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ABSTRACT

Global warming opens the door for invasive macrophytes in Swedish lakes and streams

The increased travelling and transporting by man has caused more species to be moved to new areas, e.g. in ballast
water. These species are called introduced species or alien species. Some alien species manage to reproduce and grow
rapidly in their new environment. They are then called invasive species. Invasive species is a threat against biodiversity
and an economical problem. They compete with other species and can change the environment for these species. In this
study aquatic plants (macrophytes) are treated. Some invasive macrophytes have such an immense growth that they are
an obstacle for swimmers and anglers. Examples of aquatic species that has been introduced to Sweden and caused
problems are the water weed (Elodea canadensis) and the fringed water lily (Nymhopides peltata).

Due to the emissions of so called greenhouse gases, the scientist believes that the climate is changing. They estimate
that the annual mean temperature in Sweden will rise with 2.5-4.5°C. The consequences are that species that previously
was not able to survive in Sweden might be able to survive in the future. In this study I have compiled a list of aquatic
vascular plants introduced somewhere in the world. I have examined if the species described as invasive could establish
in Sweden, both at the current climate, and in the future climate predicted by two different models from the Swedish
Metrology and Hydrology Institute (SMHI). By matching the species distribution with current climate using the
computer program GARP (Genetic Algorithm for Rule-set Prediction), I have created a niche for each species. These
niches have been projected onto the future and current climate. The results show that the risk of introductions of
invasive species to Swedish freshwater habitats will increase in the future. Many of the invasive species are also able to
establish at the current climate. The results show that the species which have the biggest possibility to establish in
Sweden are: Azolla filiculoides, Crassula helmsii, Lagarosiphon major, Lemna minuta, Myriophyllum aquaticum and
Zizania aquatica. They can establish at both the current climate, and a future warmer climate.

SAMMANFATTNING

Klimatforindringar mojliggor etablering av nya makrofyter i svenska sotvatten

Minniskans 6kade resande och transporterande har medfort att fler arter forflyttas till nya omraden, t ex i barlastvatten.
Dessa arter kallas for frimmande arter eller introducerade arter. En del frimmande arter klarar sig véldigt bra i sin nya
milj6 och far en snabb och kraftig tillvixt. De kallas da for invasionsarter. Invasionsarter &r ett hot mot biodiversiteten
och ett ekonomsikt problem. De kan konkurrera ut andra arter och fordndra livsmiljon for dessa arter. I detta arbete
behandlas akvatiska vixter (makrofyter), som vixer i s6tvattensmiljo. En del makrofyter tillvixer sa kraftigt att de
hindrar méanniskor fran att bada och fiska. Exempel pa akvatiska véxter som introducerats till Sverige och blivit
problem ér vattenpest (Elodea canadensis) och sjogull (Nymhopides peltata).

Pa grund av utsldpp av sa kallade vixthusgaser tror forskare att vart klimat haller pa att forandras. Man uppskattar att
arsmedeltemperaturen i Sverige kommer 6ka med 2,5-4,5°C. Det innebir att arter som forut inte kunde 6verleva i
landet nu kommer att kunna gora det. I den hir studien har jag sammanstillt en lista 6ver introducerade akvatiska
kérlvixter i hela virlden. Jag har undersokt om de som beskrivs som invasionsarter nagonstans i virlden kan etablera
sig i Sverige i dagens klimat och i det klimat som forutspas intréffa ar 2100 av tva olika klimatsimuleringar gjorda av
SMHI. Genom att jimfora klimatet med utbredningsdata for véxterna har jag, med hjilp av datorprogrammet GARP
(Genetic Algorithm for Rule-set Prediction), skapat nischer for varje art. Nischerna har sedan projekterats pa nutida och
framtida (ar 2100) klimat. Resultatet visar att Azolla filiculoides, Crassula helmsii, Lemna minuta, Lysichiton
americanus, Myriophyllum aquaticum och Zizania aquatica dr de arter som har storst mojlighet att etablera sig i
Sverige, bade i dagens klimat, och i ett framtida varmare klimat.
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1 Introduction

The introduction of non-indigenous species to new areas is a large threat to biodiversity. Wilcove et
al. (1998) consider it to be the second worst threat to biodiversity. So far, this has not been a big
problem in Sweden, partly because the cold climate limits many species’ northern distribution.
However, scientists believe that because of the emission of greenhouse gases, the climate will get
warmer in the future. This means that the risk of new species establishing in Sweden will increase.
In this study I have investigated the risk of establishment for some known problematic macrophytes,
both at current climate and at two simulations of a future warmer climate.

1.1 Alien species

Species spread naturally, but with human involvement they can be introduced to places otherwise
unreachable. The introductions can be intentional because of economical or esthetical reasons, or
they can be accidental, as when species are transported in ballast water. Species introduced to new
areas by Man are called alien or non-indigenous species. Invasive species are non-indigenous
species that manage to reproduce rapidly and become a problem. Some species can totally dominate
a habitat, even if they do not do so as native species. There are several theories on why some alien
species become invasive. The perhaps most accepted one is that they have escaped from their
natural enemies, and therefore have a big competitive advantage over the native species (see e.g.
Clay 2003; Keane and Crawley 2002; Mack et al. 2000; Torchin et al. 2003).

Invasive species are problematic in several ways: they are a threat against biological diversity, an
economical problem and an obstruction for recreational activities. They threaten the biological
diversity by competing with native species and altering habitats. Many aquatic invasive plants can
grow in dense floating mats that limit light availability for other organisms. When the biomass is
degraded at the end of the growing season, oxygen is consumed at the bottoms of the lakes. The low
oxygen conditions increase the internal loading of phosphorus, which may cause toxic
phytoplankton blooms. Some species can also form hybrids with native species and reduce genetic
diversity. The formation of dense mats of floating plants or dense stands of submerged or emergent
macrophytes can be an obstacle for boating, fishing and swimming.

In some places in southern Sweden, 30-40% of the wild vascular plants have arrived since 1700
(Jonsell 2004). Many of them are originally garden plants that escaped. Some are invasive and
might be a threat against native vegetation. Examples are sycamore (Acer pseudoplatanus) and the
garden plants garden lupin (Lupinus polyphyllus), japanese rose (Rosa rugosa), red-berried elder
(Sambucus racemosa), canadian goldenrod (Solidago canadensis) and giant hogweed (Heracleum
mantegazzianum) (Jonsell 2004). Giant hogweed is a large perennial herb introduced from Caucasus
that now is common in south and middle Sweden. This species is not only a very strong competitor
that outcompetes other species (Lundstrom 1984, 1990), but also poisonous and harmful to humans.
Therefore, the Swedish Environmental Agency has recommended it to be eradicated (Swedish
Museum of Natural History 2005b).

In Sweden there are at least 30 alien species of vascular plants established in connection to
freshwater habitats (Wallentinus 2002). Of these species, only three can so far be considered
invasive: Elodea canadensis’, E. nuttallii and Nymphoides peltata (Larson and Willén 2006).

' Authors and commons name in English and Swedish (where available) for all aquatic alien species are available in
appendix 1, page 40.



The first finding of E. canadensis in Sweden is from 1871 (Almqvist 1965). It is originally a North-
American species that is believed to have escaped from aquarium (Josefsson 1999) or been
introduced with imported timber (Cook and Urmi-Konig 1985). E. canadensis forms large stands
that are obstructing water activities like boating and fishing. When the large amount of biomass is
degraded at the bottom in the autumn, oxygen is consumed. The anoxic conditions lead to a release
of phosphorus from the sediment, which increases the eutrophication process. E. canadensis is a
dioecious species, and since only male plants are found in Sweden the reproduction is strictly
vegetative (Larson and Willén 2006).

E. nuttallii was not discovered in Sweden until 1991 (Anderberg 1992), but is spreading, and has
the potential of becoming a big problem. It has been found to outcompete E. canadensis in nutrient
rich environments (Barrat-Segretain and Elger 2004; Simpson 1990).

N. peltata is a floating leaved plant with attractive yellow flowers. It has been introduced to
Swedish waters on several occasions, the first time in 1892. The introductions were made because
of the plants esthetical value, but also because it was believed to give protection for fish fries and
thereby increase fish populations (Eckerbom 1940). It has spread and is spreading to sites
downstream the original introduction place (Larson and Willén 2006). Since N. peltata is used as an
ornamental plant and is available at plant nurseries, further introductions could easily take place.

Glyceria maxima is another species that is considered a pest in some areas. It is a grass native to
southern Sweden, but has been introduced in other regions to be used to feed cattle (Larson and
Willén 2006). It has spread throughout the country and is common from Skane to Limes
norrlandicus (Mossberg and Stenberg 2003). Glyceria maxima form dense stands in shallow waters
and outcompete other emergent macrophytes and contribute to an overgrowth of open waters
(Josefsson 1999). Glyceria maxima and E. canadensis have negatively influenced the populations of
several emergent macrophytes (Ranunculus reptans, Zannichellia palustris, Alisma wahlenbergii
and Callitriche hermaphroditica, among others) in the Ekoln bay of Lake Milaren (Almqvist 1965;
Martinsson 1989).

1.2 Predicting invasive species

It is of great value to be able to predict which species that could become invasive. By creating
legislation and raising public awareness it is possible to minimize the risk that potentially invasive
species will be introduced. Trade can be controlled and if the alien species are spotted in nature,
eradication could start immediately. There are a few different approaches for predicting potential
invasive species. The most straightforward way is to compile a list of species that are invasive or
pest species somewhere else. This approach has the advantage that species already introduced have
traits that make them likely to be introduced and invasive again, e.g. they are used commercially
(and therefore transported all over the world) or have the ability to reproduce rapidly. However, a
big disadvantage with this method is that it only highlights species that already are considered
invasive, which will have the consequence that future, but not yet, invasive species are classified as
safe (Mack 1996).

There are certain characters that are believed to be associated with invasive species. Baker (1974)
constructed a now classic list of weed species characters. This could be used to find potentially
invasive plants. However, according to Mack (1996) this method has a low prediction value for two
reasons. Firstly, the list compiled by Baker focuses on weeds, defined as species growing at places
disturbed by man. These traits are therefore not useful explaining why species can invade natural
areas. Secondly, it does not consider the advantage an introduced species might have because of



lack of native enemies, parasites and competitors. It is also evident that no species have all these
listed characters, and that not all species with several of the characters are invasive (Mack 1996).

Another approach is to focus on a habitat to see if it is sensitive to invasions, i.e. how invasible it is.
Alpert et al. (2000) list factors that might decrease the invasibility of a habitat, including a low
disturbance and different kinds of stress. In northern parts of the world, cold winter temperature is a
stress factor that limits the distribution of many plant species. Since the global temperature is
predicted to increase, there is a risk that new species will be able to establish in Sweden (Larson and
Willén 2006).

1.3 Climate change and invasive species

During the 20" century, the temperature at the surface of the earth increased with 0.6 °C. According
to the Intergovernmental Panel on Climate Change (IPCC) the temperature will keep rising with
2.3-3.4°C until the year of 2100. SweClim (Swedish Regional Climate Modelling Programme,
http://www.smhi.se/) predicts that the Swedish annual temperature will increase with 2.5-4.5°C
(Bernes 2003) during the same period. The temperature increase in Sweden will thus be larger than
the world average (Bernes 2003).

The human induced climate and atmospheric changes will and are affecting several species’
physiology, phenology and distribution (Hughes 2000). To investigate the effect of global warming
on European plant diversity, Thuiller et al. (2005) simulated the distribution of 1350 European plant
species in the year 2080 under seven different climate change scenarios, based on their present
distribution. In the worst case scenario 22% of the species will become critically endangered and
2% extinct. Southern Scandinavia was predicted to have a high species turnover, losing boreal
species and gaining Euro-Siberian species. New species will not only be able to survive in Sweden,
but they might also have a competitive advantage over the natives, who cannot tolerate the
increased radiation and drought or take full advantage of the increased temperature.

1.4 Modelling species distribution

By matching species distribution data with environmental data it is possible to model a species
niche, i.e. the environmental limits where a species can survive and reproduce. The modelled niche
can then be used to detect geographical areas with suitable habitats for the species. This is an
effective way to investigate which species that have the potential to invade a particular area, and by
projecting the constructed niche on future climate scenarios it is also possible to see the effect of
global warming on habitat invasibility.

There are several different approaches and methods to model species distribution from its realized
niche. The simpler ones, such as BIOCLIM (Nix 1986), look at species occurrences at different
environmental dimensions (excluding a given proportion of the tails, commonly 5%) to produce a
niche, while more advanced ones uses logistic regression (e.g. Austin et al. 1990). The rules
produced can then be applied to environmental layers to get a modelled distribution. The general
process of ecological niche modelling is explained in figure 1.



i
»

.{. P LG o T8 | Modeling
3 S
b IE L ! y

Projection on
future climate

max temp

min temp
Species occur-  Environmental Ecological Potential future
rence data data niche distribution

Figure 1. Schematic explanation of the modelling process.

In this study, a model called Genetic Algorithm for Rule-set Prediction (GARP) has been used.
GARP uses several algorithms to produce a rule-set, and should therefore always have better
predictive ability than other methods using individual algorithms (Peterson 2001). Is has been
shown in several studies that GARP have a good predictive ability (e.g. Anderson et al. 2002; Mau-
Crimmins et al.; Peterson et al. 2003; Peterson 2001; Peterson and Vieglais 2001; Sanchez-Cordero
and Martinez-Meyer 2000).

1.5 Aim

There is a knowledge gap regarding invasive aquatic plants in general and their response to climate
change in particular. The main focus of invasive species research has been on agricultural weeds,
and in those few cases where aquatic species have been studied, invertebrates or fish have been
prioritized on the expense of plants. The only previous study with climate-model simulation for
aquatic alien plants is to my knowledge Peterson et al. (2003), who simulated the potential
distribution of Hydrilla verticillata in North America.

In this study I have collected information about freshwater species that are introduced or considered
invasive in other parts of the world, mostly in Scandinavia, central Europe, United Kingdom, North
America, Australia and New Zealand. With current climate data and simulated climate data for
Sweden, a modelled future potential distribution for these species where created. The purpose was
to study the effect of climate changes on invasiveness of Swedish freshwater habitats and to raise
awareness about particular species that might become invasive in Sweden.

2. Methods

2.1 Species list

A list of non-indigenous freshwater vascular plant species was created by searching various sources,
i.e.: Internet sites of governmental agencies, universities and other organizations, and literature for
information on introduced species in different countries. The focus was on Europe and the
temperate parts of the world, but accessible information from others areas is included. The list can
be found in appendix 1. It contains 145 species that are non-indigenous somewhere in the world.

2.2 Species distribution data

The distribution data was collected form the Global Biodiversity Information Facility (GIBF, GBIF
2005) and Atlas Florae Europeae (AFE, Jalas and Suominen 1972-1996). GBIF is a non-profit
organization with the aim of making scientific data on biodiversity electronically available. It has 78
participants, 47 countries and 31 organizations. From the GBIF portal it is possible to access



distribution data from institutes, like museums and universities, from the entire world. AFE is a
project for mapping the distribution of vascular plants in Europe. The maps have been digitalized at
the Botanical Museum of the Finnish Museum of Natural History. See table 2 for detailed species
distributions references.

2.3 Climate Data

The temperature variables used were mean, minimum and maximum air temperatures 2 meters
above ground. Mean temperature is the mean from 4 moments every 6™ hour while minimum and
maximum temperatures are the monthly mean of daily minimum and maximum temperatures. Both
the climate prognoses for the period 2071-2100 and the dataset of the current climate (i.e. 1961-
1990) are based on simulations and not on actual measurements. The current climate data
correspond to the experienced conditions in terms of statistics such as averages and variability.
Three different temperature data sets were used:

- Current climate data for the entire world included in GARP was used to create niches. The
data derives from IPCC and the original resolution is 0.5 degree cells, but has been
generalized to 1 km cells.

- Current climate data in a higher resolution, covering Scandinavia, was obtained from
SweClim (SMHI 2003) and used for predictions of current potential establishment.

- Climate prognoses were obtained from SweClim (SMHI 2003) and used for prediction of
future establishment possibility.

The future climate depends on the levels of greenhouse gases emitted. Therefore, IPCC has created
several different emission scenarios based on different possible political, technological,
demographic and economical development. There are four main types of emission scenarios. Firstly
they are characterized by focusing either on economical development (A-scenarios) or a more
environmental friendly sustainable development (B-scenarios). Secondly they consider the level of
globalization, which can be increasing with an extensive global trade (1-scenarios), or a shift toward
regional self-support (2-scenarios). The scenarios used in this study are A2 and B2. In both, the
world population is still increasing by the year 2100, but slower in the B2 scenario. The economical
development is increasing in both models and the economical difference between the rich and poor
countries is decreasing (Bernes 2003).

Table 1. Schematic overview of emission scenarios. From Bernes (2003).
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2.4 Computer Models

The distribution simulations were made with the computer program Desktop-GARP (version 1.1.6)
(http://www.biomapper.org/GARP). GARP creates a rule-set for a species’ distribution based on non-
random correlation between species presence and environmental variables. The program works in
an iterative process of rule selecting, evaluation, testing and incorporating or rejecting the rule
(Peterson et al. 1999). First the program chooses one out of four types of rules: atomic, logistic
regression, bioclimatic envelope, and negated bioclimatic envelope rules. Then the rule is evaluated




from training points. The change in accuracy from one iteration to the next is used to determine if
the rule should be incorporated in the rule-set or not. The program was set to do 1000 iteration or
until new rules did not increase the intrinsic accuracy measurement. Fifty percent of the occurrence
points were used for training. The model process is explained schematically in figure 2.

(M 2)
~New rule
- atomic
- logistic regression
- bioclimatic envelope
- neg.bioclimatic envelope

3)

—Evaluation

Ruleset| vs. | Ruleset+rule 1

(4)

N

Rule set
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- log regression rule 1

- neg bio envalope rule 3
- log regression rule2
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- neg bio envalope rule 2
- atomic rule 2

-etc

Figure 2. Schematic explanation of GARP. (1) 50% of the occurrence points are randomly set aside as test points. The
other 50% is used as training points. (2) The training points are used to create a detection rule. (3) The rule is evaluated
with the test points. If the model is more accurate with the new rule, it is included in the rule-set. Step 2 and 3 are
repeated 1000 times or until convergence is reached.

To capture the random effect of different model “runs”, 21 rule-sets were made for each species.
From the rule-sets, digital maps in the format of ARC/INFO grid files were created by projection
onto the present and future climate. The grid files were imported into ArcView 3.3 (ESRI 2002),
using the Spatial Analyst Extension, were the 21 projections for each species were summarized and
projected as four different categories: no predicted establishment possibility; predicted
establishment possibility in 1 to 7 of the models; predicted establishment in 8 to 15 of the models
and predicted establishment in 16 to 21 of the models. The categories were named “no”, “low”,
“intermediate” and “high” probability of establishment possibility, respectively.

The potential establishment possibility was modelled for five species already established in Sweden
as well as for all species in the created list described as invasive by at least one source (n=21). By
including already established species, the ability of the model and the chosen environmental
parameters to simulate the distribution of aquatic plant species can be assessed. In order to make
this assessment, the known occurrences in Sweden, Norway and Finland of these five species were
excluded from the model and compared with the modelled distribution. The species chosen for this



task were: Ceratophyllum demersum, Nuphar lutea, Nymphoides peltata, Potamogeton natans and
Typha latifolia, all except N. peltata are indigenous to Sweden. For the 21 invasive species,
potential establishment possibility were modelled both at current and future climate.

Table 2. Number of occurrence points used in simulations and references for the distribution data. * Scandinavian
occurrences excluded.

Species Number of occurrences References

in model
Alternanthera philoxeroides 88 1-6
Azolla filiculoides 2925 1, 4-5, 8-10, 15-18, 28
Azolla pinnata 77 1,4-5
Cabomba caroliniana 31 1,4-6, 15
Ceratophyllum demersum 9608 1, 3-10, 15-19, 21, 25, 28
Crassula helmsii 1580 1,5,8, 15,28
Eichhornia crassipes 171 1-6, 15-18, 21, 23
Elodea canadensis 17083 1,3-4,6-8, 10, 12, 15, 17-19, 29
Elodea nuttalii 4184 4,7-8, 10-11, 15, 29
Hydrilla verticillata 43 1, 4-6, 15, 18-19, 21
Hydrocotyle ranunculoides 109 1,4,6,15,17-18, 21
Lagarosiphon major 937 15
Lemna minuta 1671 3-4,6,8,11,15,17-18, 23
Ludwigia uruguayensis 12 4,9
Lysichiton americanus 382 4,10, 15,25
Myriophyllum aquaticum 573 1,3-6,8, 15, 17, 18, 26
Nuphar lutea 15632 3-4,6-8, 10, 15, 19, 25, 28
Nymphoides peltata 2404 (2353%*) 7-8, 10, 15, 18
Pistia stratiotes 173 1,4-6,8, 15, 17,21, 23
Potamogeton natans 20988 1,3-4,6-8, 10, 11, 13, 15, 18-19, 25
Salvinia molesta 11 1, 5-6, 18
Spartina anglica 1030 1,15
Trapa natans 12 4,7,10,17,19
Zizania aquatica 10 3-4,6
Typha latifolia 15631 1,3-4,6-7,9-11, 15, 18-19, 25

1. Australian National Herbarium (2005); 2. Herbier de la Guyane (2005); 3. Utah State University (2005b); 4. Missouri
Botanical Garden (2005); 5. National Herbarium of New South Wales (2005); 6. University of Alabama Herbarium
(2005); 7. Biologiezentrum der Oberoesterreichischen Landesmuseen (2005); 8. Bundesamt fiir Naturschutz /
Zentralstelle fiir Phytodiversitidt Deutschland (2005); 9. GBIF-Spain (2005); 10. Swedish Museum of Natural History
(2005); 11. Herbarium RNG (2005); 12. University of Vienna (2005); 13. Icelandic Institute of Natural History (2005);
14. Fachbereich Wald und Forstwirtschaft (2005); 15. UK National Biodiversity Network (2005); 16. Bernice Pauahi
Bishop Museum (2005); 17. AAU (2005); 18. International Institute for Sustainability (2005); 19. PAS (2005); 20.
Institute of Marine and Coastal Sciences, Rutgers University (2005); 21. INBio (2005); 22. Botanic Garden and
Botanical Museum Berlin-Dahlem (2005); 23. KU (2005); 24. Steiermérkisches Landesmu Joanneum - Herbarium GJO
(2005); 25. University of Alaska Museum of the North (2005); 26. GBIF-NZ (2005); 27. Danish Biodiversity
Information Facility (2005); 28. Jalas and Suominen (1972-1996); 29. Larson and Willén (2006).



3. Results and discussion

3.1 Predicted potential distribution of test species

To test the GARP model’s ability to predict establishment possibility for aquatic species in Sweden,
simulations were made for species native or already introduced to Sweden. These simulations show
that the GARP model seems to have a good accuracy and can be used to simulate the distribution of
aquatic plants in Sweden with the selected temperature variables. Comments about the five test
species modelled follows below:

- Ceratophyllum demersum

Ceratophyllum demersum is a submerged species. It is quite common in southern Sweden, and
occurs sporadically all over the country (fig. 3¢). The modelled distribution of C. demerum fits well
with the distribution reported by Jonsell (2001), Hultén (1971) and Mossberg et al. (2003) (fig. 3b).
A few known occurrences in the far north of Sweden and Finland are not included in the modelled
distribution.

Figure 3. Predicted potential distribution of Ceratophyllum demersum for current climate for

(a) the world and (b) Scandinavia. ©actual occurrences included in the model; @ actual occurrences
excluded from the model; [Ino probability; Ellow probability; Bl intermediate probability; Bl high
probability. (c) Actual distribution (from Hultén (1971)). Densely hatched areas - common

or very common; sparsely hatched areas - quite common to less common; black dots - single
occurrences.



- Nuphar lutea

Nuphar lutea is common from Skane to Norrbotten, except in the mountain regions (fig. 4a). It is a
floating-leaved plant. The intermediate and high classifications coincide with the classifications
“quite common to less common and” “common or very common” by Hultén (1971) (fig. 4b-c).

(@) (b)

Figure 4. Predicted potential distribution of Nuphar lutea for current climate for (a) the world and
(b) Scandinavia. oactual occurrences included in the model; @actual occurrences excluded from
the model; I no probability; I low probability; Bl intermediate probability; B high probability.
(c) Actual distribution (from Hultén (1971)). Densely hatched areas - common or very common;
sparsely hatched areas - quite common to less common; black dots - single occurrences.

- Nymphoides peltata

Nymphoides peltata is an introduced floating leaved plant. It has a limited but expanding
distribution (fig. 5¢). Since its current Swedish distribution is very well known it provides an
excellent opportunity to test the GARP model. All of its confirmed occurrences fall within the
model (fig. 5b). Most are in the high probability area, and a few in the intermediate. No known
occurrences are within the area of low or no probability.

Figure 5. Predicted potential distribution of Nymphoides peltata for current climate for (a) the
world and (b) Scandinavia. © actual occurrences included in the model; @ actual occurrences
excluded from the model; [ 1no probability; Clow probability; Bl intermediate probability;

H high probability. (c) Actual distribution (from Hultén (1971)). Densely hatched areas -
common or very common; sparsely hatched areas - quite common to less common; black dots -
single occurrences.



- Potamogeton natans

Potamogeton natans is a floating-leaved plant that can be found throughout Scandinavia, except in
the mountain regions (fig. 6¢). The model gives a good picture of its distribution, but seems to
underestimate the northern distribution (fig. 6b). Several of the known occurrences are included in
the low probability area.

Figure 6. Predicted potential distribution of Potamogeton natans for current climate for (a) the
world and (b) Scandinavia. © actual occurrences included in the model; ® actual occurrences
excluded from the model; "1 no probability; 1 low probability; Bl intermediate probability;

M high probability. (c) Actual distribution (from Hultén (1971)). Densely hatched areas -
common or very common; sparsely hatched areas - quite common to less common; black dots -
single occurrences.

- Typha latifolia

Typha latifolia is an emergent species. It is common in southern Sweden, but can also be found in
many places further north (fig. 7c). The areas of high probability of establishment possibility
coincide well with the category ”quite common to less common” by Hultén (1971) (fig. 7b-c). The
Swedish and Finnish coasts of the northern Baltic, where a few occurrences are reported, are
included in the model as low probability.

(@) (b) (c)

Figure 7. Predicted potential distribution of Typha latifolia for current climate for (a) the world
and (b) Scandinavia. ©actual occurrences included in the model; @ actual occurrences excluded
from the model;["1no probability; CJ low probability; Bl intermediate probability;l high
probability. (c) Actual distribution (from Hultén (1971)). Densely hatched areas - common

or very common; sparsely hatched areas - quite common to less common; black dots - single
occurrences.
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3.2 Predicted potential distribution of invasives

Simulations of the potential distribution were made for 21 species. All where described as invasive
somewhere in the world by at least one source. Only Trapa natans is native to Sweden, but six of
the species have been introduced to the country. The modelled distribution and comments of each
species is presented on the following pages.

- Alternanthera philoxeroides

A. philoxeroides 1s an emergent aquatic plant, which also can grow in terrestrial habitats (CDFA
2005). The model predicts that it can establish in southern Sweden (fig. 8). The risk is, according to
the simulations, higher in the future, both with A2 and B2 emission scenarios. There is some risk of
an establishment in Sweden, but the probability is higher than “low” only in the southern nemoral
zone with a future warmer climate. A. philoxeroides forms dense mats, which can become dense
enough to support the weight of a human being (CDFA 2005). Even if there is some risk of an
establishment in Sweden, the probability is low.

® _ (b)

(d)

Figure 8. Modelled establishment possibility for Alternanthera philoxeroides for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ ] no probability;
1 low probability; Bl intermediate probability; ll high probability.
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- Azolla filiculoides

A. filiculoides has been known as an alien in Europe for the last 100 years and is becoming
established in increasing parts of Western Europe. It forms dense mats and the species is considered
a serious weed (Janes 1998). It is reported to appear occasionally in Sweden, but seldom survives
the winter season (Jonsell 2000). Milder winters might change this. One locality is known from
Skane, and according to the simulations, A. filiculoides can establish in southern Sweden (fig. 9).
The simulations with the A2 scenario predict that the species could establish in the entire
Scandinavia. With the B2 scenario, all of Sweden, except parts of the alpine zone, is predicted to be
suitable for A. filiculoides.

A. filiculoides is the most frost tolerant of the Azolla species. In laboratory experiments, it has
survived temperatures down to -4°C, and ice-encasement for more than one week. In Worcester
(UK), where minimum air temperature reaches -10°C, A. filiculoides successfully overwintered
(Janes 1998). Wong et al. report that A. filiculoides can survive temperatures down to -10 to -15°C
(1987). It seems likely that A. filiculoides could survive in Sweden, in the whole country at a future
warmer climate and in the southern part at the current climate. Since A. filiculoides is described as a
serious weed, and is used in the aquarium trade, it is a species to be concerned of.

(a) (b)

(d)

Figure 9. Modelled establishment possibility for Azolla filiculoides for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [] no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Azolla pinnata

A. pinnata is a free floating plant. It grows and spread quickly and can form dense mats, which
limits light availability. The predicted current potential distribution is Africa, South America, except
the mountains, south and Middle America, Australia and south Asia. This coincides well with
native and introduced occurrences reported by ISSG (2005). The chances of A. pinnata establishing
in southern Sweden is small. The results from the two future simulations show an establishment
possibility at the coasts and about 55 km inland, up to the boreo-nemoral zone (fig. 10).

® _ (b)

Figure 10. Modelled establishment possibility for Azolla pinnata for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [_| no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Cabomba caroliniana

C. caroliniana is a submerged plant, except for occasional floating leaves and emergent flowers. It
is native to southern Brazil, Paraguay, Uruguay, and northeast Argentina. It is used in aquariums
and has been introduced to North America, Asia, Australia and Europe (ISSG 2005). C. caroliniana
has been found in a pool in an old quarry in Skane (Gladsax) and in a ditch in S6rmland (Huddinge)
(Jonsell 2001). The simulations show a potential distribution in Sweden at the current climate. The
northern limit is the same for the two future simulations (fig. 11). The West coast is predicted to
have a lower probability of establishment in the warmest scenario, but it seems unlikely that it
would become to warm for the plant to establish since C. caroliniana prefers a warm, humid
climate with a temperature range of 13-27°C. However, it can survive temperatures of less than 0°C
(Agriculture & Resource Management Council of Australia & New Zealand 2000). The known sites
in Sweden have been known for 10 (Skane) and 20 (S6rmland) years, but C. caroliniana does not
seem to have spread. This could be because it has not been able to spread from the lakes where it is
growing today and has not been introduced in other places. It might also be because very few other
places have a suitable habitat. With a warmer climate there is a risk of more establishments and a
further spread from the existing populations. C. caroliniana can form dense stands and outcompetes
other aquatic plants (ISSG 2005).

® _ (b)

Figure 11. Modeled establishment possibility for Cabomba caroliniana for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [] no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Crassula helmsii

C. helmsii can grow both in a submerged and emergent form. It grows in wetlands, standing or
slow-flowing water. C. helmsii has been introduced to the United Kingdom, probably before 1914.
It has been found to be a very strong competitor, and has suppressed native plants in managed ponds
within a few years. In one lake the dominant species shifted from invasive Elodea spp. to C. helmssi
in two years (Dawson and Warman 1987). The model predicts that Crassula helmsii can establish in
southern Sweden. Simulations with the A2 future climate scenario show that all Scandinavia is at
risk of an invasion (fig. 12). The risk is lower with the B2 future climate scenario, but still
practically the entire Scandinavia is at risk. It is reported to be able to survive mean winter
temperatures of —6°C (EPPO 2005), so it seems likely that it could establish in Sweden with the
current climate. It is sold as a garden pond plant (as Crassula recurva) and is reported to survive
Swedish winters (Aqua Interior 2005). There are three reasons for being especially concerned about
this species: (1) both the prediction and other sources of information states that C. helmsii could
survive in Sweden; (2) it has been described as an aggressive invasive species and has caused
problems in e.g. the United Kingdom (Dawson and Warman 1987) and (3) it is available in
nurseries and could easily be introduced.

(a) (b)

(d)

Figure 12. Modelled establishment possibility for Crassula helmsii for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [_| no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Eichhornia crassipes

E. crassipes is considered one of the world’s worst invasive species. It originates from the
Amazons, but has been introduced to Asia, Africa, Australia, Europe and North America (ISSG
2005). In Europe it has been found as high north as United Kingdom (Applied Vegetation Dynamics
Laboratory 2005) (EPPO 2005) and occasionally in the Netherlands (Wallentinus 2002). The
possibility of an establishment seems low, both in current climate and in the future climate
simulations (fig. 13). Skéne, the south coast of Blekinge, the West coast and parts of Gotland is
predicted to have a low probability of establishment. E. crassipes is a popular ornamental plant and
is often used in Swedish garden ponds. According to Kasselmann (1995), its minimum growth
temperature is 12°C. Its leaves suffer permanent frost damage at air temperatures of -1 to -4°C
(Sakai and Larcher 1987; Urbanc-Bercic and Gaberscik 1989). The temperatures will probably be
this low at some point every winter, even with the predicted temperature increase. Still, it seems
possible that E. crassipes could become established in the coastal areas of southern Sweden. Even if
it is less likely than many other plants to become invasive in Sweden, there is still a need of concern
since the consequences of an invasion in other countries are so severe.

® _ (b)

(d)

Figure 13. Modelled establishment possibility for Eichhornia crassipes for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Elodea canadensis

E. canadensis was introduced to Sweden over 100 years ago. It has since become invasive and is
one of the few aquatic alien plant species that is a problem in Sweden today. E. canadensis
outcompetes other aquatic species and forms large stands that interfere with fishing and boating.
The simulations coincide with the reported occurrences (fig. 14). The establishment possibility is
higher for the B2 scenario than the A2 scenario, according to the model. The B2 emission scenario
predicts a warmer climate, and, according to the model, the warm climate will lower the probability
for a further spread of E. canadensis. However, such an outcome seems unlikely, since E.
canadensis is common in southern Europe, where temperatures are even higher. If the climate gets
warmer, it seems likely that E. canadensis will be able to spread further.

(@) (b)

(©) (d)

Figure 14. Modelled establishment possibility for Elodea canadensis for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ ] no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Elodea nuttallii

E. nuttallii was introduced to Sweden over 100 years later than E. canadensis. It was first found in
Sweden in 1991, in Lake Milaren. Two years later it was found as far north as Norrbotten (Swedish
Museum of Natural History 2005a). It is a submerged plant, and just like E. canadensis it forms
large and dense stands that interfere with boating and fishing and affects other lake biota. E. nuttallii
has been found to outcompete E. canadensis in nutrient rich environments (Barrat-Segretain and
Elger 2004; Simpson 1990). The modelled establishment possibility fits well with the current one
reported by Larson & Willén (2006), except for the localities in the north east middle boreal sub-
zone, which is not included in the model (fig. 15). Almost all of the occurrences used in the
simulations are found at the same longitude: in the United Kingdom, Germany, southern Sweden
and middle United States. The occurrences in the north are too few to have an impact on the
modelled niche. Since E. nuttallii has been introduced to Sweden recently, it is probably still
expanding its distribution. According to the simulations it will be able to establish in almost all
Scandinavia in the future, and since it is invasive and already present it is a species that is a
conspicuous threat.

(@) )

@'
o ©®yey
()

Figure 15. Modelled establishment possibility for Elodea nuttallii for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Hydrilla verticillata

H. verticillata is a submerged plant species, but can also grow as free floating, and form dense mats.
As submerged, it can form dense stands that decrease light availability for other organisms and
obstruct recreational activities like fishing and boating (ISSG 2005). The model predicts that H.
verticillata could establish in Sweden at the current climate (fig. 16). There are similar possibilities
for establishment in the two future simulations, although the probability is a little bit higher in the
B2 model. H. verticillata prefers temperatures between 20 and 27° (ISSG 2005) so it seems unlikely
that it would be too warm in A2 scenario. There is a risk that H. verticillata can be able to establish
in Sweden at both current and future climate.

® _ (b)

Figure 16. Modelled establishment possibility for Hydrilla verticillata for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Hydrocotyle ranunculoides

H. ranunculoides is native to North America and has been introduced to e.g. South America, Great
Britain and the Netherlands. It is a floating-leaved plant that grows very quickly (Invasive Non-
Native Species in the UK, 2005). According to the simulations it could establish in southern
Sweden at the current climate (fig. 17). With a warmer climate, the risk would be higher. It is hard
to explain why the model’s predictive power is higher for the Boreo-nemoral zone in the B2 model
than in the A2 model, when it at the same time is lower in northern Sweden. Relatively few (109)
occurrences were used for the model, which might have caused the unexpected result.

® ) (b)

(d)

Figure 17. Modelled establishment possibility for Hydrocotyle ranunculoides for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (¢) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Il intermediate probability; ll high probability.
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- Lagarosiphon major

L. major is a member of the same family (Hydrocharitaceae) as Elodea spp. It is a submersed water
plant that dominates in standing or slow-flowing water. It has been introduced to the UK and has
often replaced E. canadensis and E. nuttallii, particularly in alkaline waters where L. major has a
greater ability to photosynthesize (Invasive Non-Native Species in the UK, 2005). The model
predicts that L. major can establish in southern Sweden at the current climate (fig. 18). If the A2
scenario climate simulation comes true, L. major could establish in entire Scandinavia.

(a) (b)

Figure 18. Modelled establishment possibility for Lagarosiphon major for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Lemna minuta

L. minuta is a free-floating plant. There are three other Lemna species native to Sweden. According
to the simulations, L. minuta could establish at the current climate (fig. 19). In the A2 scenario, the
entire Scandinavia is at risk for an establishment.

(a) (b)

(d)

Figure 19. Modelled establishment possibility for Lemna minuta for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Ludwigia grandiflora

L. grandiflora is emergent plant native to South America. Sometimes L. grandiflora and L.
uruguayensis are considered synonyms, and sometimes they are considered to be different species
(see ITIS 2005; Zardini et al. 1991). Only a small part of south Sweden is predicted to be warm
enough (in the B2 scenario) for an establishment of the species (fig. 20). The risk of an invasion is
low.

® _ (b)

Figure 20. Modelled establishment possibility for Ludwigia grandiflora for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Lysichiton americanus

L. americanus is an emergent plant that has been introduced to Sweden from North America. It is
used as a garden plant. It grows in marches, along ditches and in wet woods and similar habitats
(Swedish Museum of Natural History 2005b). The northern limit of the high establishment
possibility coincides with the most northern confirmed occurrence places (fig. 21). The future
simulations show a higher probability in the north, but a lower in the south. Still, entire Scandinavia
is covered in all three models. There is a risk that L. americanus will spread further.

(a) (b)

(d)

Figure 21. Modelled establishment possibility for Lysichiton americanus for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Myriophyllum aquaticum

M. aquaticum is native to South America and has been introduced to North America, Australia,
New Zealand, Java, United Kingdom and Ireland. It is used as an ornamental plant and has caused
big problems where introduced. It can grow both in submerged and emergent forms. M. aquaticum
can form dense mats and stands. The Longview Diking District in Washington estimates that it
spends $50,000 a year on control of M. aquaticum in drainage ditches (Washington State's
Department of Washington State's Department of Ecology 2003). Commercial traders state that it
can tolerate (aquarium) temperatures between 10-29 ° (Tropica 2005). This means that it probably
could grow during a large part of the year in Sweden. However, this data is not scientifically
acquired, and it does not say anything about survival at low (freezing) temperatures. The results
from the simulations show a possible establishment potential in southern and middle Sweden at the
current climate (fig. 22). The model predicts a high chance of a future establishment possibility in
all Sweden (A2) and a high probability up to Limes Norrlandicus, and then low further north (B2).
M. aquaticum is predicted to be able to establish in Sweden if introduced. It is also known to be a
costly problem elsewhere, so it is important to prevent introductions.

(a) (b)

Figure 22. Modelled establishment possibility for Myriophyllum aquaticum for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [] no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Nymphoides peltata

N. peltata was first introduced to Sweden in 1892. It has been introduced several times and spread
further, and is now known in several places in southern and middle Sweden. N. peltata is a big
problem locally. It forms dense mats and is an obstacle for recreational activities like boating and
fishing (Larson and Willén 2006). N. peltata is used as an ornamental pond plant and is available at
plant nurseries. The simulation for the current climate coincides well with the present northern
distribution (fig. 23). With a warmer climate, all but the mountain regions can be invaded,
according to the simulations. N. peltata is already spreading in the lake systems where it has been
introduced and a warmer climate could facilitate a northern spread. Since it is available at plant
nurseries there is a risk of further introductions, and N. peltata could become a problem in more
lakes and streams.

(@) (b)

Figure 23. Modelled establishment possibility for Nymphoides peltata for (a) 2071-2100
climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Pistia stratiotes

P. stratiotes is a free floating plant used as an ornament in aquariums and ponds. It is available at
Swedish nurseries (Aqua Aqua Interior 2005). P. stratiotes is native to South America, and has been
introduced to e.g. the United States and New Zealand. According to Rivers (2002) it can not survive
temperatures below 15°C. The results of the simulations show that it cannot establish in Sweden,
neither at current or a warmer future climate (fig. 24).

® _ (b)

Figure 24. Modelled establishment possibility for Pistia stratiotes for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [] no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Salvinia molesta

S. molesta is a free floating plant. It is native to South America, and has been introduced to
Australia-Pacific region, North America, Asia, Africa and the United Kingdom. S. molesta is one of
the world’s worst invasive species (NAS 2005). It forms dense mats that can be up to 60 cm deep.
The mats decrease light availability, and decomposition of the mats can cause oxygen depletion
(ISSG 2005). According to the simulation, there is a low probability of S. molesta establishing in
the nemoral zone at a current climate (fig. 25). With a warmer climate the risk is intermediate in the
nemoral zone and low in the boreal-nemoral zone. S. molesta has no perennating organs or dormant
spores, so its persistence depends on survival of the meristematic tissues in buds on the rhizome
(Whiteman and Room 1991). Therefore, S. molesta is sensitive to low winter temperatures.
Whiteman and Room (1991) found that S. molesta is killed when exposed to temperatures below
-3°C for more than a few hours. The risk of an establishment and invasion of S. molesta in Sweden
is low.

® _ (b)

Figure 25. Modelled establishment possibility for Salvinia molesta for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Spartina anglica

S. anglica is a salt marsh grass species. It has been used to stabilize tidal mud flats and has been
introduced to many places. It has been classified as one of the 100 worst invasive species in the
world by ISSG (ISSG 2005). According to the results from the simulations it could establish in
southern Sweden today and entire Sweden with a warmer climate (fig. 26). The most northern
findings today are in Denmark (Jylland). However, since S. anglica grows on salt marches, a habitat
very rare in Sweden, the risk of an establishment is low.

(a) (b)

Figure 26. Modelled establishment possibility for Spartina anglica for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Trapa natans

Trapa natans was last found in Sweden in Skane in 1916. The species had its widest distribution a
couple of thousands years ago. It became extinct because of a climate change and due to collecting
and harvesting of the plant (Swedish Museum of Natural History 2005b).In the United Kingdom it
is considered invasive (Applied Vegetation Dynamics Laboratory 2005). According to the results of
the simulations it could become established in southern and middle Sweden (fig. 27). In the future,
it could establish in entire Sweden, if climate warming proceeds as in the A2 scenario. Since T.
natans is a native species, an establishment might be considered positive. T. natans is included in
the red-list of threatened species in Sweden (Gérdenfors 2005). It is categorized as “‘regional
extinct”. However, since it is a problem in other places, it might become invasive and problematic
also in Sweden in the future, even though it is native.

(b)

(d)

Figure 27. Modelled establishment possibility for 7rapa natans for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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- Zizania aquatica

Z. aquatica is a grass in the family of Poaceae. It is native to North America, but is considered an
invasive species in the state of Washington. It has also been introduced to Latvia (Latvian Alien
Species Database 2005; NAS 2005). The results from the simulations show that it could establish in
Scandinavia (fig. 28). In the future, the entire Scandinavia is at risk.

(b)

Figure 28. Modelled establishment possibility for Zizania aquatica for (a) 2071-2100

climate, A2 emission scenario; (b) 2071-2100 climate, B2 emission scenario; (c) 1961-1990
climate (SweClim) and (d) 1961-1990 climate (IPPC). © actual occurrences; [ no probability;
1 low probability; Bl intermediate probability; Hl high probability.
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3.3 Invasibility of Swedish freshwater habitats

The simulations show an increased possibility for many invasive species to establish in Sweden if
the climate gets warmer (table 3). The increase in temperature will allow many species to extend
their northern distribution. This was also found in a study by Beerling (1993), who examined the
effect of a temperature increase on the northern distribution of terrestrial plants Fallopia japonica
and Impatiens glandulifera. The results are also confirmed by laboratory experiment acquired
minimum survival temperatures, where such are available.

According to the results of this study, the nemoral zone is the area most sensitive to invasions. As
expected, the further north, the less risk of an establishment. The sub-alpine and the alpine zones are
the least sensitive. Even if the temperatures would be sufficient in these zones for a particular
species, the risk of its establishment is still low for four reasons not reflected in the model: (1) these
zones have harsh environment, with poor conditions for macrophytes; (2) they often have very few
contributories, from where seeds or propagules could come; (3) these areas are sparsely populated,
which lower the risk of human induced introductions; (4) they are protected from air born seeds,
even though that is the most likely vector of introduction.

Figure 29. Vegetational zonation. N - Nemoral zone; BN - Boreo-nemoral zone; SB - Southern boreal sub-zone; MB -
Middle boreal sub-zone; A+NB Alpine, sub alpine and northern boreal sub-zone.
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Table 3. Establishment possibility for invasive species in different Swedish vegetation zones. - no predicted possibility;
1. low predicted possibility; 2. intermediate predicted possibility; 3. high predicted possibility. If coastal zones are
different from the inland, probability for coast zones are given in brackets. N — Nemoral zone; BN - Boreo-nemoral
zone; SB - southern boreal sub-zone; MB - middle boreal sub-zone; A+NB - Alpine, sub alpine and northern boreal sub-
zone.
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3.4 Advantages and disadvantages of the approach used in this study

Many methods exist for predictions of potential invasions. Here, a list of species introduced
somewhere in the world was created, and niche based simulations for the species described as
invasive was made. Using a list of species already invasive somewhere is an effective way to
analyse the risks of invasions to Swedish freshwater habitat. However, it leaves out some possible
invasive species for three reasons: (1) species that are not already invasive could become invasive if
introduced to Sweden; (2) species native in Sweden could become invasive if the climate changes;
(3) species natives in parts of Sweden could also become invasive if introduced to other parts of the
country. There is also a risk that Swedish species could expand their current distribution through
natural pathways, and become problematic in new places, if the climate gets warmer.

Using niche based modelling to predict invasive range of non-indigenous species is a good tool in
invasive species management (Peterson and Vieglais 2001). With relatively small effort it is
possible to judge the threat of individual species. However, there are some limitations. There can be
two forms of errors in the results from the simulations: false positive and false negative
predications. A false positive prediction means that the model predicts that a species could establish
even though it cannot. A false negative prediction on the other hand means that a species could
establish, but the results from the simulations suggest that it cannot.

A species’ niche consists of more than temperature variables. Other abiotic variables, e.g. pH, light
condition and nutrients conditions are essential. Also biotic factors, e.g. competitors, herbivores and
pathogens are important for a plant species’ distribution. The areas predicted suitable for a species
will most likely decrease when more environmental parameters are added. Since only temperature
parameters are used in this study, there is a risk of false positive results. Temperatures are the
variable available on a global scale that is most important for aquatic macrophytes. By using
temperatures it is also easy to study the effect of global warming.
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The minimum temperature might be very important factor limiting a species distribution. The data
used in this study is mean minimum temperatures, not the extreme minimum. For some species,
especially floating and emergent species that is in contact with the air, the extreme temperature
might be more important. It might be enough with a shorter time of temperatures below 0°C to
cause freezing injuries that kill the leaves and the plant.

If the available reports of presence for a species do not represent the species’ actual distribution, a
false negative result could be expected. For many species, the majority of the presence reports come
from Germany and the United Kingdom. Hence, the climates in those countries will have a strong
impact on the modelled niche. The species might also be common in e.g. northern Russia, where
climate is more like the Swedish, but distribution data are scarce. The results from the simulations
will show that Sweden is too cold, even though it is not. The same situation will occur if the species
has not yet reached its full potential distribution, e.g. because it has been introduced and has not had
time to spread.

The predicted global climate change is more than just increasing temperatures. Wind conditions,
precipitation, runoff, UV-irradiation are factors that will be affected, and in turn will influence e.g.
water chemistry and ecosystem structure in a complex series of reactions. There are examples from
the literature that show some of the possible effects of climate change on community structure and
support the presumption that temperature is an important factor for aquatic plant species. Such a
work was done by Hussner and Losch (2005) who examined the alien flora of River Erft. River Erft
receives thermal waste water from mining areas and has a temperature of at most 5°C higher than
average waters. Hussner and Losch found that 5 alien species had established between 1973 and
2003. They also noticed that Egeria densa repressed the native species Potagometons natans and P.
pectinatus. Another work, using microcosms, was made by McKee et al. (2002). They found that
the proportion of Lagarosiphon major in a macrophyte community consisting of L. major, Elodea
nuttallii and Potamogeton natans increased when temperature was increased to simulate climate
warming.

4. Conclusions

Introduction of alien species is a problem that is becoming more apparent in Sweden. In this study it
has been found that several species could establish already at the current climate. With a warmer
climate the introductions of alien species are more likely to lead to establishment and problems.
Especially alerting are Crassula helmsii, Lagarosiphon major, Myriophyllum aquaticum and
Zizania aquatica, which according to the simulations can establish at the current climate in large
areas of Sweden, and in the entire Scandinavia in the future. These species cause severe problems in
other countries. The further spread of already introduced and established species, in particular
Azolla filiculoides, Elodea nuttallii, Lysichiton americanus and Nymphoides peltata, is also a risk to
be concerned of. Since all species listed above are sold commercially as aquarium or garden plants
there is a noticeable risk for introductions.
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