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Abstract Biological invasions coupled with climate

change drive changes in marine biodiversity. Warm-

ing climate and changes in hydrology may either

enable or hinder the spread of non-indigenous species

(NIS) and little is known about how climate change

modifies the richness and impacts of NIS in specific

sea areas. We calculated from climate change simu-

lations (RCO-SCOBI model) the changes in summer

time conditions which northern Baltic Sea may to go

through by the end of the twenty-first century, e.g.,

2–5 �C sea surface temperature rise and even up to

1.75 unit decrease in salinity. We reviewed the

temperature and salinity tolerances (i.e., physiological

tolerances and occurrence ranges in the field) of

pelagic and benthic NIS established in—or with

dispersal potential to—the northern Baltic Sea, and

assessed how climate change will likely affect them.

Our findings suggest a future decrease in barnacle

larvae and an increase in Ponto-Caspian cladocerans

in the pelagic community. In benthos, polychaetes,

gastropods and decapods may become less abundant.

By contrast, dreissenid bivalves, amphipods and

mysids are expected to widen their distribution and

increase in abundance in the coastal areas of the

northern Baltic Sea. Potential salinity decrease acts as

a major driver for NIS biogeography in the northern

Baltic Sea, but temperature increase and extended

summer season allow higher reproduction success in

bivalves, zooplankton, amphipods and mysids. Suc-

cessful NIS, i.e., coastal crustacean and bivalve

species, pose a risk to native biota, as many of them

have already demonstrated harmful effects in the

Baltic Sea.
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Introduction

Biological invasions along with climate change have

been recognized as a major threat and a direct driver

for changes in marine biodiversity (Rockström et al.

2009; UNEP 2006). Both processes are able to cause

major changes in the geographical range of native

species and communities (Hampe and Petit 2005;

Kernan 2015; Parmesan 2006; Walther et al. 2009).

Also various direct consequences of the climate

change for the invasive species (i.e. non-indigenous

species or NIS, with negative impacts on biota,

economic values, or human health) have been pro-

posed (Hellmann et al. 2008), including for example

changes to climatic constraints that control the distri-

bution of non-indigenous species. Climate change

may also change the way these species impact the

environment and alter the effectiveness of manage-

ment strategies aimed to mitigate the harmful impacts

of invasive species. Majority of the available literature

on climate-induced biological invasions deals with

warming effects (Walther et al. 2009). Most often

climate change has been considered to favour invasive

species (Dukes and Mooney 1999; Thuiller et al.

2007), and globally a large-scale invasion of species

from warm water environments to cold marine waters

is expected (Jones and Cheung 2014). Climate change

may for instance create new habitats for thermophilic

non-indigenous species in areas where they previously

would have not been able to survive and reproduce

(Sorte et al. 2010; Walther et al. 2009). Other climatic

factors should be however taken into more consider-

ation, as especially in the northern latitudes the future

climate projections suggest more precipitation, and

hence more freshwater discharge to the sea (IPCC

2013). The reduced salinity in estuarine habitats has in

some cases shown to be an even more important factor

than temperature in governing the local distributions

of species (Brady and Somero 2006a, b).

Bioinvasion studies under future climate deal

mostly with the range expansion of a single or a few

species (Gallardo and Aldridge 2013; McDowell et al.

2014). The direct consequences of climate change on

multiple invasive or non-indigenous species have been

studied very little. The Baltic Sea in the northern

latitudes has been sometimes playfully called ‘a field

laboratory for invasion biology’ (Leppäkoski et al.

2002), and as one of the best studied sea areas in the

world, with relatively few indigenous species and with

a high number of introduced species, is an ideal area

for studying the impacts of climate change on non-

indigenous species. As a brackish water body it also

serves as a study area for changes in future hydrology,

in addition to changes in temperature.

As many as 119 non-indigenous species have been

observed in the Baltic Sea, where the coastal southern

and northern lagoons and gulfs suffer from a high level

of ‘biopollution’ (Zaiko et al. 2011). By non-indige-

nous species we refer to (not necessarily invasive)

species, which would have not been able to disperse

from their natural range to the Baltic Sea without some

human vector, including for instance vectors like

shipping or deliberate release in the wild. Majority of

the NIS in the Baltic Sea are benthic or pelagic

invertebrates (crustaceans, mollusks, annelids), with

some fish, macrophyte and other species (Zaiko et al.

2011). Consequences of recent warming on some NIS

in the northern Baltic Sea have been suggested.

According toOjaveer et al. (2011) zooplankton species

Cercopagis pengoi, cirripedAmphibalanus improvisus

and polychaetesMarenzelleria spp. have becomemore

abundant in theGulf of Finland andGulf ofRiga during

recent decades and this has been partially accounted for

mild winters and warmer summers. Panov et al. (2007)

have suggested that non-indigenous zooplankton

species have positively responded to changes in

climatic conditions of the recent past, allowing these

species to reproduce and establish in the Baltic Sea.

However, no studies on the impacts of both temper-

ature and salinity changes on multiple non-indigenous

species, have been published for the Baltic Sea,

although many native species have been assessed for

future changes (Vuorinen et al. 2015).

Due to its small water volume (21,205 km3) and

large watershed (1,633,290 km2) the semi-enclosed

Baltic Sea is particularly vulnerable for climate

induced changes in hydrology. Since its formation

following the last glaciation, strong gradients have

existed in the Baltic Sea for temperature, and salinity

which decreases from ca. 20 PSU in the Danish straits

to 1–2 PSU in the northern and eastern parts

(Leppäranta and Myrberg 2009). In addition to spatial

3016 R. Holopainen et al.

123



gradients, significant long-term variations in temper-

ature and salinity occur. Large-scale atmospheric

patterns affect the salinity inflow, water exchange

with the North Atlantic and temperature variability

(Leppäranta and Myrberg 2009). The Baltic Sea is

expected to face considerable hydrographical (tem-

perature and salinity) changes due to climate change

during the twenty-first century. Projections of the

Baltic Sea suggest an increase of the mean air

temperature and precipitation between 1969–1998

and 2070–2099, by about 2.7–3.8 �C and 12–18 %

respectively (Meier et al. 2012).

The Baltic Sea has relatively low biodiversity, and

temperature and salinity are the major environmental

factors regulating the distribution of the biota (Ojaveer

et al. 2010). Both indigenous and non-indigenous

species face physiological challenges especially in the

northern Baltic Sea, where temperature of sea water is

relatively low even during summer, and salinity is

critically low for marine species and high for fresh-

water species (Remane 1934). As the biota in this area

hence seems sensitive to climate change, we used the

northern Baltic Sea as a test area to qualitatively study,

which NIS are likely to increase in abundance and

expand their distribution range, and which on the other

hand may withdraw from this area and become

reduced in abundance. This way we address the key

question raised by Hellmann et al. (2008) on whether

or not climate change is a zero-sum game for invasive

species, i.e. causing the emergence of new invasive

species but also reducing the impacts of extant

invasive species. This question remains to be fairly

understudied in sea areas across the earth and here we

address it in the northern Baltic Sea. In contrast to the

original question we do not only consider invasive

species but also some NIS, which are established but

so far have not been considered very invasive.

Based on the state-of-art climate change projections

for the Baltic Sea (Meier et al. 2012), we assessed how

temperature and salinity will change during the

summer season by end of the twenty-first century.

Based on literature we assessed what consequences

these changes might have on the invertebrate NIS,

which are established in the northern Baltic Sea, or

which have a dispersal potential from the southern

Baltic Sea. Other factors than temperature and salinity

were viewed not to affect the large scale predictions in

a measurable way as they have a negligible effect on

the species’ current large-scale distributions and

abundances. Some genetic and physiological adapta-

tion to temperature and salinity within NIS is possible

to occur during the twenty-first century, but we have

no means of assessing it in the present paper and

therefore adaptation is not taken into account. For this

work, we reviewed from literature the basic physio-

logical requirements—temperature and salinity—for

multiple non-indigenous benthic crustaceans, mol-

lusks, cirriped, polychaetes and pelagic zooplankton

species.We report here how climate change may in the

long run favour certain species, but also heavily

reduce some other NIS in the northern Baltic Sea.

Despite the differences in the species’ background and

in invasion history, all of the selected species are

established and have already become naturalised in the

Baltic Sea i.e. forming free-living, self-sustaining

(reproducing) and durable populations.

Materials and methods

Hydrographic climate projections for summers

during 2005–2009 and 2095–2099

Meier et al. (2012) have used a coupled physical-

biogeochemical model (RCO-SCOBI) to simulate the

temperature, salinity, bottom oxygen, nutrient, phyto-

plankton and secchi depth changes in the Baltic Sea for

1961–2099. This state-of-art model, RCO-SCOBI, is

forced by two regionalized global general circulation

models (GCMs) driven by two IPCC emission

scenarios (A1B and A2) (Nakicenovic et al. 2000).

The model is coupled to a sea ice model and has its

boundary with the Atlantic in the northern Kattegat.

For further details of the RCO model and the

atmospheric downscaling see Meier (2001, 2007),

Meier and Kauker (2003), and Meier et al. (2011).

The spatial resolution of RCO-SCOBI model is 2

nautical miles and the original SMHI (Swedish Mete-

orological and Hydrological Institute) simulation data

was imported to ArcMap 10.1 programme for further

calculations. We calculated the summer means (June–

August) for temperature and salinity in present (years

2005–2009) and future conditions (years 2095–2099).

We used all the four available emission scenario

simulations (three ECHAM5 and one HadCM3,

Table 1) to calculate the ensemble summer means

from simulation-specific daily average values for the

surface layer (0–15 m) and bottom layer (bottom 3 m).
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The temperature and salinity in the Baltic Sea go

through natural long-term variations and as we had

chosen a relatively short (5-year) period to represent

the current and future conditions, the statistical differ-

ences for present and future conditions needed to be

tested so that we could say whether the calculated

changes in temperature and salinity (from 2005–2009

to 2095–2099) are significant, or so small that they

could fall within natural variability. Daily averages

from the 5-year periods, from each data point (i.e., grid

cell on a map), was tested as paired observations

between present and future for each parameter (surface

temperature, bottom temperature, surface salinity,

bottom salinity). We used the non-parametric Wil-

coxon signed rank test (for paired samples) as the

modeled parameter values could not be normalized.

Meier et al. (2012) have carried out a model

evaluation for temperature and salinity at deep water

stations in theBaltic Sea but nomodel validation against

coastal observations have been made previously. We

validated temperature and salinity from the hind-cast

model for the years 2005–2009 against four Finnish

coastal intense monitoring stations (LAV-4, KYVY-

8A, Seili and Utö, Fig. 1). Based on this we decided to

use equal weighting for each of the four simulations in

our ensemble model as this way the results matched

better with the field observations in coastal areas (data

not shown). The differences between the equally

weighted ensemble model (used in this study) and an

ensemble model weighted similarly to Meier et al.

(2012, weighting given in Table 1 but the results are not

used in this study), were very small but the equal

weighting worked better in coastal areas, giving greater

emphasis for the three ECHAM5 simulations than to the

one HadCM3 simulation.

Review on the non-indigenous species’

temperature and salinity ranges

Extensive species lists and information on the NIS’

origin and invasion history in the Baltic Sea can be

found in e.g. Leppäkoski and Olenin (2000), Zaiko

et al. (2011) and in AquaNIS database (Olenin et al.

2014). To evaluate the consequences of climate

change for NIS, we reviewed the temperature and

salinity ranges (i.e. physiological tolerances tested in

laboratory, in situ measurements related to NIS

observations and study area conditions in the basins

where NIS have occurred) of twenty-four selected

non-indigenous invertebrate species which are either

present in the northern Baltic Sea (Gulf of Finland,

Gulf of Riga, Gulf of Bothnia and northern Baltic

Proper, Fig. 1) or established in the southern Baltic

Sea gulfs and lagoons, and which are were considered

to exhibit dispersal potential to North. The chosen

species belong to the major groups of NIS in the Baltic

Sea and are all established in the Baltic Sea and have

become common in areas where they occur. Criterion

for the selection of these species was that there exists

enough information on their distribution and temper-

ature and salinity ranges to assess the likely impacts of

future changes. We focused the study on non-indige-

nous benthic crustaceans (amphipods and mysids),

molluscs (dreissenid bivalves), cirripeds (barnacle),

polychaetes (Marenzelleria spp.) and pelagic zoo-

plankton (onychopod cladoceran) species (Table 2).

Information on the distribution of these species, the

field conditions (salinity and temperature) where NIS

have been observed and their laboratory tested phys-

iological tolerances, was sought mostly from peer

reviewed literature, but also a few national reports

Table 1 The four climate change simulations available from Meier et al. (2012) and the weighting given for each simulation in this

study to calculate the ensemble summer mean salinity and temperature for 2005–2009 and 2095–2099

Climate change simulation Weighting of simulations in

the present study

Weighting of simulations in the study

by Meier et al. (2012)

RCO-SCOBI-HadCM3-A1B_466 1/4 1/2

RCO-SCOBI-ECHAM5-r3-A1B 1/4 1/6

RCO-SCOBI-ECHAM5-r1-A1B 1/4 1/6

RCO-SCOBI-ECHAM5-r1-A2 1/4 1/6
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were available. We focused the literature review on

temperature and salinity because these factors strongly

influence species distribution in the Baltic Sea. Both of

these environmental factors directly influence animal

physiology (Somero 2012) and are relevant in the

context of Baltic climate change.

Results

Hydrographic climate projections for summers

during 2005–2009 and 2095–2099

The Wilcoxon signed rank test for salinity and

temperature in surface and bottom layers showed

statistical difference (p\ 0.05) in pair-wise testing of

present and future and conditions. Hence the salinity

and temperature changes presented in this study are

viewed to be due to anthropogenic climate change, and

not caused by natural variability. In the climate

projections the largest temperature changes between

2005–2009 and 2095–2099 in the Baltic Sea are

expected to occur in the most northern parts of the Gulf

of Bothnia and eastern parts of the Gulf of Finland.

The surface temperature in the Bothnian Bay and

eastern Gulf of Finland is projected to rise by 4–5 �C
(Fig. 2a) with some even larger changes in some

coastal areas (not shown due to resolution). In the

Bothnian Sea temperature on the surface is projected

to increase approximately by 3.5 �C and in the Gulf of

Finland and the Baltic Proper mostly by 3 �C. The
summer mean sea surface temperature (0–15 m) in the

future may range from 12 to 23 �C in coastal areas. In

the entire Baltic Sea the bottom temperature (3 m from

bottom) changes are highest along the eastern coasts of

the basins, except in the Bothnian Sea, where the

Fig. 1 Sub-basins of the

Baltic Sea and the four

coastal monitoring stations

(LAV-4, KYVY-8A, Seili &

Utö) used for evaluation of

the RCO-SCOBI model

performance in coastal areas
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change is more pronounced along the western coast

(Fig. 2b). The largest changes are projected to occur in

the Bothnian Bay and in the eastern Gulf of Finland,

up to about 5 �C, whilst in most areas the temperature

increase remains mostly between 2–3.5 �C. The

average bottom temperature in the northern Baltic

Sea in the future may range from 4 �C in the open sea

to 22 �C in the coastal zone.

The salinity change (Fig. 3a) at the surface is

projected to be largest in the northern parts of the

Baltic Proper where salinity decreases by 1.75, with

approximately similar decrease occurring in bottom

salinity in the Bothnian Sea, Gulf of Finland, Gulf of

Riga and Baltic Proper (Fig. 3b). The surface salinity

5 isoline—important for many marine species—may

shift several hundreds of kilometres south in the

Bothnian Bay and west in the Gulf of Finland, leaving

the surface waters (0–15 m) for instance along the

Finnish coast entirely below 5. The bottom salinity in

the Bothnian Sea may decrease below 6 even in the

deepest parts whilst in the deep areas of the Gulf of

Finland salinity may still reach 10. The salinity

frequency distribution in the northern Baltic Sea

(above 56.9�N latitude), with a shift both on the

surface and bottom, is shown in Fig. 4.

Results of the literature review

All in all 125 articles and reports were found useful for

our review, with a strong focus on papers from the

Baltic Sea region and the species’ native region.

Literature from other areas was used where informa-

tion otherwise would have been insufficient. Most of

the used articles describe the broad environmental

conditions where the species have been encountered,

whilst physiological optima of the species often

remain unknown. Papers deriving their estimates from

short-term (24–48 h) mortality studies, for instance in

Table 2 Invertebrate NIS

considered in the present

study

The species not yet present

in the northern Baltic Sea,

but with dispersal potential

are marked with an asterisk

Phylum: Mollusca

Bivalvia Mytilopsis leucophaeata (Conrad 1831)

Dreissena polymorpha (Pallas 1771)

Gastropoda Potamopyrgus antipodarum (J.E. Gray 1853)

Phylum: Arthropoda

Maxillopoda Amphibalanus improvisus (Darwin 1854)

Branchiopoda Cercopagis pengoi (Ostroumov 1891)

Evadne anonyx (G.O. Sars 1897)

Amphipoda Gammarus tigrinus (Sexton 1939)

Echinogammarus (syn. Chaetogammarus) ischnus (Stebbing 1898)*

Echinogammarus (syn. Chaetogammarus) warpachovskyi (G.O. Sars 1984)

Dikerogammarus villosus (Sowinsky 1894)*

Dikerogammarus haemobaphes (Eichwald 1841)*

Pontogammarus robustoides (G.O. Sars 1894)

Obesogammarus crassus (G.O. Sars 1894)*

Gmelinoides fasciatus (Stebbing 1899)

Chelicorophium curvispinum (G.O. Sars 1895)

Mysida Hemimysis anomala (G.O. Sars 1907)

Paramysis (Mesomysis) intermedia (Czerniavsky 1882)

Paramysis (Serrapalpisis) lacustris (Czerniavsky 1882)*

Limnomysis benedeni (Czerniavsky 1882)*

Decapoda Palaemon elegans (Rathke 1873)

Rhithropanopeus harrisii (Gould 1841)

Phylum: Annelida

Spionida Marenzelleria viridis (Verrill 1873)

Marenzelleria neglecta (Sikorski & Bick 2004)

Marenzelleria arctia (Chamberlin 1920)
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ballast water treatment studied, were not included as

temperature and salinity do not fluctuate rapidly in the

northern Baltic Sea as tidal action is lacking. The full

results of literature review and related references can

be found in the supporting information Table (S1).

In addition to giving information regarding salinity

and temperature ranges, both in the field and in

laboratory tests for adults, the Table S1 reports these

ranges for different reproductive stages, where

information is available. Table S1 also gives the

additional information on the general distribution of

NIS in the Baltic Sea and the year of introduction,

but does not summarise the global distribution, as

this is beyond the scope of this paper and such

information can be accessed from global databases.

We complimented the literature review zooplankton

monitoring data from the Finnish, Swedish and

Estonian zooplankton monitoring databases. Based

on the literature review and this additional data we

next describe the general physiological requirements

and tolerances of NIS, and the expected changes due

to climate change.

Fig. 2 Average surface (a) and bottom (b) temperatures and the magnitude of change (c) in the Baltic Sea during summer (June–

August) in 2005–2009 and in 2095–2099 based on RCO-SCOBI model estimates
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NIS benefitting from future changes in temperature

and salinity

Onychopod cladocerans

Ponto-Caspian onychopod cladocerans Cercopagis

pengoi and Evadne anonyx are euryhaline and in the

Baltic Sea they occur in the lower end of their salinity

range (Fig. 5; Table S1). In contrast to C. pengoi, E.

anonyx has no prior invasion history in freshwater

(Panov et al. 2007) and is encountered in quite a

narrow range of salinities in its native origin

(Table S1). Both species prefer warm waters but are

adapted to wide fluctuations in temperature in their

native areas (Rivier 1998). They reach their maximum

abundances at temperatures above 15 �C and typically

disappear when temperature drops below 10 �C
(Krylov et al. 1999; Rivier 1998). C. pengoi and E.

anonyx reproduce parthenogenically during summer,

switch to gametogenetic reproduction when

Fig. 3 Average surface (a) and bottom (b) salinities and the magnitude of change (c) in the Baltic Sea during summer (June–August) in

2005–2009 and in 2095–2099 based on RCO-SCOBI model estimates
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temperature falls and survive cold winter as resting

eggs (Rivier 1998). C. pengoi hatching from resting

eggs may start in temperatures as low as 3–6 �C
(Sopanen 2008). According to national (Estonian,

Finnish, Swedish) zooplankton monitoring data, C.

pengoi abundances are highest (1000–7030 ind. m-3)

between July and September in 13.1–25.2 �C and

3.5–5.8 salinity (unpublished). E. anonyx abundances

in the same monitoring data are highest (100–1212

ind. m-3) between July and August in temperatures

10.8–24.4 �C and 2.6–8.16 salinity (unpublished).

Future: C. pengoi and E. anonyx are thermophilic

species with ability to survive and reproduce in low

salinities. Both species are expected to become more

abundant and widespread in coastal areas, lagoons and

open sea areas, with rising temperature allowing more

parthenogenetic generations to succeed.

Bivalve: Dreissena polymorpha

The Ponto-Caspian dreissenid bivalve Dreissena

polymorpha is present in the Baltic Sea in areas with

low salinity (Fig. 5; Table S1) as the species repro-

duction starts to fail when salinity exceeds 3.5 (Fong

et al. 1995). D. polymorpha requires temperatures

above 10–12 �C in order for growth and reproduction

to occur, and larval occurrence seems to be optimal in

20–25 �C (Fong et al. 1995; Kornobis 1977; Stanczy-

kowska 1977). Veliger larvae ofDreissena spp. stay in

the water column for a rather short time, i.e. few to

several days (Verween et al. 2010). The low summer

temperatures along with shorter invasion history in the

northern Baltic Sea in the Gulfs of Riga and Finland

(Olenin et al. 1999) explain the lower abundances

recorded in North compared to the low-salinity coastal

areas in the southern Baltic Sea (Antsulevich et al.

2003; Daunys et al. 2006; Golubkov et al. 2003; Panov

et al. 2002).

Future: In the northern Baltic Sea, the current

distribution of D. polymorpha is limited by high

salinity and low temperatures. The unfavourable

conditions are reflected in low reproduction, and

reduction of size in adults is observed when moving

from eastern parts of the Gulf of Finland with low

salinity, to west with higher salinity (Antsulevich et al.

2003).D. polymorpha is already locally very abundant

in parts of the eastern Gulf of Finland and the Gulf of

Riga (Golubkov et al. 2003; Kotta et al. 1998) and is

likely to become dominant in many other areas as

salinity decreases and temperature increases.

Bivalve: Mytilopsis leucophaeata

The dreissenid bivalve Mytilopsis leucophaeata is a

true brackish water species able to survive from

freshwater to almost full marine salinity, although its

reproduction is not possible in pure freshwater (Fig. 5;

Table S1). Although this species originates from

tropical waters in the Gulf of Mexico, with temper-

atures between 24 and 27 �C, the species has success-
fully distributed to temperate regions and can survive

temperatures down to 6.8 �C (Marelli and Gray 1983;

Verween et al. 2010). Reproduction via veliger larvae

occurs when water temperature exceeds 12–13 �C
(Verween et al. 2010). In the Baltic Sea this species

has been found in Finland from thermally heated areas

near power plants of Loviisa, Olkiluoto and Naantali,

but also from the Archipelago Sea with no associated

warm water influence (Laine et al. 2006; Ljungberg

et al. 2011; Vesakoski, University of Turku, pers.

comm.).

Future: M. leucophaeata prefers warm waters and

the rising temperatures in the northern Baltic Sea are

likely to facilitate the spreading of this species from

now quite restricted local habitats. Decreasing

salinity should not prevent the spread of this species

in most areas, except for areas near major freshwater

sources.

Fig. 4 Frequency distribution of modelled (RCO-SCOBI)

present (2005–2009) and future (2095–2099) surface and

bottom salinity ranges during summer (June–August) in the

northern Baltic Sea (above 56.9�N latitude)
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Amphipods

Non-indigenous amphipod crustaceans from Ponto-

Caspian region, North America and East Siberia have

been introduced to the Baltic Sea. The North Amer-

ican Gammarus tigrinus has the broadest tolerance to

salinity and temperature, the Ponto-Caspian amphi-

pods (Echinogammarus warpachowskyi, Echinogam-

marus ischnus, Dikerogammarus haemobaphes,

Dikerogammarus villosus, Pontogammarus robus-

toides, Obesogammarus crassus and Chelicorophium

curvispinum) and the Siberian Gmelinoides fasciatus

preferring low salinities and freshwater (Fig. 5;

Table S1). In Europe all of the Ponto-Caspian species,

except for E. warpachowskyi, have successfully

inhabited many polluted rivers with high ionic content

(Grabowski et al. 2009; Grabowski and Konopacka

2007; Kestrup and Ricciardi 2009; Wijnhoven et al.

2003). Adults ofG. tigrinus survive temperatures from

near zero up to 32.2–34.2 �C (Sareyka et al. 2011;

Wijnhoven et al. 2003) but laboratory exams indicate

that the species is not able to reproduce in tempera-

tures below 5 �C (Pinkster et al. 1977). The Ponto-

Caspian amphipods have a generally wide temperature

Fig. 5 Salinity occurrence

ranges (\14) for NIS in the

Baltic Sea (with black) and

native origin (with grey)

from literature review. Data

from other regions is

omitted as it gives no further

information for low salinity

areas. Range for adults is

marked with a smooth line

(black or grey) and range for

reproduction with dots

(black or grey). *For

clonally reproducing P.

antipodarum only the

optimal reproduction range

is given. **For

Marenzelleria spp., R.

harrisii and P. elegans the

lower limit for reproduction

is known, but the upper limit

is unknown and is here

marked with a diamond to

indicate possible

reproduction in higher

salinities. For references see

Table S1
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tolerance with their lower occurrence limit ranging

from 2–11.3 �C to upper limit 24–30 �C (Table S1).

The optimal temperature for G. fasciatus is below

22 �C (Berezina and Panov 2004, and references

therein), but the species has been found in Neva

estuary where temperature may rise up to 27.5 �C
(Berezina and Panov 2003).

Future: All of the non-indigenous amphipods

reviewed here survive well in waters with low

salinities. These species also have a wide temperature

tolerance and there is no reason to assume, that the

species would be hindered by future changes in the

northern Baltic Sea. Species currently only present in

the southern Baltic lagoons (E. ischnus,D. villosus,D.

haemobaphes and O. crassus) have a potential of

dispersing to northern Baltic Sea.

Mysids

Relatively little published information is available

regarding the distribution and tolerance of Ponto-

Caspian mysids, to salinity and temperature, in the

Baltic Sea. H. anomala is found both in the southern

and northern Baltic Sea as well as in the Baltic proper

(Janas and Wysocki 2005; Kotta and Kotta 2010;

Salemaa and Hietalahti 1993; E. Gorokhova, Stock-

holm University, pers. obs.). Paramysis (Mesomysis)

intermedia has been sighted in the Gulfs of Finland

and Riga (Herkül et al. 2009) and Paramysis (Serra-

palpisis) lacustris and Limnomysis benedeni are

distributed in parts of the Curonian lagoon. Paramysis

spp. prefer low salinities, but H. anomala and L.

benedeni can occur also in higher salinities (Fig. 5;

Table S1). Generally all of the mysids are found in

areas with a wide temperature range (Lesutien _e et al.

2007, 2008; Marty 2008).

Future: The non-indigenous mysids have quite a

limited distribution in the Baltic Sea, as they prefer

low salinities. Hence they can be expected to benefit

from decreasing salinity. Paramysis spp. and L.

benedeni may become more abundant in sheltered

sandy and vegetated habitats (Herkül et al. 2009; J.

Lesutien _e, Klaipeda University, pers. comm.), but are

not expected to colonise exposed shores. H. anomala

inhabits both exposed and sheltered regions (Kotta and

Kotta 2010; Salemaa and Hietalahti 1993) and has the

potential to further widen its distribution in various

shores. The mysids will benefit from rising

temperatures, as this allows more successive genera-

tions to arise.

NIS negatively affected by future changes

in temperature and salinity

Cirriped: Amphibalanus improvisus

Amphibalanus improvisus is adapted to less saline

water than other cirripeds (Lang and Ackenhusen-

Johns 1981) and the Baltic populations exhibit better

physiological and behavioural adaptation to low

salinities than those from the Atlantic (Furman

1989). However the distribution in the northern

Baltic Sea is limited by low salinity (Fig. 5;

Table S1) in the Bothnian Bay (Vaasa) and in the

Gulf of Finland (Luther 1950; Segerstråle 1957). A.

improvisus is able to tolerate wide range of temper-

ature (2–30 �C), briefly even down to freezing point

(Furman 1989; Lang and Ackenhusen-Johns 1981;

Moore and Frue 1959; Southward 1957). In the

national (Estonian, Finnish and Swedish) zooplank-

ton monitoring data, A. improvisus larvae are found

all year in the water column, and the highest

abundances (10,000–195,918 ind. m-3) occur in

11.0–23.0 �C and 2.9–6.1 salinity between June and

August (unpublished). The exact salinity limit for

successful reproduction in the Baltic Sea is not

known, but as adults are sessile we assume it to be

the similar to adult distribution limits. Furman

(1989) has suggested that not all of the larvae in

the northern Baltic Sea finish development during

winter. Nor are they able to settle in areas with low

salinity.

Future: A. improvisus cannot live in the northern

Baltic Sea in areas of low salinity, although larvae can

be frequently found in such areas. On the Finnish coast

of the Gulf of Bothnia it is expected that the northern

distribution limit of A. improvisus by end of the

twenty-first century will shift from the Quark to the

middle parts of the Bothnian Sea along the Fin-

nish coast. On the Swedish coast of the Gulf of

Bothnia the salinity is, due to anticyclonic circulation,

generally lower than on the Finnish side, and the

species may largely disappear. In the Gulf of Finland

the distribution limit will shift westward. In both areas

the species may persist in areas where the surface

salinity remains mostly above 3–4.
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Polychaetes: Marenzelleria spp.

Three species of Marenzelleria genus have been

recorded in the Baltic Sea (Bastrop and Blank 2006;

Blank and Bastrop 2009; Blank et al. 2008). Maren-

zelleria neglecta and Marenzelleria viridis are native

to the Atlantic coast of North America andM. neglecta

additionally to the Pacific coast of North America and

the Arctic region.Marenzelleria arctia is native to the

Arctic region. According to molecular identification

techniques both M. neglecta andM. arctia are present

in the northern Baltic Sea (Bastrop and Blank 2006;

Blank et al. 2008) and based on this distribution both

species are able to adapt to fairly low salinities as

adults, although the physiological tolerance limits of

adults are unknown (Table S1). M. viridis may be

limited to more saline areas and has only been found in

the Gulf of Riga and south-western Bothnian Sea in

the northern Baltic Sea (Bastrop and Blank 2006;

Blank et al. 2008). In tidal areasM. neglecta is known

to prefer lower salinities than M. viridis (Blank et al.

2004). M. arctia in its native region occurs in river

estuaries where the salinity varies from freshwater to

almost full salinity (Jørgensen et al. 1999), but the

reproduction and recruitment most likely take place

during winter when intrusions of saline water occur

(A. Maximov, Zoological Institute of Russian Acad-

emy of Sciences, pers. comm.). The reproduction of

M. neglecta and M. viridis is not possible in very low

salinities (Fig. 5; Table S1). AllMarenzelleria species

are tolerant to temperatures near 0 �C (Blank and

Bastrop 2009). M. neglecta and M. viridis have high

upper temperature tolerances as thermal stress and

mortality increase only after 30–34 and 25–30 �C
respectively (Blank et al. 2006). M. arctia in the

eastern Gulf of Finland prefers deeper bottoms thanM.

neglecta exhibiting possible preference to lower

temperatures (Kauppi et al. 2015; Maximov 2011).

Future: Although some larval stages ofM. neglecta

and M. viridis are able to survive low salinities, the

entire reproduction cycle completement requires

salinity of 5, and hence these species are likely to

become less abundant in the northern Baltic Sea. For

M. arctia the ability to reproduce in stable low salinity

conditions is unknown, but the species currently seems

to prefer deeper water in the Baltic Sea, perhaps

indicating better survival in areas with cool and saline

waters. It is likely that also this species will become

less abundant in the future.

Gastropod: Potamopyrgus antipodarum

Potamopyrgus antipodarum originates from freshwa-

ter and estuaries of New Zealand and currently has

global distribution. In the northern Baltic Sea the

species is restricted to brackish water, with an

exception of being found in lakes in Åland Islands

(Jensen 2010; Nicol 1936). P. antipodarum in Europe

and North America are entirely clonal, partheno-

genetic and have no larval reproduction (Dybdahl and

Kane 2005; Luther 1950; Wallace 1992). P. antipo-

darum clones in Denmark (and supposedly occupying

the entire Baltic Sea) have higher reproductive output

in intermediate salinities (Fig. 5; Table S1) than in

freshwater or higher salinities and adults show similar

salinity optima for growth and feeding rates (Jacobsen

and Forbes 1997). This species can be found in areas

with 0–32 �C temperature (Hylleberg and Siegismund

1987), but the optimal temperature for reproduction

lies near 18 �C (Dybdahl and Kane 2005).

Future: P. antipodarum can currently be found

almost in the entire Baltic Sea even though its

reproduction might be optimal in salinities above 5.

The species may decrease in abundance in areas with

almost freshwater salinities. However total disappear-

ance of the species from northern Bothnian Bay and

eastern Gulf of Finland is not expected.

Shrimp: Palaemon elegans

Palaemon elegans is an eurythermal species dis-

tributed in the Atlantic, including Kattegat region of

the Baltic Sea, and further in the Mediterranean and

Black Sea (Berglund 1980; Janas et al. 2004, and

references therein). Reuschel et al. (2010) have shown

that the specimen in the southern Baltic Sea share the

same haplotype with the populations from Black Sea

and Mediterranean Sea and that the invasion of the

Baltic Sea during the early 2000’s is probably from

these populations. Janas and Spicer (2010) have also

shown that P. elegans from the Baltic Sea hyper-

regulate more efficiently in low salinities and low

temperatures than specimen from the North Sea. P.

elegans in the Baltic Sea can be found in salinities

even close to freshwater (Fig. 5; Table S1). In

Kattegat—a sea area connecting North Sea to the

Baltic Sea—P. elegans larvae cannot survive in

salinities below 5, with the optimum above 10

(Berglund 1985). It is unknown whether populations
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in the Baltic Sea are able to reproduce in lower

salinities, or whether juveniles or adults migrate to low

salinity areas.

Future: Although the reproduction limits of P.

elegans in the northern Baltic Sea are unknown it is

likely that P. elegans, originally a marine species, will

suffer from the decreasing salinities and that the

distribution limits in the Gulf of Finland and Bothnian

Sea will shift westward and southward, respectively.

The species will likely become less abundant in the

northern Baltic Sea.

Crab: Rhithropanopeus harrisii

Rhithropanopeus harrisii is an unusually eurythermal

and euryhaline decapod species. In its native region in

the Gulf of Mexico temperature rises up to 30 �C
(Costlow et al. 1966) but in the Baltic Sea the species

survives freezing temperatures (Turoboyski 1973).

The species is able to live as adults in freshwater and in

reservoirs in Texas reproduction occurs in 0.5–3

salinities (Boyle and Pfau 2010, and references

therein). However, according to Costlow et al.

(1966) larval hatching is not possible in salinities

below 5 and in the Baltic Sea reproduction begins in

14 �C (Turoboyski 1973) and is limited by salinities

below 4 (Fig. 5; Table S1).

Future: In the future conditions R. harrisii can be

expected to have reduced reproduction success in the

northern Baltic Sea due to decreasing salinity.

Discussion

Consequences of climate change on NIS

in the northern Baltic Sea

The northern Baltic Sea is shaped by multiple

biological invasions and climate change will further

alter the ecosystem by end of the twenty-first century.

Based on salinity scenarios, the non-indigenous ony-

chopod cladocerans, amphipods, mysids and dreis-

senid mussel Dreissena polymorpha will more or less

benefit from climate change. Mytilopsis leucophaeata

dreissenid does not directly benefit from decrease in

salinity, but warming would increase the reproduction

success of both dreissenids. Rising temperature and

prolonged growth season may also enable more intra-

annual parthenogenetic generations in zooplankton

(Simm and Ojaveer 2006) and broods in amphipods

and mysids. The NIS negatively affected from

decreasing salinities include marine species (Am-

phibalanus improvisus,Marenzelleria spp., Palaemon

elegans and Rhithropanopeus harrisii) and a brackish

water snail Potamopyrgus antipodarum. The earlier

suggested benefit of rising temperature for A. impro-

visus and Marenzelleria spp. (Ojaveer et al. 2011)

could be limited by decrease in salinity.

Temperature rise during the twenty-first century is

unlikely to cause metabolic stress on NIS as they

inhabit wide range of temperatures and the mean

surface temperature in the northern Baltic Sea will

remain mostly below 23 �C. Decreasing salinity plays
a more crucial role, as adaptation physiologically to

brackish water is more demanding than adaptation to

rising temperatures (Somero 2012). Species with

marine background are often unable to cross the

salinity 5 isoline (Remane 1934). Even brackish water

species which have managed to invade freshwater

often face serious physiological challenges in low ion

environments (Dietz et al. 1996; Taylor and Harris

1986). Although P. elegans and A. improvisus already

exhibit high physiological and behavioural adapta-

tions to low salinities in the Baltic Sea (Furman 1989;

Janas and Spicer 2010), it is likely that, without further

significant genetic or physiological adaptation, these

species along with Marenzelleria spp., R. harrisii and

P. antipodarum, will decrease in abundance in the

northern Baltic Sea during the twenty-first century.

Uncertainties in the climate change projections

The climate change projections include an element of

uncertainty which we have not taken into account in

this study. This uncertainty arises from biases of the

global and regional climate models, unknown future

anthropogenic greenhouse gas and aerosol emissions,

and natural variability within the climate system that

hides anthropogenically induced trends in climate. To

include some of this uncertainty in the future esti-

mates, an ensemble of scenario simulations was used.

However, the ensemble is too small to investigate the

inherent uncertainties thoroughly. For instance, only

one model for each of the three sub-domains—the

regional atmosphere, ocean and land surface hydrol-

ogy—is used in the state-of-art Baltic models, making

the estimation of uncertainties caused by the biases of

the regional climate models impossible (Meier et al.
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2012). The author team of the second Baltic Sea

Assessment of Climate Change (BACC II 2014) has

concluded that in the future Baltic Sea annual mean

water temperature will increase and sea ice extent will

decrease. And although all existing scenario simula-

tions suggest decrease in salinity, these changes are

considered uncertain as climate models have severe

biases with regard to the water balance. The only study

investigating salinity projections with a relatively

large ensemble found that the salinity changes are

either negative or statistically insignificant in terms of

natural variability (Meier et al. 2006). Hence, we

cannot be absolutely certain whether or not the Baltic

Sea salinity will increase or decrease (BACC II 2014).

The impact of salinity changes on NIS discussed in

this study should be carefully assessed in future

studies which would benefit from regional climate

models with improved water balance, hydrodynamic

models with finer spatial resolution, and an increase in

the number of climate change simulations.

Our study only considered the impacts of climate

change on salinity and temperature, but acidification

and changes in calcium saturation (Chierici and

Fransson 2009; Tyrrell et al. 2008; Whittier et al.

1995), eutrophication and hypoxia (Meier et al. 2012;

Neumann et al. 2012; Omstedt et al. 2012) along with

changing species-interactions may also shape the

future NIS communities in the northern Baltic Sea.

Such changes are not measurable without further

studies, but they do not affect the general responses of

NIS to salinity and temperature changes.

Potential impacts of NIS on the northern Baltic Sea

ecosystem

Despite uncertainties in climate change projections,

the potential outcome of projected salinity and tem-

perature changes should be acknowledged, as changes

posed to NIS may impact the northern Baltic Sea

ecosystem and its usage in various ways. Literature on

the impacts of NIS in the Baltic Sea has been reviewed

e.g. by Zaiko et al. (2011) and although in many

aspects the information on impacts of NIS in the Baltic

Sea is still limited (Ojaveer and Kotta 2014), we

shortly discuss few important recognized impacts.

Despite the long invasion history, the impacts of P.

antipodarum and A. improvisus have remained low

and moderate in the northern Baltic Sea, respectively

(Zaiko et al. 2011) and the withdrawal of these species

is not expected to substantially impact the future

ecosystem of the Baltic Sea. A. improvisus fouling

impact on leisure boating may become reduced.

Marenzelleria species as fairly recent invaders in the

northern Baltic Sea have become dominant in numer-

ous areas and various nutrient-sediment interactions,

such as hypoxia mitigation and nutrient retention

(Maximov et al. 2014; Norkko et al. 2012) or

controversially nutrient release (Viitasalo-Frösén

et al. 2009), have been linked with their bioturbation

activities. The decrease in Marenzelleria spp. abun-

dance may effect nutrient cycles in an unexpected way

that future studies should try to further understand

(Maximov et al. 2015).

Almost all of the NIS expected to benefit from

climate change have shown some negative impacts in

the Baltic Sea (Zaiko et al. 2011), though not all of

their impacts are merely harmful. C. pengoi has

decreased the numbers of some important native

zooplankton species in the Baltic Sea (Gorokhova

et al. 2005; Lehtiniemi and Gorokhova 2008), but it

also serves as a food source for planktivore fish (Kotta

et al. 2006; Ojaveer et al. 2000). D. polymorpha

mussel beds recycle nutrients and have been proposed

to facilitate filamentous algal growth in the Gulf of

Finland (Orlova et al. 2006). D. polymorpha may also

become a severe biofouler with M. leucophaeata

(Laine et al. 2006), but at the same time these species

may fill an empty niche that the withdrawal of marine

key species blue mussel (Mytilus trossulus xM. edulis)

due to climate change may leave behind (Leth et al.

2013). Most of the non-indigenous amphipods are able

to efficiently out-compete or predate on native

amphipods and mysids (Grabowski et al. 2007; Orlova

et al. 2006; Surowiec and Dobrzycka-Krahel 2008).

On the other hand they serve as food for several fish in

the Baltic Sea (Daunys and Zettler 2006) and some

species may decrease the biomass of filamentous

Cladophora algae (Golubkov et al. 2003; Orlova et al.

2006).

Support for global theories on climate change

promoting success of the non-indigenous species

According to Qian and Ricklefs (2006) anecdotal

evidence suggests that climate change will not

substantially decrease the impacts of current invasive

species. This seems to be true in the northern Baltic

Sea where the number of non-indigenous invertebrate
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species expected to benefit from temperature and

salinity changes is higher than the number of nega-

tively affected NIS. Although the impacts of some

extant invasive species may reduce, the overall

impacts of NIS may increase as majority of these

species can be expected to expand their distribution

range and increase in abundance. Even without further

introductions of NIS to the Baltic Sea, the overall

response of NIS to climate change is more than a zero-

sum (Hellmann et al. 2008) in the northern basins. Our

study confirms that in brackish water ecosystem,

changes in hydrology and thereby on salinity are able

to widely alter the NIS communities. Moreover, rising

temperature can further increase the abundance of

NIS. The suggested changes are ecologically signif-

icant in the northern Baltic Sea where natural biodi-

versity is relatively low.
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Meier HEM, Höglund A, Döscher R et al (2011) Quality

assessment of atmospheric surface fields over the Baltic

Sea from an ensemble of regional climate model simula-

tions with respect to ocean dynamics. Oceanologia

53:193–227

Meier HEM, Hordoir R, Andersson HC et al (2012) Modeling

the combined impact of changing climate and changing

nutrient loads on the Baltic Sea environment in an

ensemble of transient simulations for 1961–2099. Clim

Dyn 39:2421–2441

Moore HB, Frue AC (1959) The settlement and growth of

Balanus improvisus, B. eburneus and B. amphitrite in the

Miami area. Bull Mar Sci 9:421–440

Nakicenovic N, Alcamo J, Davis G et al (2000) Emission sce-

narios. A special report of working group III of the Inter-

governmental Panel on Climate Change. Cambridge

University Press, Cambridge

Neumann T, Eilola K, Gustafsson BG et al (2012) Extremes of

temperature, oxygen and blooms in the Baltic Sea in a

changing climate. Ambio 41:574–585

Nicol EAT (1936) The brackish-water lochs of North Uist. Proc

R Soc Edinb B Biol Sci 56:169–195

Norkko J, Reed DC, Timmermann K et al (2012) Awelcome can

of worms? Hypoxia mitigation by and invasive species.

Glob Change Biol 18:422–434

Ojaveer H, Kotta J (2014) Ecosystem impacts of the widespread

non-indigenous species in the Baltic Sea: literature survey

evidences major limitations in knowledge. Hydrobiologia

750:171–185

Ojaveer H, Simm M, Lankov A et al (2000) Consequences of

invasion of a predatory cladoceran. ICES C.M. 2000/U:16

Ojaveer H, Jaanus A, MacKenzie BR et al (2010) Status of

biodiversity in the Baltic Sea. PLoS ONE 5:1–19
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