next to figures indicate the lake (LG —
Lough Derg, LR — Lough Ree), dashed
line bands the group of samples at 95%
similarity level.
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the effects of the zebra mussel on Chl-a
concentration and water transparency also stabilized
but did not revert to pre-invasion levels (t test,
p<0.001).

Discussion

We have shown three separate stages of zebra
mussel invasion in two Irish lakes: 1) arrival and
early expansion, 2) outbreak and 3) accommodation.
These stages had features that were identifiable
from direct observation within the lakes (Table
1). Of these, the outbreak stage had three
separate phases, late expansion, peak abundance
(over a one to two year period) and early decline.

Arrival and early expansion

The arrival and establishment of an IAS is the
least distinct stage with little measured impact
on the ecosystem. The small numbers present at
such a time are usually overlooked and their time
of arrival is often vaguely known. Time lags
normally follow a period of establishment (Crooks
2005; Wang and Wang 2006; Wangen and Webster
2006) and population expansion may not occur
for some time (Strayer et al. 2006). This lag is
mainly driven by biological traits, environmental
or biotic conditions, demographic constraints
(Crooks 2005; Reise et al. 2006; Larkin 2012) or
the Allee Effect — the positive correlation
between population size or density and the mean
individual fitness (Allee 1927). In the case of
long time lags, an expansion may not be
expected and will greatly depend on the recruitment
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ability of successive generations. In the case of
‘r’-strategists, such as Dreissena, which can
reproduce within a year of colonization the
eradication of the established population is nearly
impossible. This is because their pelagic larvae
become widely dispersed downstream and by wind
generated currents in lakes (Lucy et al. 2008).
Similarly to other European and North American
ecosystems (Burlakova et al. 2006), in LD and
LR, it took mussels three years to expand
sufficiently to result in the changes to the ecosystem
without a perceptible lag phase. Eradication as a
result is only possible when its distribution is
confined to that period soon after arrival, unless
it becomes confined within a small unconnected
waterbody. Initially, the abundance of the zebra
mussel in the two studied lakes was low and
recorded for a few localities (Minchin et al.
2002, 2006¢). Settlements were sparse on stones
and living unionids (Table 1, Figures 5a and b).
However, following the progress of the invasion,
let us assume that the expansion starts within this
benign stage, therefore we define this as an early
expansion phase. In contrast to establishment and
lag phases, the early expansion implies dynamics
within the IAS population and seems to be more
appropriate for successful ‘r’-strategist invaders
that enter this phase within a short time.

Outbreak

For managers and policy makers the outbreak
stage is of most interest when environmental or
societal impacts are of concern (Reise et al. 2006).
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Figure 5. Empirical evidence typical to different stages of the zebra mussel invasion (examples from the two studied lakes): a, b —
arrival and establishment; ¢, d — expansion; e, f — outbreak; g — accommodation (Photographs by D. Minchin). See also Table 1 for

additional explanation.

This stage has three successive phases: late
expansion, peak abundance and early decline.
The late expansion phase was a time when zebra
mussels occurred at all sampling stations within
the lakes. Large and small mussels were present
but with a low average individual biomass (below
5 g/ind) combined with sharp increase in abundance
(Figure 2) resulting from strong recruitment.
This phase corresponded with a noticeable
decline in Chl-a concentration, increase in water
transparency, fouling of most unionids, modification
to soft and hard substrates and formation of
specific zebra-mussel associated communities
(Table 1, Figures 5e and f). These results are
consistent with the other studies in Irish lakes
and elsewhere (e.g. Berkman et al. 1994; Burlakova
et al. 2000; Karatayev et al. 2002; Minchin et al.
2002; Lucy et al. 2013). Generally, at this stage
eradication is impractical but prevention of an
invasive species spread involving public awareness
is a policy generally accepted in both North
America and Europe (Anderson 2005; Genovesi
2005; Lodge et al. 2006; Olenin et al. 2011).

Peak abundance followed late expansion with
a difference in mussel abundance between the
two lakes that might have been due to the extent
of the sampling and local variability. Nevertheless
the patterns remained the same with biomass
being a better descriptor (Figure 2) in relation to
environmental alterations (Figure 3). The important
finding was that in both lakes the start of the
outbreak coincided with maximum reported
abundances and biomass exceeding 10,000
individuals per m? and 2,000 g per m’> — these
values could be indicative thresholds for managers
interested in determining the species status. At
this stage, characterized also by the twofold change
in the water quality parameters, the species
should be qualified as invasive with appropriate
management measures designated for its contain-
ment and mitigation of impact as necessary.
However we should keep in mind that localized
species impact (at the level of communities or
habitats) may be asserted at much lower numbers.
For instance, in an earlier study the biomass
threshold at which habitat engineering impact
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Table 1. Direct and indirect evidences of the zebra mussel invasion process. In column 1, the stages defined in the current study and their
correspondence with abundance and distribution rates (ADR range A to E) and biopollution levels (BPL range 0 to 4) (Olenin et al. 2007")
and invasion phases described by Blackburn et al. 20117 (range CO to E) are presented where applicable.

Stages

Direct evidence

Indirect evidence

Arrival, establishment

ADR=A; BPL=0'
32

Low abundance of larvae and adults (single to few specimens)
occurring at a single or few localities, no impacts noted

Sparse settlements on hard substrates and some
unionids (Fig. 5 a-b).

Expansion

ADR=B-C; BPL=1-2'
D1, D2?

Low to moderate abundance abundances (not exceeding 10 000
ind/m?) and biomass (below 2 000 g/m?) observed in many places;
large and small individuals present; declines in Chl-a noticed,
however concentrations are still close to the natural variation.

Appear on most unionids; form clumps on hard and

soft substrates; attach to live zebra mussels or empty
shells; druses with infaunal and epifaunal associates;
mussel shells appear on exposed shores (Fig. 5 c-d).

Outbreak

ADR=D-E; BPL=3-4'
EZ

High larval abundance (>1 000 per m®) and heavy (>10 000
ind/m?) settlements; prevalence of small individuals;
biomass/abundance ratio low (mean individual biomass <<0.5 g);
peak abundance followed by peak biomass; notable water
clearances and Chl-a alterations (twofold and more comparing to
natural background values).

Dense settlements on rushes and reeds, mussel and
unionid shells cast upon shore (Fig. 5 e-f); ultimate
loss of unionids; many heavily fouled vacant unionid
shells; mussels colonize soft sediments; typical mussel
community evolves; extensive mussel shell windrows
on exposed shores; macrophytes extend range to
deeper water.

Accommodation

ADR=C-D; BPL=2-3!

Biomass/abundance ratio increases (mean individual biomass 0.5
g or more); population fluctuations stabilize; decline of maximum
abundance and biomass below 10 000 ind/m’ 2 000 g/m’
correspondingly; moderate larval abundance (tens to hundreds);
transparency and Chl-a still differs from the natural background
values, but less than during the outbreak stage.

Shells and clumps observed widely in deeper water;
low densities on rushes and reeds; unionid shells
mostly buried; unionid shells seldom cast ashore;
mussel shell accumulations on exposed shores (Fig. 5
g); associated communities present; extensive shell
deposits in sediments; high percentage cover on solid

surface; bird predation noted; macrophytes remain in
deeper water.

of zebra mussel asserts was defined as 200 g/m’
(Zaiko et al. 2009). This corresponds to several
zebra mussel clumps that provide habitats for
bottom dwelling fauna and form species-specific
community, replacing the native ones dominated
by unionids (Lucy et al. 2013).

The typical qualitative evidences of the outbreak
stage in LD and LR were heavy settlements with
clear prevalence of small individuals were observed
on rushes and reeds during peak abundance
(Sullivan et al. 2010). Larvae were abundant
(reaching 2,000 ind/m’ densities during the
summer peaks) and widely distributed with
downstream dispersal (Minchin et al. 2005). The
formation of extensive encrustations and druses
of mussels evolved new communities that
included the tube building IAS Chelicorophium
curvispinum (Lucy et al. 2004; Minchin and
Zaiko 2013). Unionid shells, with mussel byssal
plaques, were cast ashore along with mussel
shells to form windrows (Table 1, Figure 5g).
The populations of mussels then enter a decline
that results from feedback mechanisms which
probably include competition for space and food
and decrease in reproductive potential and
settlement success (Strayer and Malcom 2006;
Pace et al. 2010).
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Accommodation

After the biomass and abundance of mussels has
declined it entered a more stable population
state. This arises from the regulatory effects that
modify the abundance by either top-down or
bottom-up regulations within an ecosystem, or
both (Reise et al. 2006; Moore et al. 2012). Some
irreversible changes to the ecosystem have taken
place such as the loss of unionids (Minchin and
Zaiko 2013; Lucy et al. 2013). However the
niches of extirpated species might become
recolonised from the adjacent areas, e.g. the
feeder streams and rivers where populations
survive as could happen in the course of time
(Strayer and Malcom 2007).

In LD and LR, zebra mussel shells and small
druses were still widely distributed at this stage.
Yet, there was an evident decline and stabilization
in maximum abundance and biomass values
along with a clear increase in biomass/abundance
ratio (Figure 3). Reeds and rushes had only small
settlements of mussels and were often devoid of
small mussels. Unionid shells became buried in
sediments and biodeposits and were seldom seen
in the more extensive windrows of mussel shells
onshore. Mussel shells formed a significant
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component to shallow water soft sediments. A
small increase in Chl-a and decrease in water
transparency was evident (Figure 3). Macrophytes
extended their range into deeper water and increased
in abundance in shallow water (Minchin and
Zaiko 2013).

The accommodation stage does not imply an
end to the invasion process. While reverting to a
pre-invasional state is most unlikely, a further
outbreak stage may occur due a natural cyclic
behavior of an IAS population (Strayer and
Malcom 2006). Therefore any alien species that
has already shown its ability to expand should be
monitored in relation to potential new outbreak
events.

Significant changes to the two lakes have
taken place with total loss of formerly abundant
unionids (Minchin et al. 2006¢; Minchin and Zaiko
2013). However the niches of the unionids, and
other suspension feeders, have become occupied
by the mussels and invading populations of the
Asian clam, Corbicula fluminea. For many species
a single high-abundance phase is apparent
(Zettler et al. 2002; Gomoiu et al. 2002; Strayer
and Malcom 2006, Moore et al. 2012), which
appears to be the case to-date in the Shannon
since the accommodation stage has lasted 12
years without a further outbreak stage, with
populations remaining at comparatively moderate
levels (DM pers. obs.). However there have been
further modifications resulting from the recent
expansion in the population of C. curvispinum in
LD whose muddy tubes cover mussel surfaces
potentially reducing mussel settlement success.
In addition, long term ecosystem effects will
now be more difficult to ascribe to a single
species following the recent arrival and early
expansion stage of the suspension feeding Asian
clam, to both lakes (Minchin 2014).

We reported a similar zebra mussel invasion
pattern for two separate lake systems. Based on
these results, the invasion process was divided
according to different invasion stages. We were
able to distinguish the late expansion, outbreak
and early decline in both lakes and provide
information on the characteristics of each stage
based on direct observations in the field. In
addition we determined and elaborated on the
characteristics of the accommodation stage, that
is generally overlooked in other studies and
proposed schemes of invasion dynamics (e.g.
Richardson et al. 2000; Alimov and Bogutskaya
2004; Blackburn et al. 2011).

The suggested adjustments of the terminology
of invasion stages can be easily absorbed within
existing frameworks of invasion processes (e.g.
Blackburn et al. 2011) and bioinvasion impact
assessment approaches (e.g. Olenin et al. 2007)
(Table 1). For instance, defining the outbreak stage
with three subsequent phases compliments and
elaborates on the broad ‘Spread’ phase determined
as dispersal and environmental adaptation in the
bioinvasion framework by Blackburn et al. (2011).
Linking together those different approaches may
help to make bioinvasion impact and risk
assessments more robust and consistent.

Although our results showed that abundance
of TAS is not always the best predictor of the
population status and the invasion stage achieved
(as in the case of the beginning and the end of
the outbreak stage, at a time when populations
might be similar in number but differ in size
structure), we find that impact magnitude relates
to the species abundance. In the Biopollution
Assessment (BPL) method (Olenin et al. 2007),
the abundance and distribution range was
suggested as a key parameter determining largely
the entire impact assessment. We find that it can
serve also as a semi-quantitative indicator of
invasion stages (Table 1) when following key
aquatic invasions. This could be a handy approach
taking into account that BPL is under consideration
as a standardized indicator for Descriptor 2 (Non-
indigenous species) within the Marine Strategy
Framework Directive and might be included into
national monitoring programs (Olenin et al. 2010).

The indicative thresholds in the current
account provide direct evidence of the zebra
mussel invasion stages for two separate lakes.
These values were consistent with the results of
earlier studies conducted in LD, LR, and other
Irish lakes (Minchin et al. 2002, 2006¢; Minchin
and Zaiko 2013). However, specific thresholds
need to be determined for other IAS and for
zebra mussels within other aquatic ecosystems
with different environmental conditions. Therefore
further work might be required to reveal the
invasion stages of other impacting IAS and
whether these follow a similar pattern.

We believe that combining qualitative and
quantitative distinction of invasion stages can
facilitate the understanding of invasion process
by managers, decision makers and general
public, will result in a better awareness of risks
posed by IAS and periods when maximum economic
impact may prevail (Minchin and Moriarty 2002).
The sequence of invasion stages with corresponding
features presented in Table 1 and Figure 5
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provides the example of the detailed zebra mussel
invasion ‘anatomy’, and might be extrapolated for
other invasive byssate freshwater molluscs.
Assuming, that many “key IAS” with high impact
ability could result in readily observed environ-
mental change during their invasion process, a
similar approach to identifying the invasion
stage should be of value to managers. It is clear
that these qualitative evidences can vary among
‘r’-strategists according to their taxonomic and
functional group. It is of special value in
determining stages for those alien species with a
previous invasion history from elsewhere or
those expected to arrive. The approach suggested
here will provide the basis for tracking an
invasion process, risk assessment or prediction
of invasion consequences.

Acknowledgements

Completion of the current account was made possible with
support from the European Community’s Seventh Framework
Programme (FP7/2007-2013) under Grant Agreement No. 266445
for the project Vectors of Change in Oceans and Seas Marine
Life, Impact on Economic Sectors (VECTORS) and under grant
agreement 308392 for the project Development of innovative
tools for understanding marine biodiversity and assessing good
environmental status (DEVOTES), within 'The Ocean of
Tomorrow' Theme. DM acknowledges the long-term support
from the Marine Institute, Waterways Ireland and Inland Fisheries
Ireland enabling collection of data from the Shannon Waterway.
Environmental data was supplied by the Irish EPA. Authors also
acknowledge three anonymous reviewers for their constructive
remarks and suggestions.

References

Alimov AF, Bogutskaya NG (2004) Biological invasions in
aquatic and terrestrial ecosystems. KMK Scientific Press,
Moscow-Saint Petersburg, 436 pp

Allee WC (1927) Animal aggregations. The Quarterly Review of
Biology 2: 367-398, http://dx.doi.org/10.1086/394281

Anderson LWJ (2005) California’s reaction to Caulerpa taxifolia:
a model for invasive species rapid response. Biological Inva-
sions 7: 1003—1016, http://dx.doi.org/10.1007/s10530-004-3123-z

Ashton G, Boos K, Shucksmith R, Cook E (2006) Rapid
assessment of the distribution of marine non-native species in
marinas in Scotland. Aquatic Invasions 1: 209-213,
http://dx.doi.org/10.3391/ai.2006.1.4.3

Bax N, Williamson A, Aguero M, Gonzalez E, Geeves W (2003)
Marine invasive alien species: a threat to global biodiversity.
Marine Policy 27(4): 313-323, hitp://dx.doi.org/10.1016/S0308-
597X(03)00041-1

Berkman PA, Garton DW, Van Bloem SJ (1994) Zebra mussel
habitat expansion by soft substrate modification. American
Zoologist 34(5): 60A

Blackburn TM, Pysek P, Bacher S, Carlton JT, Duncan RP,
Jarosik V, Wilson JR, Richardson DM (2011) A proposed
unified framework for biological invasions. Trends in
Ecology & Evolution 26(7): 333-339, http:/dx.doi.org/10.1016/
j.tree.2011.03.023

Bowman J (1999) The Shannon. In: Moriarty C (ed), Studies of
Irish rivers and lakes. Marine Institute, Dublin, pp 169-189

154

A. Zaiko et al.

Burlakova LE, Karatayev AY, Padilla DK (2000) The impact of
Dreissena polymorpha (Pallas) invasion on unionid bivalves.
International Review of Hydrobiology 85(5-6): 529541

Burlakova LE, Karatayev AY, Padilla DK (2006) Changes in the
distribution and abundance of Dreissena polymorpha within
lakes through time. Hydrobiologia 571: 133-146,
http://dx.doi.org/10.1007/s10750-006-0234-9

Crooks JA (2005) Lag times and exotic species: The ecology and
management of biological invasions in slow-motion.
Ecoscience 12(3): 316-329, http://dx.doi.org/10.2980/i1195-6860-
12-3-316.1

Darling JA, Blum MJ (2007) DNA-based methods for monitoring
invasive species: a review and prospectus. Biological Inva-
sions 9: 751-765, http://dx.doi.org/10.1007/s10530-006-9079-4

Davis MA (2009) Invasion Biology. Oxford University Press Inc,
New York, 244 pp

Elton CS (1958) The Ecology of Invasions by Animals and
Plants. The University of Chicago Press, Chicago and
London, 196 pp, http:/dx.doi.org/10.1007/978-1-4899-7214-9

Geller JB, Darling JA, Carlton JT (2010) Genetic Perspectives on
Marine Biological Invasions. Annual Review of Marine
Science 2: 367-393, http://dx.doi.org/10.1146/annurev.marine.010
908.163745

Genovesi P (2005) Eradications of invasive alien species in
Europe: a review. Biological Invasions 7: 127-133,
http://dx.doi.org/10.1007/s10530-004-9642-9

Gomoiu MT, Alexandrov B, Shadrin N, Zaitsev Y (2002) The
Black sea—a recipient, donor and transit area for alien
species. In: Leppdkoski E, Gollasch S, Olenin S (eds),
Invasive aquatic species of Europe: distribution, impacts and
management. Kluwer Academic, The Netherlands, pp 341-
350, http://dx.doi.org/10.1007/978-94-015-9956-6_35

Karatayev AY, Burlakova LE, Padilla DK (2002) Impacts of
zebra mussels on aquatic communities and their role as
ecosystem engineers. In: Leppakoski E, Gollasch S, Olenin S
(eds), Invasive aquatic species of Europe: distribution, impact
and management. Kluwer Academic, The Netherlands, pp
433-446, http://dx.doi.org/10.1007/978-94-015-9956-6_43

Karpevich AF (1960) Theoretical assumptions on the acclima-
tization of aquatic organisms. VNIRO Works XLIII: 10-30

Larkin DJ (2012) Lengths and correlates of lag phases in upper-
Midwest plant invasions. Biological Invasions 14: 827-838,
http://dx.doi.org/10.1007/s10530-011-0119-3

Lodge DM, Williams S, Maclsaac HJ, Hayes KR, Leung B,
Reichard S, Mack RN, Moyle PB, Smith M, Andow DA,
Carlton JT, McMichael A (2006) Biological invasions:
recommendations for US policy and management. Ecological
Applications 16(6): 2035-2054, http://dx.doi.org/10.1890/1051-
0761(2006)016[2035:BIRFUP]2.0.CO;2

Lucy FE, Burlakova LE, Karatayev AY, Mastitsky SE, Zanatta
DT (2013) Zebra mussel impact on unionids. Chapter 40. In:
Nalepa T, Schlosser D (eds), Quagga and zebra mussels:
Biology, Impacts and Control. Second Edition. CRC Press,
pp 623—643, http://dx.doi.org/10.1201/b15437-48

Lucy FE, Minchin D, Boelens R (2008) From lakes to rivers:
downstream larval distribution of Dreissena polymorpha in
Irish river basins. Aquatic Invasions 3: 297-304,
http://dx.doi.org/10.3391/2i.2008.3.3.4

Lucy F, Minchin D, Holmes JMC, Sullivan M (2004) First
records of the Ponto-Caspian amphipod Chelicorophium
curvispinum (Sars, 1895) in Ireland. [Irish Naturalists’
Journal 27(12): 461-462

McCarthy TK, Fitzgerald J, O'Connor W (1998) The occurrence
of the zebra mussel Dreissena polymorpha (Pallas, 1771), an
introduced biofouling freshwater bivalve in Ireland. Irish
Naturalists’ Journal 25(12): 413-415

Minchin D (2007) Rapid coastal survey for targeted alien species
associated with floating pontoons in Ireland. Aquatic
Invasions 2(1): 63—70, http://dx.doi.org/10.3391/ai.2007.2.1.8



Anatomy of an ‘r’ strategist aquatic invasion

Minchin D (2014) Corbicula fluminea in Lough Derg, the
Shannon. Irish Naturalists’ Journal (in press)

Minchin D, Davis MH, Davis ME (2006a) Spread of the Asian
tunicate Styela clava Herdman, 1882 to the east and south-
west coasts of Ireland. Aquatic Invasions 1: 91-96,
http://dx.doi.org/10.3391/2i.2006.1.2.7

Minchin D, Floerl O, Savini D, Occhipinti-Ambrogi A (2006b)
Small craft and the spread of aquatic species. In: Davenport J,
Davenport JL (eds), The ecology of transportation: managing
mobility for the environment. Springer Dordrecht, The
Netherlands, pp 99118, http://dx.doi.org/10.1007/1-4020-4504-2_6

Minchin D, Lucy F, Sullivan M (2006¢) Ireland: a new frontier
for the zebra mussel Dreissena polymorpha (Pallas). Oceano-
logical and Hydrobiological Studies 34 (Suppl. 1): 19-30

Minchin D, Lucy F, Sullivan M (2002) Zebra mussel: Impacts
and Spread. In: Leppékoski E, Gollasch S, Olenin S (eds),
Invasive aquatic species of Europe: distribution, impacts and
management. Kluwer Academic, The Netherlands, pp 135—
146, http://dx.doi.org/10.1007/978-94-015-9956-6 15

Minchin D, Lucy F, Sullivan M (2005) Ireland: a new frontier for
the zebra mussel Dreissena polymorpha (Pallas). Oceano-
logical and Hydrobiological Studies 34, supp. 1: 19-30

Minchin D, Moriarty C (2002) Zebra mussels and their impact in
Ireland. In: Biological Invaders: the impact of exotic species.
Moriarty C, Murray DA (eds), Proceedings of the Royal Irish
Academy, pp 72-78

Minchin D, Zaiko A (2013) Variability of the zebra mussel
(Dreissena polymorpha) impacts in the Shannon River
system. Chapter 37. In: Nalepa T, Schlosser D (eds), Quagga
and zebra mussels: Biology, Impacts and Control. Second
Edition. CRC Press, pp 587-598, http://dx.doi.org/10.1201/
b15437-45

Moore JW, Herbst DB, Heady WN, Carlson SM (2012) Stream
community and ecosystem responses to the boom and bust of
an invading snail. Biological Invasions 14: 2435-2446,
http://dx.doi.org/10.1007/s10530-012-0240-y

Olenin S, Alemany F, Cardoso AC, Gollasch S, Goulletquer P,
Lehtiniemi M, McCollin T, Minchin D, Miossec L,
Occhipinti-Ambrogi A, Ojaveer H, Jensen KR, Stankiewicz
M, Wallentinus I, Aleksandrov B (2010) Marine Strategy
Framework Directive Task Group 2 Report: Non-indigenous
species. JRC Scientific and Technical Reports, 52 pp

Olenin S, Elliott M, Bysveen I, Culverhouse P, Daunys D,
Dubelaar GBJ, Gollasch S, Goulletquer P, Jelmert A, Kantor
Y, Mezeth KB, Minchin D, Occhipinti-Ambrogi A, Olenina
I, Vandekerkhove J (2011) Recommendations on methods for
the detection and control of biological pollution in marine
coastal waters. Marine Pollution Bulletin 62(12): 2598-2604,
http://dx.doi.org/10.1016/j.marpolbul.2011.08.011

Olenin S, Minchin D, Daunys D (2007) Assessment of bio-
pollution in aquatic ecosystems. Maine Pollution Bulletin 55
(7-9): 379-394, http://dx.doi.org/10.1016/j.marpolbul.2007.01.010

Oliver I, Beattie AJ (1996) Designing a cost-effective invertebrate
survey: a test of methods for rapid assessment of biodiversity.
Ecological Applications 6(2): 594-607, http://dx.doi.org/10.
2307/2269394

Pace ML, Strayer DL, Fischer D, Malcom HM (2010) Recovery
of native zooplankton associated with increased mortality of
an invasive mussel. Ecosphere 1(1): 1-10, http://dx.doi.org/10.
1890/ES10-00002.1

Pollux B, Minchin D, Van der Velde G, Van Alen T, Van der
Staay S, Hackstein J (2003) Zebra mussels in Ireland
(Dreissena polymorpha), AFLP-fingerprinting and boat
traffic both indicate an origin from Britain. Freshwater

Biology 48: 1127-1139, http://dx.doi.org/10.1046/j.1365-2427.
2003.01063.x

Reise K, Olenin S, Thieltges DW (2006) Are aliens threatening
European aquatic coastal ecosystems? Helgoland Marine
Research 60(2): 106-112, http:/dx.doi.org/10.1007/s10152-006-
0024-9

Richardson DM, Pysek P, Rejmanek M, Barbour MG, Panetta
FD, West CJ (2000) Naturalization and invasion of alien
plants: concepts and definitions. Diversity and Distributions
6: 93—-107, http://dx.doi.org/10.1046/j.1472-4642.2000.00083.x

Simberloff D (2001) Eradication of island invasives: practical
actions and results achieved. Trends in Ecology & Evolution
16: 273-274, http://dx.doi.org/10.1016/S0169-5347(01)02154-1

Strayer DL (2012) Eight questions about invasions and ecosystem
functioning. Ecology Letters 15: 1199—1210, http://dx.doi.org/
10.1111/j.1461-0248.2012.01817.x

Strayer DL, Eviner VT, Jeschke JM, Pace ML (2006)
Understanding the long-term effects of species invasions.
Trends in Ecology & Evolution 21: 645—651, http://dx.doi.org/
10.1016/j.tree.2006.07.007

Strayer DL, Malcom H (2006) Long term demongraphy of a zebra
mussel (Dreissena polymorpha). Freshwater Biology 51:
117-130, http://dx.doi.org/10.1111/j.1365-2427.2005.01482.x

Strayer DL, Malcom H (2007) Effects of zebra mussels
(Dreissena polymorpha) on native bivalves: the beginning of
the end or the end of the beginning? Journal of the North
American Benthological Society 26: 111-122, http://dx.doi.org/
10.1899/0887-3593(2007)26[111:EOZMDP]2.0.CO;2

Strayer DL, Cid N, Malcom HM (2011) Long-term changes in a
population of an invasive bivalve and its effects. Oecologia
165: 1063—-1072, http://dx.doi.org/10.1007/s00442-010-1792-0

Sullivan M, Lucy F, Minchin D (2010) The association between
zebra mussels and aquatic plants in the Shannon River system
in Ireland. In: van der Velde G, Rajagopal S, bij de Vaate A
(eds), The Zebra Mussel in Europe. Backhuys Publishers,
Leiden/Margraf Publishers, Weikersheim, pp 233-240

Wang R, Wang Y-Z (2006) Invasion dynamics and potential
spread of the invasive alien plant species Ageratina adeno-
phora (Asteraceae) in China. Diversity and Distributions 12:
397-408, http://dx.doi.org/10.1111/j.1366-9516.2006.00250.x

Wangen AR, Webster CR (2006) Potential for multiple lag phases
during biotic invasions: reconstructing an invasion of the
exotic tree Acer platanoides. Journal of Applied Ecology 43:
258-268, http://dx.doi.org/10.1111/j.1365-2664.2006.01138.x

Williamson M (1996) Biological Invasions. Chapman & Hall,
New York, 244 pp

Williamson M, Brown KC (1986) The analysis and modelling of
British invasions. Philosophical Transactions of the Royal
Society of London B 314: 505-522, http://dx.doi.org/10.1098/
rstb.1986.0070

Zaiko A, Daunys D, Olenin S (2009) Habitat engineering by the
invasive zebra mussel Dreissena polymorpha (Pallas) in a
boreal coastal lagoon: impact on biodiversity. Helgoland
Marine Research 63(1): 85-94, http://dx.doi.org/10.1007/s10152-
008-0135-6

Zettler ML, Daunys D, Kotta J, Bick A (2002) History and
success of an invasion into the Baltic Sea: the polychaete
Marenczelleria cf. viridis, development and strategies. In:
Leppikoski E, Gollasch S, Olenin S (eds), Invasive aquatic
species of Europe: distribution, impacts and management.
Kluwer  Academic, The Netherlands, pp 66-75,
http://dx.doi.org/10.1007/978-94-015-9956-6_8

155



