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Abstract Non-indigenous invasive aquatic plants
affect macrophyte community composition, structure
and abundance, and are recognised as one of the major
causes of biodiversity loss in aquatic ecosystem. Their
mass development poses serious ecological, sociolog-
ical and economical threats in many countries. We
investigated biological, physicochemical, hydromor-
phological and geographical data from 447 Polish
lowland lakes to recognise the phenomenon of inva-
sive macrophyte species and to identify environmental
factors that determine their occurrence and abundance.
We focused on Elodea canadensis (EC) as the most
common and widespread alien hydrophyte in Poland.
Phytocoenoses of EC were present in 40 % of
analysed lakes. The area occupied by EC ranged from
2.3 to 5.5 % of the total vegetated area per year, on
average, with a maximum of 37.8 %. A comparison
between two sub-periods (2005-2009 and 2010-2013)
revealed a lack of increase in EC mean abundance
within the analysed period. Likewise, no evidence of
EC effects on the native flora, its richness and diversity
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and no effects on the ecological status of the lakes
were found. In the analysed period, EC did not
demonstrate invasive character in Polish lakes. The
habitat preference of EC was biased towards larger
and deeper lakes located at higher altitudes, with
longer water retention times, better water quality and
better ecological status based on macrophytes com-
pared with non-invaded lakes. We found altitude and
water quality as the main determinants of EC occur-
rence within the sampled area. We suggest that both
climate warming and accelerated eutrophication may
contribute to reducing EC spread in Europe observed
during recent decades.

Keywords Canadian waterweed - Alien species -
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Introduction

The problem of the appearance of alien species and
their impact on native biological assemblages has
become especially weighty during the past century, as
the development of transport and international trade
has contributed to the rapid and pervasive spread of
species beyond their natural range of occurrence
(Hussner et al. 2010; Lenda et al. 2014). In the past two
decades, there has been a marked increase in the
number of scientific papers concerning the growing
threat to native fauna and flora from invasive alien
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species (Thomaz et al. 2015). One of the most
common definitions used in many ecological studies,
though relatively vague, describes alien invasive
species as those that colonise and spread into new
territories where they have never occurred before
(definition overview in Pysek 1995). In their new
territories, alien species can expand their populations
either in terms of geographical area and/or in terms of
increasing frequency and density. These species also
can be referred to as aggressive invaders, as defined by
Simberloff and Rejmanek (2011). According to recent
European Union legislation, invasive alien species are
defined as those that are, firstly, outside their natural
distribution area, and that, secondly, threaten or
adversely impact biodiversity and related ecosystem
services (EU 2014).

The rates of geographical spread and successful
establishment of species that are non-native to certain
regions are determined by an array of biotic and
abiotic factors that include, among others, the number
and size of release events, i.e. propagule pressure
(Lockwood et al. 2005; Redekop et al. 2016), the
availability of vectors and pathways for propagule
dispersal (Panov et al. 2009; Redekop et al. 2016),
proper habitat conditions such as nutrient and light
availability (Thiébaut 2005) or climate (Chytry et al.
2009), as well as favourable ecological interactions
(overview in Fleming and Dibble 2015). The intro-
duction of submerged weeds into a waterbody largely
depends on human activities (Lockwood et al. 2005;
Hussner et al. 2010), and the more propagules are
introduced, the more likely the dispersal of the species
within and between waterbodies and the higher the
likelihood of successful invasion and establishment
(Lockwood et al. 2005; Redekop et al. 2016). More-
over, ecosystems disturbed by human pressure are
more prone to invasions than stable, undisturbed
ecosystems (Hussner et al. 2010), because the ecolog-
ical niche of lost macrophytes can be easily colonised
by other species (Bakker et al. 2013), including exotic
ones (Zehnsdorf et al. 2015). Thus, waterbodies more
exposed to anthropogenic influences (trade, tourism
pressure, increase in population density and increased
eutrophication) are more likely to be invaded than less
affected ones. The dispersal of species between
waterbodies is strongly related to hydrological con-
nectivity (Panov et al. 2009), with rivers and canals
serving as invasion corridors. Thus, it can be assumed
that flowing waters (including open lakes) would be
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more prone to invasion than, for example, more
isolated lakes with closed basins.

The ecological impact posed by alien species
includes an array of mechanisms and scenarios, of
which competition is widely regarded as one of
the most important for aquatic plant communities
(Fleming and Dibble 2015). Mass development of
a successfully established plant invaders modifies
macrophyte community composition, structure and
abundance, and leads to biodiversity loss that is
recognised as one of the major negative environmental
outcomes of invasion. Apparently, not all alien species
have a negative impact on local populations or
ecosystems. Some of them may become naturalised
and remain low in abundance, while the others
(aggressive invaders) may outcompete native vegeta-
tion and cause substantial problems related to ecosys-
tem functioning (Hussner et al. 2010). While invasive
alien species may affect the taxonomic composition
and functioning of ecosystems, they are also one of the
subjects of interest in the Water Framework Directive
(WFD; EU 2000) and must be taken into account when
assessing the ecological status of surface waters,
including lakes.

In a comprehensive overview of the appearance of
alien plant species in surface waters in Europe,
Hussner (2012) reported the highest numbers of alien
aquatic plant species in Italy and France, followed by
Germany, Belgium, Hungary and the Netherlands,
while in northern and eastern Europe the problem of
invasive species seems to be marginal. In Polish
waters, the number of alien plant species was negli-
gible (Hussner 2012), especially compared with
neighbouring countries, and the most common and
widespread alien hydrophyte is E. canadensis
(Tokarska-Guzik 2005b). Thus, the question appears:
if alien species are common in neighbouring countries,
why are they not so in Poland?

The low number of alien aquatic macrophyte
species in Poland (Tokarska-Guzik 2005a; Hussner
2012) may suggest that some of the conditions
favouring successful invasion may not be met. To
resolve this, we performed a comprehensive overview
of the occurrence and abundance of invasive macro-
phyte species in Polish lakes using a relatively long-
term and geographically widespread dataset. We
investigated biological, physicochemical, hydromor-
phological and geographical data from 447 Polish
lowland lakes (571 lake-years when including
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repeated surveys) surveyed for macrophytes during
much of the past decade (in the years 2005-2013)
within the lake monitoring programme and other
national research projects. All of the analysed lakes
are natural and are considered significant waterbodies
sensu WFD (i.e. they have an area greater than
0.5 km?), and constitute almost half (43 %) of the
significant lake waterbodies in Poland (Kolada et al.
2005).

The primary goal of our study was to explore
whether alien plant arrivals have an impact on the
structure and functioning of macrophytes in Poland
with a special focus on: (1) E. canadensis as the most
common invader in inland waters in the country and
(2) lakes as a separate water category according to the
WEFD. We aimed at: (1) defining the range of invasion
of E. canadensis in Polish lakes, its geographical
spread and abundance; (2) determining the habitat
requirements of E. canadensis, to identify the envi-
ronments that are most likely to be invaded; (3)
exploring the effects of E. canadensis on the taxo-
nomic richness and diversity of lacustrine flora,
particularly in the context of the threat that it poses
to the lake ecological status, as required by the WFD.

Materials and methods
Study system

At the beginning of the millennium, Canadian water-
weed (Elodea canadensis Michaux) was reported as
the only hydrophyte of among more than 300 plant
species that are considered alien arrivals since the
fifteenth century and are naturalised in Poland
(Tokarska-Guzik 2005a). Since then, reports of the
occurrence of other alien hydrophytes (i.e., Azolla
filiculoides Lam., Hygrophila polysperma (Roxb.) T.
Anderson, Lemna turionifera Landolt and Vallisneria
spiralis L.) from Polish waters have also become
available in the recent literature (Gabka and Owsianny
2009; Szczesniak et al. 2009; Tokarska-Guzik et al.
2014). Moreover, to our knowledge, in the lake
monitoring  database during the period of
2007-2013, at least one record of Elodea nuttallii St
John (Lake Rynskie, surveyed in 2010) and one record
of Vallisneria spiralis (Lake Patnowskie, surveyed in
2013) were noted (A. Kolada unpubl. obs.). The
observations of the other alien hydrophyte species in

Polish waters seem to be fortuitous at the present time,
however, while E. canadensis remains the most
common and widespread alien hydrophyte in Poland
(Tokarska-Guzik 2005b).

Canadian waterweed (Elodea canadensis Michaux,
hereafter referred to as EC) is a North American native
species that became invasive in Europe, Asia and
Australia. EC was first recorded in Europe in 1836 in
Great Britain (Moore and More 1866, reviewed in
Simpson 1984), and since then it has greatly expanded
and colonised many running and standing waters.
Recently, it has become the most widespread alien
aquatic plant, reported in 41 European countries
(Hussner 2012), and is among the most common alien
species in the waters of north-western Europe (Hilt
and Gross 2008; Hussner et al. 2010). In France and
Germany, a mass development of EC has been
observed (Hilt et al. 2006; Hussner et al. 2010),
posing serious ecological, sociological and econom-
ical threats (Zehnsdorf et al. 2015).

The first report of EC in Poland dates to 1867
(Abromeit et al. 1898, after Tokarska-Guzik 2005b),
and since then it has spread almost throughout the
entire country (with the exception of mountainous
areas), inhabiting all types of surface waters
(Tokarska-Guzik 2005b). Since the early 1950s, EC
has been recognised as a common component of
aquatic flora in Poland (Kornas and Medwecka-
Kornas 1957; Bernatowicz 1960; Rejewski 1984;
Klosowski 2006; Jabtonska and Ktosowski 2015) and
is currently a naturalised species throughout the
country. Despite its widespread appearance in Polish
waters, to our knowledge, no comprehensive overview
of EC frequency, abundance and invasion in lakes has
been carried out. Neither the effects of EC on species
richness and diversity nor its effects on lake ecological
status have been evaluated until recently.

Lakes and lake-years

Data on aquatic vegetation, morphology and water
physicochemical properties from 447 Polish lowland
lakes surveyed during the period 2005-2013 were
analysed. Each year a different set of lakes was
surveyed (from 19 lakes in 2005 to 91 in 2011; 63
lakes per year on average). Of the 447 lakes, 345 were
surveyed once during the analysed period; 83 lakes
were studied in 2 years, 16 lakes were studied in three
years and for three lakes surveys of 4 years (with
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1-7 years between surveys) were available. The final
dataset was composed of complete data from 571 lake-
years (surveys). All of the studied lakes are natural,
lowland (<250 m a.s.l.), with non-coloured medium-
to high-alkalinity waters (>0.3 meq L™"), but they
differ in morphometry and trophy (Table 1).

Biological and environmental data

Data on macrophytes were collected within the
national lake monitoring programme (513 lake sur-
veys from the period of 2007-2013), the Polish—
Norwegian Research Fund (PNRF) Project
‘deWELopment’ (11 lakes surveyed in 2009; Kolada
et al. 2014) and other national research projects (47
lakes surveyed in 2005-2006; Ciecierska 2008;
Kolada 2010).

The aquatic vegetation of all the lakes was surveyed
once a year during the peak of the vegetation season
(June—September) using a unified field survey proce-
dure based on the transect method (Ciecierska and
Kolada 2014). The observations of aquatic vegetation
were made along 30 m wide belt transects set
perpendicularly to the shoreline and covering the
whole vegetated zone, from the shoreline to the outer
limit of macrophyte growth. The observations were
made by wading and boating with the use of a rake and
a bathyscope. At each transect the maximum coloni-
sation depth, the mean vegetation coverage and the
relative coverage of all the submerged, floating-leaved
and emergent plant communities (syntaxa) were
determined. Data collected within transects were then
readjusted to the whole-lake scale. For the identifica-
tion and classification of aquatic plant communities,
the phytosociological approach was applied (Braun-
Blanquet 1964). The plant communities were identi-
fied on the basis of their dominant species, and the
syntaxonomic systems established by Brzeg and
Wojterska (2001) and Matuszkiewicz (2002) were
adopted.

Data on the water quality of 11 lakes were collected
within the PNRF project ‘deWELopment’ (Soszka and
Ochocka 2011), while those for all the other lakes used
in the study were collected within the national lake
monitoring programme; the latter data are owned by
the Chief Inspectorate for Environmental Protection in
Poland. The lakes were sampled for water physico-
chemistry and chlorophyll a in the same year as the
vegetation surveys were conducted, four times during
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the vegetation season, from March to October. In this
study, the seasonal means of pH, alkalinity, water
temperature at 1 m depth, concentrations of total
phosphorus, total nitrogen, chlorophyll a and water
transparency as measured with a Secchi disk were
analysed (Table 1). Morphological, hydrological and
geographical data for all of the analysed lakes were
derived from the national monitoring database. In this
analysis, data on lake surface area, maximum and
mean depths, water volume, water retention time (time
needed for complete water exchange), latitude, longi-
tude and altitude of the lake centre point were used
(Table 1).

Statistical analyses

The spatial distribution, relative abundance and habi-
tat requirements of EC in lakes were analysed. The
spatial distribution of EC in lakes throughout the
country was explored using GIS tools (ArcGIS for
Desktop Advanced version 10.2). The average area
occupied by EC as a proportion of the total vegetated
area (hereafter referred to as %area_EC) in subse-
quent years was compared using the Kruskal-Wallis
test.

Links between environmental parameters and the
taxonomic composition of lakes invaded or not
invaded by EC were tested with the use of canonical
community ordination techniques in the CANOCO 4.5
software (ter Braak and Smilauer 2002). Seventy-eight
plant communities of submerged and floating-leaved
vegetation identified in all the lakes (Table S1 in
Online Resources) were used to estimate the length of
a gradient in the standard deviation of species (or plant
communities in this case) turnover using detrended
correspondence analysis (DCA). As the gradient of
biological data tested was sufficiently long (4.27 SD),
the unimodal context was assumed and canonical
correspondence analysis (CCA) with untransformed
species data was further applied to identify environ-
mental variables shaping the vegetation pattern in the
analysed lakes (ter Braak and Smilauer 2002).

Pre-selection of the environmental variables was
performed by applying principal component analysis
(PCA). Fifteen abiotic parameters, including geo-
graphical distribution, lake morphology, hydrography
and selected water quality indicators were tested. The
parameters are listed in Table 1. The data were tested
for normal distribution and data on TP, TN and SD
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were log-transformed. The PCA produced five signif-
icant principal components (eigenvalues >1.0), with
the first three components together explaining 57.5 %
of the total lake variance (26.1, 18.4 and 12.9 %,
respectively). The variables which were not inter-
correlated (Spearman’s rho 1<0.7l) and were best
correlated with the first three principal components
(factor loadings 1>0.6l), were selected and used in the
CCA. The distribution of lakes invaded or not invaded
by EC in an ordination space described by the pre-
selected environmental determinants was compared.
To identify plant communities concomitant with EC
phytocoenoses, the distribution of plant communities
in the CCA ordination space (inter-species distance)
was analysed.

To characterise EC habitat requirements in a more
quantitative manner, the environmental factors listed
in Table 1 were compared between EC invaded and
non-invaded lakes using the non-parametric Mann—
Whitney U-test, with the median as a measure of the
central tendency. Moreover, the ecological status of
EC invaded and non-invaded lakes was compared
according to the Ecological State Macrophyte Index
(ESMI, Ciecierska and Kolada 2014). The ESMI is the
WEFD-compliant multimetric for assessing the ecolog-
ical status of lakes exposed to eutrophication pressure
applied in lake monitoring in Poland. It evaluates the
state of macrophyte composition and structure in
relation to the state expected in undisturbed (refer-
ence) conditions. The values of the ESMI range from
0to 1, where 1 describes almost pristine and 0 the most
disturbed conditions. Values below 0.410 indicate
lakes in unacceptable conditions (lakes requiring
restoration measures), and values above 0.680 indicate
lakes with very good ecological status based on their
macrophytes.

To investigate the current trends in EC performance
in Polish lakes, of the 102 lakes surveyed more than
once during the analysed period, 45 were selected for
which at least one survey during the first (2005-2009)
and the second sub-period (2010-2013) was available
and where EC was noted at least once. For those of the
45 lakes that were surveyed more than once during one
or both sub-periods, for the first sub-period the oldest
and for the second sub-period the most recent survey
was used. For each of the selected 45 pairs of surveys,
comparisons of the share of the area inhabited by EC
and the main richness, diversity and evenness mea-
sures (Heip et al. 1998) as well as the Ecological State
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Macrophyte Index (Ciecierska and Kolada 2014)
between the two sub-periods were conducted using
paired sample 7 tests (repeated measures with normal
distribution; for all indices in both sub-periods
Shapiro-Wilk W > 0.05). The analysed measures
included the total numbers of hydrophyte communi-
ties (syntaxa; S), the Shannon—Wiener diversity index
(H' with natural logarithm as a base; Shannon and
Weaver 1949), the Simpson’s index of diversity
(1 — A; Simpson 1949; Pielou 1975) and the Pielou’s
index of evenness (Pielou 1975). Statistical analyses
were performed using STATISTICA version 10.0
software (StatSoft Inc. 2011).

Results
Distribution and abundance

The distribution of EC in the analysed lakes was
limited to the central-north and lowland (<242 m
a.s.l.) part of the country (Fig. 1; Table 1) as all of the
Polish lakes with an area greater than 0.5 km” are
located there, within the range of the Baltic glaciation
(Kolada et al. 2005). The phytocoenoses of EC were
present in 178 of 447 lakes (40 %) and in 212 of 571
surveys (37 %) (Fig. 1). The number of lakes sur-
veyed each year ranged from 19 in 2005 to 91 in 2011,
and the number of lakes where EC was present ranged
from 9 in 2006 to 35 in 2010 (Fig. 2a). The proportion
of lakes with EC in a set of lakes surveyed in
subsequent years was relatively stable and ranged
from 30 % in 2007 to 58 % in 2005, most frequently
being around 36 % (90th percentile). The proportion
of the total vegetated area occupied by EC phyto-
coenoses (%area_EC) was relatively low, ranging
between 0.005 and 37.8 % of the total area covered by
hydrophyte communities (3.5 % on average in total;
Fig. 2b). Among the surveys where EC was noted
(n = 212), no statistically significant differences in
%area_EC among subsequent years (Kruskal-Wallis
H (8;212) = 2.50, p = 0.962; Fig. 2b) were found.
The lakes where EC was found, although located
within lowlands, were clustered in areas at consider-
ably higher altitudes (120 m a.s.l. on average) than
those not invaded by EC (85 m a.s.l. on average;
Fig. 3; Table 1). Of the 241 lakes located below
100 m a.s.l., EC was found in 63 (26 %), whereas of
the 206 lakes located above 100 m a.s.l., 115 (56 %)
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Fig. 1 The distribution of

lakes analysed in the study,
surveyed from 2005 to 2013.
Lakes where the
phytocoenoses of Elodea
canadensis were found at
least once are marked with
the dark circles (n = 178)
and where they were absent
from are marked with the
light circles (n = 269)
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were invaded by EC. Lakes invaded by EC were also
more often located in northern and eastern areas
compared with lakes where EC was not identified
(Table 1).

Habitat requirements

The nine environmental variables used in the CCA
(listed in Fig. 4a) explained 7 % of the total variance
in the lacustrine vegetation of the analysed lakes (total
inertia 12.813, sum of all canonical eigenvalues
0.842). The first two axes of the CCA ordination
accounted for 45 % of the variation in the 78 plant
communities with respect to the environmental vari-
ables tested. The first axis was most strongly corre-
lated with water transparency (R = 0.61), TN
(—0.44), TP (—0.40), maximum depth (0.35) and
water retention time (0.34), while the second axis was
correlated with altitude (—0.41) and longitude (—0.11;
Fig. 4a). In the CCA ordination space, the lakes

- km

invaded by EC (Fig. 4a, black circles) were clearly
shifted towards higher altitudes and were charac-
terised by greater depth, greater water volume, longer
retention time and higher water transparency com-
pared to the non-invaded lakes (Fig. 4a, open circles).

Likewise, the comparison of hydromorphological
and water quality properties between invaded and non-
invaded lakes confirmed that, in our study, EC was
more likely to inhabit larger and deeper lakes with
longer water retention times, lower seasonal mean
water temperatures and better water quality than non-
invaded lakes (statistically highly significant differ-
ences in almost all of the features analysed except for
pH; Table 1).

Syntaxonomic composition
In the 571 lake-years analysed, 78 hydrophyte com-

munities (syntaxa) were identified, while in 212
surveys where EC was identified, 70 hydrophyte
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Fig. 2 The total number of lakes surveyed (grey bars) and the
number of lakes where the phytocoenoses of E. canadensis were
noted (black bars) in subsequent years of the analysed period
(upper panel, a) and the area occupied by phytocoenoses of E.
canadensis as proportion of the total vegetated area (%area_EC)
in subsequent years of the analysed period (lower panel, b); the
whisker-plots in the lower panel (b) present the quartile range
with the median (boxes), non-outlier range (whiskers), outlying
(circles) and extreme values (stars)

communities were recorded (Table S1 in Online
Resources). The CCA revealed a distinct horizontal
gradient in the distribution of the plant communities,
which was related to water trophy, with syntaxa more
sensitive to eutrophication located on the right side of
the ordination diagram and more tolerant syntaxa
clustered on the left side. Moreover, the positions of
syntaxa preferring higher altitudes were shifted
towards the lower part of the diagram (Fig. 4b).

Phytocoenoses of EC were most frequently accom-
panied by the phytocoenoses of submerged angios-
perms typical of mesotrophy and meso-eutrophy
(Myriophyllum spicatum, M. verticillatum, Najas
marina, Ranunculus circinatus, R. trichophyllus, Po-
tamogeton natans, P. nodosus, Hippuris vulgaris,
Callitriche cophocarpa and Lemna trisulca) and more
tolerant species of stoneworts (e.g., Nitellopsis obtusa,
Chara fragilis, Ch. tomentosa, Ch. aspera and Ch.
vulgaris) (Table S1).
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The lakes where EC was found had better ecolog-
ical status based on their macrophyte index ESMI (the
median value of ESMI was 0.507, which corresponds
to good ecological status; n = 172) compared with
lakes where EC was not identified (the median ESMI
was 0.360, which corresponds to moderate ecological
status; n = 307; Z = — 8.27, p < 0.0001, based on
the Mann—Whitney U-test).

Effect on native flora

The comparison of the %area_EC in 45 lakes that
were surveyed at least once in each sub-period
(2005-2009 and 2010-2013) revealed that the EC
mean abundance did not change significantly between
the sub-periods (Table 2). Likewise, the syntaxo-
nomic diversity (H’, 1 — A) and evenness (J') mea-
sures as well as ecological status based on the
ecological state macrophyte index (ESMI) did not
differ significantly between the sub-periods, though
the syntaxonomic richness (S) was significantly higher
in the second than in the first sub-period (Table 2).

Discussion

What is the scale of the spread and abundance
of EC in Polish lakes?

The appearance of most of the alien invasive species in
many European countries is fairly well documented
(presence/absence data), but for the vast majority of
plant invasions, studies measuring the rate of invasion
in quantitative terms are scarce or absent (PySek
1995). The spread of EC in Poland during the last half-
century and its current distribution are well docu-
mented (Tokarska-Guzik 2005a, b; Tokarska-Guzik
et al. 2008; Zajac et al. 2011), and these studies
indicate a rapid and wide proliferation of EC in Polish
waters, suggesting a serious environmental problem.
The species has been classified as a transformer, i.e. an
invasive plant that changes the character, condition,
form or nature of ecosystems (Richardson et al. 2000).
It is considered invasive on the national and interna-
tional scales, with a large increase in localities, and an
increase in abundance in existing localities and in
colonised new localities (Tokarska-Guzik 2005a, b).
Our study provides the first comprehensive over-
view of the appearance of EC and its impact on native
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Fig. 3 The distribution of
lakes with an area greater
than 0.5 km? in Poland
surveyed from 2005 to 2013
where phytocoenoses of E.
canadensis were present

(n = 178); circle size
indicates the proportion of
the total vegetated area
occupied by phytocoenoses
of E. canadensis
(Yoarea_EC)
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flora in a specific category of surface waters—lakes
constituting significant waterbodies sensu WFD. This
overview has been made on the basis of actual field
surveys conducted using a standardised sampling
procedure (Ciecierska and Kolada 2014) from almost
five hundred lakes during a period of almost a decade
(2005-2013). Concerning this specific water category,
our results do not fully support the observations of
other authors about the invasiveness of EC in Poland.
Although we do not question the extensive geograph-
ical spread of the species throughout the country, we
did not observe its mass development nor its threat to
plant diversity in lakes. Therefore, in our opinion, the
species cannot be considered an aggressive invader
sensu Simberloff and Rejmanek (2011) nor a trans-
former sensu Richardson et al. (2000), at least not in
lakes. This inconsistency between ours other authors’
findings may be explained as follows. Firstly, our
study addressed significant lake waterbodies (i.e. lakes
with a surface area greater than 0.5 km?) and we

0 25 50 100 150 200
O Kk

cannot make conclusions about EC invasiveness in
smaller lakes or in any other type of surface waters
where EC may be much more aggressive. Secondly,
most overviews of EC distribution in Poland have
been made on the basis of the ATPOL database (Atlas
of distribution of vascular plants in Poland; Zajac
1978) where the basic plant mapping units are
10 x 10 km squares (Tokarska-Guzik 2005a, b;
Tokarska-Guzik et al. 2008; Zajac et al. 2011). This
cartogram method provides information about
whether the species was present or absent within
a unit, but based on this information, little can be said
about the species occurrence in any given water
category (whether the species was found in a river,
stream, canal, ditch, lake or pond) or about its
abundance in a particular waterbody. Hence, the
results of previous works on EC performance in
Poland and ours are difficult to compare, as EC may be
more aggressive in certain water categories than in
others.
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Fig. 4 The CCA ordination of the lakes invaded (black circles)
and not invaded by E. canadensis (open circles) (left panel,
a) and 78 plant communities identified in the analysed lakes
(right panel, b); the eigenvalues of axes 1 and 2 (CC1 and CC2)
were 0.25 and 0.13, respectively, and the total inertia was 12.8;
key to the short codes of the environmental factors in the left
panel (a) is included in Table 1 and to the plant community

Table 2 The comparison of the relative abundance
(%area_EC) and the richness (S), diversity (H', 1 — A) and
evenness (J') measures between two sub-periods of the
analysed period (2005-2009 and 2010-2013) in lakes surveyed

3 -3 cc1 4

abbreviations in the right panel (b) is included in Table S1 in
Online Resources; different fonts in the right panel indicate
ecological groups of plant communities: italic underlined—
communities of stoneworts, ifalic bold—isoetids, regular—
bryophytes, italic—angiosperms (excluding isoetids), EC
(ELOD CANA) is marked with regular bold font

once within each sub-period and where phytocoenoses of
Elodea canadensis (EC) were identified at least once
(n; =n, =45)

Measure/index Short code 2005-2009 2010-2013 t test
Mean SD (range) Mean SD (range) t P

Proportion of EC in phytolittoral area %area_EC 1.52  3.544 (0-16.70) 1.70  3.604 (0-17.20) —043 0.670
Number of syntaxa S 12 4.4 (3-22) 13 4.1 (5-21) -2.29 0.027
Shannon-Wiener diversity index H 1.41  0.484 (0.02-2.44) 1.54  0.486 (0.39-2.34) —1.56 0.126
Simpson’s index of diversity 1—2A 0.65 0.175 (0.04-0.91) 0.68 0.173 (0.17-0.89) —0.99 0.330
Pielou’s index of evenness i 0.57  0.172 (0.02-0.90) 0.60 0.144 (0.22-0.82) —0.83 0412
Ecological State Macrophyte Index ESMI 0.479 0.1852 (0.162-0.858) 0.512 0.1475 (0.140-0.828) —1.48 0.147

The results for the paired sample ¢ test statistically significant at p < 0.05 marked in bold; SD standard deviation

The hydrological connectivity of a waterbody
strongly determines its exposure to invasion (Panov
et al. 2009). We expected that lakes with shorter
retention times (more river-like, hence, more exposed

@ Springer

to flushing and influences of tributaries) would be
more exposed to invasion due to higher propagule
dispersal and the greater probability of release events
compared with more isolated lakes with low rates of
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water exchange. Surprisingly, EC was more likely to
inhabit lakes with longer water retention time (2 years
on average; Table 1) compared with the non-invaded
lakes (approximately ten months, on average). Lakes
with longer water retention times are usually located
away from the main waterway networks and are less
exposed to human activities, and hence to potential
release events. Intense human pressure can largely
explain the invasion success of EC in western Europe
(Hussner et al. 2010). Polish waters are less affected
by anthropogenic influences (Hussner et al. 2010).
Therefore they can most likely be assumed to be
relatively stable ecosystems, with high redundancy
and high functional, phylogenetic and species diver-
sity (Fleming and Dibble 2015), thus being less
susceptible to invasion. Lower anthropogenic pressure
could be one of the explanations for the generally low
numbers of non-indigenous species in Poland and the
lower invasiveness of those alien species that have
already arrived.

Which environmental factors promote EC
occurrence in Polish lakes?

The environmental factors determining aggressive or
non-aggressive behaviour of EC in different geograph-
ical areas are not fully understood (Mjelde et al. 2014).
Light and water temperature as well as nutrition,
sediment composition and inorganic carbon availability
are foremost among the factors affecting the produc-
tivity of submerged macrophytes such as EC (Barko
et al. 1986). Chytry et al. (2009) pointed to the climatic
reasons as one of the major factors that explain the clear
differences in the number of aquatic plant species
between different parts of Europe. This was also
emphasised by Hussner (2012). These authors pointed
in particular to a longer growing season and milder
winter temperatures favouring the invasion of exotic
species in countries of the south-western region, in
contrast to countries of the north-eastern region with
harsher climate conditions. Based on a mesocosm
study, Zhang et al. (2015) demonstrated the enhanced
growth of EC with increasing temperature in autumn,
suggesting that EC will be a better competitor in a
warmer climate. Riis et al. (2012) found that EC
exhibited high plasticity in its responses to either low or
high temperatures and light availability, which allowed
it to be an early coloniser and generalist, thus promoting
its invasiveness. In our study, the distribution of EC

clearly related to altitude (Fig. 3), and, therefore, the
thermal conditions. Lakes invaded by EC were located
at higher altitudes (120 m a.s.l., on average, Table 1)
and had longer periods with sub-zero temperatures
(more than 60 days; Lorenc 2005) than those where EC
was not found (85 m a.s.l. and <60 days, on average,
respectively). Additionally, phytocoenoses of EC
occurred in lakes with lower average seasonal surface
water temperatures than non-invaded lakes (Table 1).
All of the abovementioned characteristics indicate a
preference of EC for lower temperatures within the
sampled areas. Our findings are consistent with those
reported by Greulich and Trémolieres (2006), who
demonstrated that in the Alsatian Rhine floodplain, EC
occurred in waters with temperatures that were signif-
icantly lower than those inhabited by two other alien
species of Elodea (E. nuttallii and E. ernstiae).
Accelerated eutrophication is considered one of the
crucial factors favouring the invasion of alien species
(Hussner et al. 2010). Canadian waterweed is known to
have a wide ecological amplitude, colonising a wide
range of aquatic environments, extending from peaty
to calcareous sites and from mesotrophic to eutrophic
conditions (Pokorny et al. 1984; Madsen et al. 1991;
Thiébaut 2005; Hérault et al. 2008). In our study,
although all of the sampled waterbodies were more or
less eutrophic (Table 1), the occurrence of EC was
clearly associated with waters of better quality, lower
nutrient concentrations (concentrations of TP =
43ugL™" and TN =1.1mg L' on average;
Table 1), higher visibility (2.5 m of Secchi disk
visibility; Table 1) and better ecological status
(ESMI = 0.507, on average) than waters not invaded
by EC (respectively, TP =64 pygL™', TN =
17mgL™", SD=13m and ESMI = 0.360, on
average). Likewise, in the Alsatian Rhine floodplain,
EC was demonstrated to prefer waters with low to
medium nutrient concentrations, significantly less rich
in phosphate and ammonium than waters inhabited by
other alien invaders, E. nuttallii and E. ernstiae
(Greulich and Trémolieres 2006). Requirements con-
cerning water quality may also explain the EC
preference for larger and deeper lakes observed in
our study (Table 1), as such ecosystems are usually
less eutrophied due to their larger water volume acting
as a solvent for contaminants. The EC preference for
less eutrophied waters observed in our study enabled us
to suggest that global eutrophication may contribute to
the reduction of EC proliferation in European waters
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and can explain to a certain extent the stabilisation of
its invasion or even its withdrawal from some areas that
has been observed in recent decades (Hussner 2012;
Mjelde et al. 2012; Brundu 2015). It might be that in
Poland EC previously inhabited more lakes but has
withdrawn from some of them due to the eutrophica-
tion process. This hypothesis, however, is difficult to
verify due to the lack of comparable data from the past.

Does EC affect taxonomic richness and diversity
of native flora in Polish lakes?

Phytocoenoses of EC appeared to share habitat
requirements with and, therefore, were most fre-
quently accompanied by the phytocoenoses of stone-
worts and submerged angiosperms (Fig. 4b,
Table S1), which in general are considered relatively
sensitive to eutrophication, and hence are treated as
‘valuable’ (usually found in un-impacted ecosystems,
typical of lakes in good ecological condition; Ciecier-
ska and Kolada 2014). This implies that, when highly
invasive, EC could pose a potential threat to the most
valuable elements of Polish aquatic flora. Although
EC was identified in 40 % of the analysed lakes, in
none of these lakes the species predominated over
phytocoenoses of native species. Usually it occupied
a few per cent of the total vegetated area, while
a maximum share of 37.8 % was noted incidentally
(Fig. 2b). The comparison of the syntaxonomic
diversity and richness measures between the two
sub-periods of the analysed period in the lakes invaded
by EC showed no negative effects of the alien species
on native flora, its richness, diversity and ecological
status (Table 2). Because a relatively small subset of
the lakes in our study were surveyed for macrophytes
in both sub-periods (n = 45) and over a relatively
short period (9 years), the study may be considered to
be too limited to adequately mirror general long-term
tendencies in EC behaviour. However, examples from
other countries show that EC can dominate lake
phytolittoral within a few years of invasion [e.g., Lake
Steinsfjord in Norway (Mjelde et al. 2012)]. Thus, we
assumed that if EC were going to develop dramati-
cally, as seen in other studies, it probably would have
done so during the nine-year period; hence, our
findings can be considered illustrative to some extent.

The behaviour of EC varies across European
regions (Mjelde et al. 2014). While in some countries,
such as Germany, France and Norway, this species is
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seen as aggressive, rapidly expanding and displacing
native species (Thiébaut 2005; Hilt and Gross 2008;
Hussner et al. 2010; Mjelde et al. 2012; Zehnsdorf
etal. 2015), in others, such as Slovenia, it remains non-
aggressive and, even if recorded, it does not increase in
abundance (Greulich and Trémoliéres 2006; Kuhar
et al. 2010; Mjelde et al. 2014). Our results do not
confirm the invasive nature of EC in Polish lakes and
point to its unaggressive incorporation into native
plant assemblages.

To conclude, our study indicates that populations of
EC in Polish lakes are well established and stable,
without evidence for further proliferation or signifi-
cant negative impacts on native lacustrine flora. We
found altitude and water quality to be the main
determinants of EC occurrence within the sampled
area. Among the lake habitats analysed in our study,
EC seemed to prefer these with harsher climatic
conditions and waters with lower temperatures and
nutrient concentrations. Thus, we suggest that both
climate warming and accelerated eutrophication may
contribute to reduced EC spread and invasion, as well
as to displacement of EC by the later North American
arrival, Elodea nuttallii, observed in other European
countries in recent decades (Simpson 1990; Barrat-
Segretain 2001; Greulich and Trémoliéres 2006). The
latter species is known to be more resistant to nutrient
enrichment and temperature increases, hence more
competitive and of higher invasive ability than EC
(Greulich and Trémoliéres 2006). The fact that in
more eutrophied lakes no evidence for invasion by
other alien hydrophyte species was found may be
explained, among other factors, by lower human
pressure affecting Polish waters (hence, fewer oppor-
tunities for propagule dispersal), compared to waters
in western Europe.
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