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Abstract Global climate change is known to affect

physiological processes in charge of cellular stress

response. That often results in forcing many organisms

to shift their biogeographic distribution ranges. It also

holds true for euryoecious and highly invasive species

like the killer shrimp, Dikerogammarus villosus. In

this study we compare the level of response to thermal

stress in two genetically diversified populations of the

amphipod D. villosus on the cellular level, namely

HSP70 expression. The results show clear difference

in HSP70 expression, that can be a direct consequence

of the different climatic conditions both populations

faced along their invasion routes. We conclude that the

eastern population of D. villosus is more sensitive to

thermal stress than the western population, hence its

invasion potential may be lower than that of the latter.

Considering the thermal tolerance of both populations

and global warming, we can make some predictions

about further spread of D. villosus, including the

possibility of an emergence of the super-invader that

may arise after cross-breeding of both populations,

imposing even larger threat to the freshwater

ecosystems.

Keywords Dikerogammarus villosus � Heat shock �
Biological invasion � Climate change � Thermal stress

Introduction

Physiological stress results in energetically costly

responses on cellular level, which may diminish the

ability of an individual to compete for resources or to

reproduce (Sorte and Hofmann 2005; Tomanek and

Zuzow 2010). Thus, from the evolutionary point of

view, organisms are more successful if they cope more

effectively with the physiological effects of stress and

respond to it with a lower energy expense (Henkel and

Hofmann 2008). The heat shock proteins (HSP) play a

key role in enhancing the tolerance of organisms to

unfavorable environmental conditions (Kültz 2003).

They are responsible for many cellular processes, but

above all, they serve as molecular chaperons which

bind with denaturized proteins, refold reversibly

denatured proteins, and facilitate the degradation of
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irreversibly damaged proteins (Lindquist and Craig

1988; Tomanek and Sanford 2003). Elevated temper-

ature or salinity and presence of toxic substances cause

the immediate cellular stress response (CSR). One of

the main factors of CSR is the expression of heat shock

proteins, a well-known cellular stress response in a

majority of living organisms (Shatilina et al. 2011).

One of the best known markers of physiological stress

is the 70 kDa HSP (HSP70) (Kültz 2003). Its synthesis

may be activated by any stress factor, which makes

HSP70 a good indicator of response to environmental

changes (Lee and Vierling 2000). It was proven in

numerous studies, that higher HSP70 expression

indicates higher sensitivity of an organism to thermal

stress (Tomanek and Somero 2000; Morris et al. 2013;

Cottin et al. 2015).

Global climate change is known to be one of the

main causes for which many organisms shift their

biogeographic distribution ranges (i.e. Walther et al.

2002; Genner et al. 2004; Both et al. 2006; Parmesan

2006; Møller et al. 2008; le Roux and McGeoch 2008;

Steltzer and Post 2009). Physiological processes that

set thermal tolerance limits are thought to determine or

at least contribute to some of the shifts that have been

observed (Tomanek 2008; Chown et al. 2010). There

are few studies directly linking the range shifts with

the physiological tolerance limits (Pörtner and Knust

2007) while many more estimate the correlation

between the temperature rise and adaptive variation

between closely related organisms found worldwide

and gene and protein expression, protein thermal

stability, enzyme kinetic properties or heart rate

(Hochachka and Somero 2002). The global warming

most heavily affects the highly-specialised species

inhabiting very particular habitats. Warm-adapted

species, including tropical terrestrial endemics, inter-

tidal invertebrates occurring high along the subtidal-

to-intertidal gradient, and cold-adapted stenothermal

species such as ectotherms of the Southern Ocean,

appear to be most vulnerable to climate change.

Warming rates are generally greatest at high latitudes,

so Arctic and Antarctic species that currently face

temperatures close to their thermal limits might be

among the first species to experience severe stress

from global warming and may have the least time

available to undergo adaptive evolutionary change

(Somero 2010). On the other hand, there is increasing

evidence that the ability of eurythermal organisms to

adjust their physiology to increasing temperature is

limited. The studies suggest that these organisms have

maximized their biochemical safety factor, which does

not allow for further adjustments to even higher

temperatures (Tomanek 2010). However, it is a

different story for the invasive species, which seems

to thrive in the wake of the global temperature rise.

Although some of them have diminished their nega-

tive impact, others are even more successful in

outcompeting the native fauna with many new invades

emerging due to the climate change (Hellmann et al.

2008; Rahel and Olden 2008).

Biological invasions are one of the major threats to

biodiversity in terrestrial, freshwater and marine

ecosystems around the world (Lövei 1997; Dextrase

and Mandrak 2006; Lambertini et al. 2011; Früh et al.

2012). In fresh waters, the highest number of invasive

species belongs to fish, molluscs, and crustaceans (Bij

de Vaate et al. 2002; Strayer 2010; Früh et al. 2012).

There are at least 54 non-indigenous species of

crustaceans reported from different parts of Europe

(Holdich and Poeckl 2007). The majority (approx. 20

species) belongs to the amphipods, with nine species

being considered as highly invasive (Grabowski et al.

2009). The problem of mass colonisation by alien

amphipods applies to most of major European rivers,

such as Danube, Rhine, Rhone, Vistula, Oder, and

their main tributaries as well as to major artificial

waterways joining different river systems such as

Mittelland Kanal in Germany (Ja _zd _zewski and

Konopacka 2000; Bij de Vaate et al. 2002; Bollache

et al. 2004; Ja _zd _zewski et al. 2005; Grabowski et al.

2007a, 2009). The newcomers not only successfully

outcompete, but also eliminate the native amphipods

and other macroinvertebrates (Dick and Platvoet

2000; Ja _zd _zewski et al. 2004; Grabowski et al.

2009). If compared to native, the invasive amphipod

species are characterized by several specific life

history traits, such as high fecundity, early maturation,

and high number of generations per year, which enable

them to colonize successfully new water basins

(summarized by Grabowski et al. 2007b). The

invaders are also less vulnerable to habitat loss (Havel

et al. 2005; Johnson et al. 2008) and to environmental

stress such as high temperatures (Wijnhoven et al.

2003; Weitere et al. 2009; Sargent et al. 2011), oxygen

deficiencies (MacNeil et al. 2000) or salinity fluctu-

ations (Grabowski et al. 2009).

Our study focuses on one of the most recent, most

invasive, and fastest spreading amphipod in Europe,
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i.e. Dikerogammarus villosus (Sowinsky, 1894) aka

‘‘the killer shrimp’’, that won the moniker due to its

predatory abilities and voraciousness (summarized in

Rewicz et al. 2014). Like many other invasive species

occurring in Europe, the killer shrimp originated from

the Ponto-Caspian region and its native range includes

lower courses of large rivers belonging to basins of

Black, Azov and Caspian seas (Mordukhai-Boltovskoi

1969; Rewicz et al. 2014). And as other Ponto-Caspian

species, the killer shrimp has colonized Western and

Central Europe through artificial canals connecting the

drainage basins of the main European rivers and

opening up several so-called migration corridors

(Fig. 1) (Bij de Vaate et al. 2002; Panov et al. 2009).

The first invasion wave of D. villosus came along

the so-called western route (for definition see Rewicz

et al. 2015). Outside its native range, the species was

reported first from the Danube in 1926 (Nesemann

et al. 1995). From there it spread along the Danube and

then, via artificial canals, to the Rhine system, from

where it moved eastwards along the Mittelland Kanal,

reaching the Oder River in 1999 (Jazdzewski et al.

2002). Almost at the same time, the killer shrimp

dispersed through the eastern route. It crossed the

Black Sea/Baltic Sea watershed and was found in the

Bug River in 2003 (Konopacka 2004) and in the

Vistula River in 2008 (Bącela et al. 2008). In result,

there are two opposite invasion fronts of the killer

shrimp in Central Europe, both on the territory of

Poland (Grabowski et al. 2007a). At the moment, the

fronts are separated by ca. 150 km long stretch of the

Bydgoski Canal that neither of the populations has

crossed yet (Rewicz et al. 2014, own unpublished

data). Recent phylogeographic studies corroborated

that the Oder population originated from the Danube

and that it differs in genetic structure from the Vistula

population that expanded from the Dnieper River

(Rewicz et al. 2015). It cannot be excluded that the two

populations are likely to come into contact in the near

future leading to a hybridisation event.

The two invasion routes of D. villosus pass through

regions of Europe differing in climatic conditions. The

Fig. 1 Distribution of Dikerogammarus villosus in its native

region around the Black Sea (shaded area) and along eastern

(blue) and western (orange) invasion routes to central Europe as

well as to the UK, along with dates of first reports for particular

sites (modified after Rewicz et al. 2015 and Šidagyt _e et al.

2017). Solid lines are rivers, dashed lines mark canals
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eastern route leads via territories of predominantly

harsher continental climate, characterized e.g. by

lower mean year temperatures than those observed

for the western route. The western route leads mainly

via territories influenced by the Mediterranean and

Atlantic climate, resulting in milder thermal condi-

tions. Also in their native regions, the Dnieper and the

Danube deltas, the climatic conditions vary (Tockner

et al. 2009). Given the different genetic background of

the two invasive populations of the killer shrimp,

different invasion history and different climatic con-

ditions in the source region and along the invasion

routes, we hypothesized that they may differ in

response to environmental stress posed by the local

climatic, i.e. thermal, conditions in the invaded range.

If true, it could provide some background information

to explain the present distribution pattern of both killer

shrimp populations in Europe and to assess the risk of

colonizing new areas. It is a very up-to-date problem,

taking into account the high invasive potential of the

killer shrimp and its effective spread (i.e. Ba et al.

2010; Boets et al. 2012; Gallardo et al. 2012).

We aimed to approach the problem by (1) measur-

ing and comparing in experimental conditions the

level of response to thermal stress in both invasive

populations of D. villosus on the cellular level, namely

HSP70 expression; (2) interpreting the results in the

context of climatic-geographical conditions, and (3)

drawing conclusions with respect to the possible

further spread of these populations in Europe.

Materials and methods

Test material

Two populations of Dikerogammarus villosus, one

from the western route and one from the eastern route

were used for the experiment. The western population

was sampled from the Rhine River, near Götterswick-

erhamm, Germany (51.58�N, 6.67�E), while the

eastern population was sampled from the Vistula

River, near Wyszogród, Poland (52.39�N, 20.19�E).

Samples were collected twice, in October/November

2012 and in January/February 2013. In laboratory

conditions, the animals were kept in 30 L aquaria at

10 �C, which corresponded to the seasonal tempera-

ture of the waterbodies they had been collected from.

Near-natural light conditions and a light:dark cycle of

10:14 h were provided. Animals were fed ad libitum

with chironomid larvae and commercial fish food

(Tetra-Min, Tetra GmbH, Germany).

Experimental protocol

In the experiment, test animals were exposed to an

elevated temperature of 27 �C. This temperature was

chosen following Mazzouzi et al. (2011), as it poses

strong stress on the studied animals, yet is not lethal in

short-term experiments, what had been confirmed by

preliminary lethal temperature essays (data not

shown). Prior to the experiment, thirty individuals of

each D. villosus population were firstly accustomed

for 1 h to room temperature and then kept at a

temperature of 27 �C for 12 h in two separate aquaria.

Control animals were kept the same way but at

keeping temperature of 10 �C. Five randomly chosen

individuals from each aquarium were collected 0.5, 1,

3, 6, and 12 h after onset of the 27 �C. Sampled

individuals were immediately shock frozen in liquid

nitrogen for the subsequent procedure. Before analy-

sis, the gut was removed from the body not to affect

HSP results. Due to the fact that abundance of D.

villosus in Rhine was relatively low if compared to

Vistula, the numbers of animals used for experiment

differed between populations (270 from Vistula and

120 from Rhine). Thus, nine replicates for Vistula and

four replicates for Rhine population were used.

HSP analysis

Each individual was hand-homogenized in a mortar on

normal ice and centrifuged at 7000 g for 15 min at 4

�C. After centrifugation, the supernatant was dissolved

in a sample buffer (0.0625 mol Tris, 1 mmol EDTA,

1% SDS, 20% glycerin, 5% b-mercaptoethanol, and

0.001% bromophenol blue, pH = 6.8). The total

protein concentration in a sample was determined

following the assay proposed by Bradford (1976). The

HSP content of the samples was analysed through SDS

electrophoresis followed by Western blotting using

anti-HSP70 primary antibodies (monoclonal anti-heat

shock protein 70 antibody produced in mouse,

Sigma#H5147) and anti-Actin antibodies (Anti-Actin

antibody produced in rabbit, Sigma#A2668), as actin

was used as a reference protein. SDS electrophoresis

was performed in polyacrylamide gel blocks

(70 9 80 9 1 mm3; Laemmli 1970) using a Mini-

2050 K. Hupało et al.
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PROTEAN II electrophoretic cell apparatus (BIO-

RAD, USA). Western blotting to the nitrocellulose

membrane was done according to Towbin et al.

(1979). Equal loading of protein was verified by

staining the membranes with Ponceau Red. After

blotting, the membranes were blocked in 2.5% non-fat

dry milk solution. Staining of the membranes was

done according to the previously developed protocol

for amphipod species as described in Bedulina et al.

(2010). For HSP70 measurement, blots were incu-

bated in primary antibodies, for HSP70 dissolved

1:5000 and for actin dissolved 1:3000 in blocking

solution for 1.5 h. After two-fold washing, the blots

were treated in secondary antibodies (Anti-Mouse

IgG, Sigma A9044; Anti-Rabbit IgG, Sigma A9169)

dissolved 1:10,000 (for HSP70) and 1:8000 (for actin)

in blocking solution for 2 h.

After antibody staining, membranes were analysed

using a FluorChem Q device with a ChemiGlow Kit

for fluorescence analysis. For further statistical anal-

yses, the expression of HSP was measured in relation

to expression of actin as the reference protein which

served as a housekeeper. Measurement of expression

rates was done with image analysis software on the

digital fluorescence photos of the blots.

Climatic data

As an approximation of environmental conditions

along the two invasion routes, we used annual means

of air temperatures compiled, covering a period of

40 years, for 19 locations on the following rivers

(Table 1, supplementary material): Eastern route

(E) including Dnieper, Vistula, Bug and Western

route (W) including Danube and Oder. Data were

obtained from public online sources (http://en.

tutiempo.net) and encompassed 8 sites for the east-

ern route and 11 sites for the western route spanning

the reaches between the area of origin and two inva-

sion routes of the killer shirmp. For analysis of spa-

tiotemporal differences and dynamics between pre-

invasion period and the actually observed phase of

massive invasion progress (see Rewicz et al. 2014 for

the exact invasion chronology), four reference sites of

similar distance to each other were chosen for the

upper (E.upr: Warsaw on Vistula river, W.upr: Vienna

on Danube river) and lower (E.lwr: Dniepropetrovsk

on Dnieper river, W.lwr: Bucharest on Danube river)

section of the invasion corridor and the corresponding

temperature data were split into two consecutive

vicennia (v1: 1973–1993 and v2: 1994–2014).

Statistical analyses

Expression rates were determined by integrating pixel

numbers and intensity values (16 bit, 0.4% overexpo-

sure limit) of HSP and actin bands from digital

fluorescence images of the membrane using ImageJ

software (http://imagej.nih.gov/ij/index.html). Statis-

tical analysis accounted for positive skew of readout

data and a non-linear two-peaked response. Data were

log(x ? 1) transformed and modeled as a 4th-degree

polynom using a Generalized Linear Model (GLM)

with Gamma error and log-link. Sampling season was

included as a co-factor of the model. Analysis of

deviance (AOD, F-test, type II error) was done on

Pearson residuals. For planned (meaningful) post-hoc

comparisons, model contrast values were evaluated

with a Welsh test. Combined standard errors of con-

trasts were approximated with Gauss’ error propaga-

tion. Type-1 error inflation after multiple testing was

limited following Holm (1979).

Temporal course of climatic data from the two

invasion corridors over 40 years were modelled with a

Generalized Additive Model (GAM), using a regres-

sion spline with fixed degrees of freedom. Unimodal

probability distributions of temperatures were

obtained for each year and corridor after individual

exponential transformation and fitting of a Gauss

function. Distinctness of temperature was assumed

under combined probabilities P\0.05 for identical or

overlapping temperatures occurring. Temperature

means were given with standard deviations (SD) as

measure of dispersion, slopes (changes of temperature

over time) were given with standard errors (SE).

Differences between temperature distributions or

changes over time were determined and tested as

linear relationships using a Generalized Linear Model

(GLM) with Gauss-type error and identity link. For the

full model, determinant variables were defined as

sections nested in corridors and years nested in

vicennia. Analysis of deviance (AOD, F-test, type II

error) was carried out on the Pearson residuals of the

model. Planned (meaningful) post-hoc comparisons of

temperature data were performed with multiple Welsh

tests (normality of residuals provided). As above,

combined standard errors of contrasts were approxi-

mated with Gauss’ error propagation. Multiple testing

Climate change as a possible driver of invasion and differential in HSP70 2051
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effects were controlled with Holm (1979) adjustment

of significance. Statistical analyses were done with R

(R Core Team 2015).

Results

HSP expression

Expression of HSP70 was analysed in a total of 390

individuals, 270 from the Vistula population (eastern

route) and 120 from the Rhine population (western

route). Test animals from the two populations revealed

clearly different patterns of HSP70 expression over

time during exposure to a temperature of 27 �C. As the

most distinct characteristic, the amplitude of expres-

sion was significantly higher in the eastern population

(AOD, F1,328 = 57.4, P\0.001) (Fig. 2). But also the

progressions of response over time differed signifi-

cantly (AOD, F4,328 = 5.42, P\ 0.001) between the

two populations.

At the start of the experiment, basic levels of

HSP70 were a level not significantly different between

the populations (Table 1). However, after 30 min of

exposure animals from the eastern route exhibited an

increase of relative HSP70 levels with a peak at 370%

of the basic value (Welsh test: tW = 4.35, dfeff = 78,P\
0.001), significantly higher than the corresponding

levels in individuals from the western corridor (Welsh

test: tW = 4.97, dfeff = 54, P\0.001). The rapid HSP70

response in the eastern population was followed by a

gradual decrease of expression rate. This pronounced

amplitude was not observed in the western population

where HSP70 expression remained relatively constant

at low levels throughout the whole experiment.

Despite the steady decrease of HSP70 expression in

the eastern population, concentrations remained at a

higher level compared to the western population, and

significantly different even after 1, 6 h, and at the end

of the experiment (after 12 h of heat exposure) (Welsh

test: tW[2.93, dfeff[54, P\0.04) (Table 1).

Impact of climatic conditions on invasion process

Temperature conditions were hypothesized as key

variable explaining great part of the invasion progress

inD. villosus. At first view, the temporal developing of

the annual mean air temperatures in the two invasion

corridors exhibited a distinct pattern during the study

period of four decades (Fig. 3a). The most conspicu-

ous feature was a significant and steady increase of

temperatures in both the eastern (0.039 ± 0.004SE �C
9 a-1, AOD: F1,331= 82.6, P\0.001) and the western

(0.036 ± 0.005SE �C 9 year-1, AOD: F1,402 = 52.1,

P\ 0.001) corridor. This trend was not significantly

different between the corridors (AOD: F1,733 = 0.18,

P = 0.70). Accounting for the simultaneous and nearly

linear increase over time, the mean annual temperature

in the western corridor was constantly and signifi-

cantly higher by DE–W = 1.86 ± 1.99SD �C on average

(AOD: F1,733 = 514.6, P \ 0.001). The oscillation

visible in both data sets was not significantly based on

one cyclic function only. Despite the high variability

of temperature measurements within each corridor, the

probability that mean annual temperatures of both

invasion corridors occurred to be equal or even

inverted (i.e. the eastern corridor being warmer than

the western corridor) was lowest in 1996 (GAM: P\
0.01, Fig. 3b) and greatest, though still significantly

improbable, in 2012 (GAM: P\0.03, Fig. 3c).

The spatial representation revealed that warming of

climate led to a significant approximation of the

temperatures at the more distant sites of the invasion

routes to those which initially characterized the region

D. villosus originated from (Fig. 4). In order to

exemplify this effect of climate warming on the

invasion process, temperature data were broken down

to eight subsets (Fig. 5): two consecutive sections (upr

and lwr) represented by sites which were temporal

Fig. 2 HSP70 expression of D. villosus after experimental

exposure to heat shock. Test individuals from populations of the

eastern (East) and the western (West) invasion corridor. Based

upon the models describing the temporal pattern, expression

rates of the populations are significantly different in both

amplitudes (AOD: F1,328 = 57.4, P \ 0.001) and temporal

progression (AOD, F4,325 = 5.42, P\0.001)

2052 K. Hupało et al.
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thresholds of the invasion and the two vicennia (v1 and

v2) for each of the two invasion corridors (E and W).

These eight data sets were contrasted with each other

and analysed as potential determinants for the spread

of D. villosus into Western and Central Europe and the

simultaneous development of the two stress response

variants in the species (Table 2). During the first

vicennium (1973–1993), i.e. before the main phase of

the invasion started, mean temperatures were rela-

tively cool at the regions of origin, the lower route

sections, and did not differ significantly from the upper

sections in both the eastern corridor (E.upr.v1: 8.0 ±

0.9SD �C, E.lwr.v1: 8.5 ± 1.1SD �C, Welsh test: tW =

1.58, df = 40, P = 0.24) and the western corridor

(W.upr.v1: 9.9 ± 0.7SD �C, W.lwr.v1: 10.3 ± 0.5SD

�C, Welsh test: tw = 2.14, df = 40, P = 0.16). In the

second vicennium (1994–2014), the increase of tem-

perature turned faster in both invasion routes, espe-

cially in the lower sections (Fig. 4). During that time,

the temperatures in lower sections were significantly

higher compared to the upper sections within the

corridors, the eastern (E.upr.v2: 8.8 ± 0.7SD �C,

E.lwr.v2: 9.5 ± 0.8SD �C, Welsh test: tW = 2.89, df =

36, P = 0.04) and the western (W.upr.v2: 10.7 ± 0.8SD

�C, W.lwr.v2: 10.3 ± 0.8SD �C, Welsh test: tw = 3.30,

df = 36, P = 0.02). They were also higher compared to

the temperature conditions in the previous vicennium

(Table 2). As a consequence of these distinct dynam-

ics, temperature conditions in the upper sections

became similar to those which had been reported

from the lower sections in the first vicennium.

Moreover, the mean temperatures in the upper sections

during the second vicennium became higher than

those recorded in the lower sections in the years

1973–1993. This phenomenon was observed in both,

the eastern (E.upr.v2: 8.8 ± 0.7SD �C, E.lwr.v1: 8.5 ±

1.1SD �C, Welsh test: tW = -0.82, df = 38, P = 0.42)

and the western, corridors (W.upr.v2: 10.7± 0.8SD �C,

E.lwr.v1: 10.3 ± 0.5SD �C, Welsh test: tW = -1.97, df

= 38, P = 0.17).

Table 1 HSP70 expression of D. villosus after experimental exposure to heat shock

Contrast levels Difference Significance

Corridors Time (h) Dconc ± SED T Dfeff Padj

East-West 0 - 0.03 ± 0.28 0.41 57 1

0.5 - 0.52 ± 0.49 4.97 54 0.001

1 - 0.40 ± 0.36 5.51 56 0.001

3 - 0.13 ± 0.20 2.59 56 0.09

6 - 0.20 ± 0.29 2.93 54 0.04

12 - 0.23 ± 0.23 5.44 56 0.001

East 0–0.5 0.38 ± 0.52 - 4.35 78 0.001

0–1 0.23 ± 0.41 - 1.85 76 0.51

0–3 - 0.02 ± 0.27 - 0.10 77 1

0–6 0.08 ± 0.33 - 1.02 77 1

0–12 0.02 ± 0.30 - 0.54 77 1

West 0–0.5 - 0.11 ± 0.22 1.28 33 1

0–1 - 0.13 ± 0.21 3.19 37 0.02

0–3 - 0.12 ± 0.22 1.86 36 0.51

0–6 - 0.09 ± 0.23 1.59 34 0.67

0–12 - 0.17 ± 0.21 4.07 36 0.001

Test individuals from populations of the eastern (E) and the western (W) invasion route. Multiple comparisons of concentrations and

tests between contrast levels: population (E, W) and sampling times (0 to 12 h). Parameters: difference of mean concentrations

(Dconc), standard error of difference (SED). Location test: t statistic (t), effective degrees of freedom (dfeff)—degrees of freedom of

model dfmod = 326 for all contrast levels, adjusted (Holm) significance level for multiple Welch tests (Padj)
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Discussion

Dikerogammarus villosus is one of the most expansive

invasive freshwater species in Europe (Bij de Vaate

et al. 2002; Grabowski et al. 2007a). It immigrated

from the native Ponto-Caspian region to the other parts

of Europe via two different routes. As a result, two

separate populations differing with respect to their

geographic origin and genetic structure (Grabowski

et al. 2007a; Rewicz et al. 2015) may be found in

Europe, namely in Poland. The killer shrimp, as

majority of alien amphipods in Europe, occurs

predominantly in large rivers, artificial canals and

dam reservoirs. High tolerance of these species to wide

range of temperature and salinity values facilitates

their colonization of anthropogenic, highly polluted

water bodies (Grabowski et al. 2009). Our results

revealed higher relative HSP70 expression in the

eastern population of the killer shrimp than in the

western one. Such higher level of HSP expression

indicates higher sensitivity of the organisms to phys-

iological stress (Morris et al. 2013). Recently, it was

confirmed by Tomanek and Somero (2000), who

compared heat-shock responses of two marine snails

Tegula spp.. The authors observed that the species

with higher level of HSP70 expression experienced

stronger thermal stress and incurred greater thermal

damage than the other one. Similar results were

obtained during the recent experiments upon Gam-

marus pulex Linnaeus, 1758 which revealed that its

northern populations with higher HSP70 expression

were more sensitive to thermal stress than the southern

Fig. 3 Mean air temperatures of the eastern and the western

invasion route over the last 40 years with probability margins

(P \ 0.05) for mean annual temperatures identical or

overlapping (a). 1996 and 2012, years with greatest (P\0.01)

resp. smallest (P\0.03) difference of temperature between the

corridors. Probability distributions for 1996 (b) and 2012 (c).

Detailed information is given in the text
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ones (Cottin et al. 2015). On the other side, it is already

known that in reality the morphospecies G. pulex

contains several local cryptic lineages different in

molecular terms and with different evolutionary

histories that may result in such physiological differ-

ences (Lagrue et al. 2014). Our results showed that

populations of the killer shrimp having different

genetic background and coming from two climatic-

geographical regions differed in their reaction to

thermal stress. Apparently, the individuals from the

western invasion route are more tolerant to higher

temperatures than those from the eastern population. It

is not obvious whether such physiological differences

are a by-product of different genetic composition of

both populations or result directly from their adapta-

tions to local climatic conditions.

However, it is known that the ability of organisms

to tolerate temperature stress depends on the thermal

history of their habitat (Feder and Hofmann 1999). In

case of invasive species the thermal conditions in

invasion routes may pose a strong impact on their

dispersal success. For D. villosus the pathways led

through the major European rivers like Danube and

Dnieper, differing in thermal conditions. This may

provide an explanation for an odd history of western

invasion of D. villosus. For the first time it was

reported in the middle Danube in 1926 and for over

70 years it has not dispersed any further (Rewicz et al.

2014). Then, from 1989 it suddenly started to spread

all over the Western Europe. This coincides with the

rise of the temperature in the upper Danube area. Thus,

we may speculate that such rise could possibly be one

of the triggers for the further spread of this amphipod.

In contrary, invasion of D. villosus along the eastern

route was much slower. Killer shrimp was among a

few Ponto-Caspian species introduced in Soviet times

to artificial reservoirs built all along the Dnieper to

enhance food sources for commercially harvested

fishes (Zuravel 1965; Ioffe and Maximova 1968). On

the other hand, the temperature in Dnieper area was

lower than in the Danube region, and it has not

changed significantly over the years. Such climate

stability may help to explain why the eastern popu-

lation coped worse with the thermal stress. These

finding is congruent with the results of thermotoler-

ance studies on another amphipod, Gammarus pulex,

distributed along the thermal gradient in the Rhône

Valley, where Cottin et al. (2012) confirmed that

populations inhabiting colder habitats coped worse

with the thermal stress. Considering the thermal

conditions in the Vistula River on the east and in the

Oder River on the west, which are current distribution

boundaries of the two D. villosus populations origi-

nating from different sources (Dnieper and Danube

delta, respectively), there are noticeable differences in

Fig. 4 Mean annual air temperatures along the eastern (dark

grey) and the western (light grey) corridors of the invasion

routes invasion of D. villosus toward central Europe. Shaded

fields represent the mean increase of temperature between first

(v1) and second (v2) vicennia. Means and standard deviations

showing for measurement sites (a–k: Bucharest, Belgrade,

Budapest, Vienna, Linz, Regensburg, Düsseldorf, Słubice,

Szczecin, Wroclaw, Opole; l–u: Dnipropetrovsk, Kiev, Pinsk,

Brest, Włodawa, Warsaw, Torun, Cracow, Gdansk)

Fig. 5 Mean air temperatures and trends over time for both

invasion corridors during the last 40 years, split into first (circle)

and second (cross) vicennia (20-years intervals), eastern (E),

western (W) invasion corridor, upper (upr), and lower (lwr)

section. Test statistics for multiple spatiotemporal comparisons

are given in Table 2
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climate conditions as well. We may speculate that this

is one of the reasons why the eastern population has

not invaded the Oder River, and the western one did

not manage to colonize the Vistula.

It is expected that organisms already living in

conditions closer to their thermal limits, reflected

among other factors by the level of HSP expression,

will be affected more by the climate change (Tomanek

2010). We may conclude that due to ongoing warming

of the environment, the eastern population of D.

villosus seems to be more heavily affected on the

physiological level by the increase of the mean

temperature, leading to significant energetic costs

known to accompany the synthesis and functioning of

HSPs at the increased levels (Feder et al. 1992; Krebs

and Loeschke 1994). However considering the pre-

dictions for further climate warming, one can expect a

similar pattern also in the western population within a

foreseeable timeframe. The outcome might be differ-

ent though, as populations from warmer regions may

be limited in their ability to acclimate to even higher

temperatures, whereas the populations from colder

areas, although more sensitive to heat stress, can

acclimatize to warmer conditions (Tomanek 2008).

Considering the thermal tolerance of both popula-

tions and global trend of climate change, it is possible

to make some predictions about further spread of D.

villosus. In case of eastern population, it may even-

tually spread northward to the Neman River and

southward to the upper reach of Vistula. In case of the

western population, it will probably continue to spread

all over the Western Europe and possibly also to

southern Europe. It may be also assumed that during

next 20 years, when temperature in Vistula will reach

current average temperature of Oder, the western

population will spread eastward through Bydgoski

Canal, finally facing the eastern population. We may

speculate what will be the results of such encounter.

Most probably hybridisation will occur as the two

populations are not either phylogenetically or ecolog-

ically divergent which implies the absence of repro-

duction barrier (Mallet 2005). Crossing of such

genetically diversified populations may lead to devel-

opment of a super-hybrid which, due to outbreeding

overdominance, could possibly be even more invasive

than any of the parental populations (Krehenwinkel

and Tautz 2013). On the other side, there is a risk of

reducing the fitness of a hybrid via outbreeding

depression (Lynch 1991; Gharrett et al. 1999). Due

to the relatively low genetic distance between the

above mentioned populations, the first possibility is

more plausible. This may result in emergence of a

potential super-invader—an even more effective

invasive species having even wider range of thermal

Table 2 Multiple comparison and tests for temperature differences and rates of temperature change between contrasted combina-

tions: eastern (E) versus western (W) corridor, upper (upr) versus lower (lwr) section, first (v1) versus second vicennium (v2)

Combination Temperature difference Temperature change

L1 L2 T1 T2 SED TW Df Padj dT1 dT2 SEd Fdev Pdev

E.upr.v1 E.lwr.v1 8.0 8.5 0.31 1.58 40 0.24 31 2 52 2.43 0.58

W.upr.v1 W.lwr.v1 9.9 10.3 0.19 2.14 40 0.16 0 1 31 4.34 0.97

E.upr.v2 E.lwr.v2 8.8 9.5 0.26 2.89 36 0.04 50 76 35 11.00 0.46

W.upr.v2 W.lwr.v2 10.7 11.5 0.24 3.30 36 0.02 44 55 35 12.80 0.77

E.upr.v1 E.upr.v2 8.0 8.8 0.26 2.86 38 0.04 31 50 41 0.05 0.66

E.lwr.v1 E.lwr.v2 8.5 9.5 0.32 3.16 38 0.02 2 76 48 10.40 0.14

W.upr.v1 W.upr.v2 9.9 10.7 0.23 3.54 38 0.01 0 44 37 13.10 0.23

W.lwr.v1 W.lwr.v2 10.3 11.5 0.19 6.29 38 0.001 1 55 29 45.90 0.07

E.upr.v2 E.lwr.v1 8.8 8.5 0.30 - 0.82 38 0.42 2 50 50 0.26 0.34

W.upr.v2 W.lwr.v1 10.7 10.3 0.22 - 1.97 38 0.01 1 44 34 4.19 0.20

Temperature means [T1, T2 (�C)] for combinations compared, standard error [SED (�C)] of difference, Welch test statistic (tW),

degrees of freedom (df), adjusted (Holm) significance level for multiple Welch tests (Padj). Temperature change [dT1, dT2

(�C91000-1 9 a-1)] for comparison levels, standard error [SED (�C91000-1)] of interaction of changes, F deviance statistic of

interaction (Fdev), interaction significance (Pdev)
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tolerance. Such super-hybrids were already observed

in other cases like in snail Melanoides tuberculata or

wasp Psyttalia lounsburyi (i.e. Facon et al. 2005;

Benvenuto et al. 2012).

In summary, considering the climatic conditions in

which both populations occur in nature and the results

of HSP70 expression, we can conclude that eastern

population of D. villosus is more sensitive to thermal

stress than the western population. Hence its invasion

potential may be lower than that of the latter,

particularly in the face of the commonly observed

global temperature rise (IPCC 2001, 2007). However,

this assumption cannot be generalized on the entire

stress response of an organism, because it consists of

several protein groups, which expression or its lack

can be different in particular species or according to

different stress factors (Mayer 2010; Morris et al.

2013).
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Panov VE, Alexandrov B, Arbačiauskas K, Binimelis R, Copp

GH, Grabowski M et al (2009) Assessing the risks of

aquatic species invasions via European inland waterways:

from concepts to environmental indicators. Integr Environ

Assess Manag 5(1):110–126

Parmesan C (2006) Ecological and evolutionary responses to

recent climate change. Annu Rev Ecol Evol Syst

37:637–669
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