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Abstract Identification of habitat preferences of

invasive organisms is crucial for predicting their

distribution and impact. We conducted laboratory

experiments to determine preferences of Dikerogam-

marus villosus and Pontogammarus robustoides,

invasive in Europe, with regard to ionic content (450

and 830 lS/cm in a Y-maze), flow (0–30 cm/s in a

flow-through tank with stagnant water refuges) and

temperature (a gradient 5–35�C). D. villosus selected

the lower salinity, whereas P. robustoides did not

discriminate between salinities, suggesting that, the

raised ionic content in large European rivers cannot

explain their absence in small tributaries, as previously

postulated. Gammarids never preferred flowing over

stagnant water, but could stay in a flow B10 cm/s

without behavioural changes. They avoided

flow C15 cm/s. Gammarids selected warmer water

than their acclimation temperatures. Temperature

selection by D. villosus was related to its acclimation

temperature. The choice of P. robustoides depended

on the season: it preferred a lower temperature in

summer than in autumn. Therefore, its thermal pref-

erences were more stable throughout the year, which

might be advantageous in shallow, thermally variable

areas. Gammarids used environmental variables to

select warm, lentic, freshwater locations, which may

help them locate an optimum microhabitat and thrive

in temporally and spatially variable environments.

Keywords Temperature � Salinity � Water flow �
Habitat preference � Ponto-Caspian Amphipoda �
Crustacea

Introduction

Geographic distribution of species at various spatial

scales may be driven by multiple factors, including

historical (speciation, range shifts) and ecological

(habitat selection, competition) processes (Warren

et al., 2014). The occurrence of alien species during

their early invasion stages may be accidental, depend-

ing on a fortuitous place of introduction rather than on

their environmental demands (Simberloff & Gibbons,

2004). Moreover, as many factors act differently in

novel areas (e.g. due to the enemy release effect,

Torchin et al., 2003), alien organisms may thrive in

different ranges of environmental conditions than in

their native regions, which is difficult to predict on the
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basis of their ecology in previously occupied locations

(Pearman et al., 2008; Medley, 2010). Furthermore,

newly established populations may differ in their

physiological, behavioural and ecological traits com-

pared to previously established populations (MacMa-

hon, 1996; Llewelyn et al., 2010) due to local

adaptations or genetic drift (Bock et al., 2015). Thus,

it is difficult to infer ecological processes exclusively

from species distribution (Warren et al., 2014) and

experimental studies are necessary to determine exact

preferences of alien organisms for particular environ-

mental variables and their combinations. Experimen-

tal approach would allow researchers to understand

the local distribution of alien species, predict areas

susceptible to their further expansion and organisms

likely to be endangered by their appearance.

Freshwater ecosystems are much more suscepti-

ble to biological invasions than most terrestrial and

marine environments due to their higher level of

variability and isolation, resulting in a greater

naı̈veté of freshwater communities and therefore

stronger impacts of invaders (Ricciardi & MacIsaac,

2011). As abiotic factors in aquatic ecosystems vary

across temporal and spatial scales, the ability to

detect changes in them and find an optimum

microhabitat is crucial for the fitness of motile

animals (Lampert & Sommer, 2007). In freshwater

ecosystems, the most important abiotic factors

shaping the living conditions include temperature,

ionic content of water and flow rate. Other impor-

tant factors, such as substratum type, oxygen

concentration, turbidity, light or pH, depend to a

large extent on the above-mentioned conditions

(Allan & Castillo, 2007; Lampert & Sommer, 2007).

Temperature shapes multiple aspects of animal

functioning through its impact on metabolic rate, food

availability and oxygen concentration (Hawkins,

1996). Temperature may vary vertically due to the

stratification of the water column, as well as horizon-

tally and temporally in shallow waters, affected by

shading and solar radiation (Lagerspetz & Vainio,

2006). For alien species, temperature can be the most

important environmental factor determining the pos-

sibility of survival, reproduction and establishment in

the new area in the case of climatic differences

between the donor and recipient regions (Müller &

Baur, 2011). Temperature changes may also induce

dispersal of alien species (Rosa et al., 2012).

Hydrodynamics, including water current and wave

actions, is a crucial factor in running waters (Allan &

Castillo, 2007), determining substratum quality, tur-

bidity, oxygen content and the possibility of animal

movement and settlement, as well as bringing food

and infochemicals (Arnold, 1974). Water currents are

also an effective way of dispersal of aquatic species

(Brittain & Eikeland, 1988; Allan & Castillo, 2007),

including invasive organisms (Van Riel et al., 2011).

Ionic content is particularly important for stenoha-

line species, but other organisms may also benefit from

the presence of certain ions, e.g. calcium necessary for

molluscan shells and crustacean cuticles (Lampert &

Sommer, 2007). Salinity varies horizontally near river

outlets to the sea and where affluents enter larger rivers

of different ionic contents (Rozengurt, 1971; Grabow-

ski et al., 2009). Raised ionic content may be

beneficial for alien species adapted to brackish water

and/or unstable salinity conditions (Devin & Beisel,

2007).

We studied microhabitat selection by two Ponto-

Caspian gammarids Dikerogammarus villosus and

Pontogammarus robustoides with regard to water

salinity, temperature and current velocity. These two

species have been invasive in a large part of Europe

since the second half of the twentieth century,

inhabiting mainly lower parts of large rivers, dam

reservoirs and some lakes (Ja _zd _zewski et al., 2002)

and strongly influencing local communities through

predation and competition (Dick & Platvoet, 2000;

MacNeil et al., 2011). The physiological responses

of these species and critical values of some envi-

ronmental variables, such as temperature or salinity,

have been studied (e.g. Wijnhoven et al., 2003;

Dobrzycka-Krahel & Surowiec, 2011; Dobrzycka-

Krahel et al., 2015), but data on their active

preferences for these factors are limited. Field

observations show that both species are euryecious

and eurytopic, though D. villosus is often associated

with deeper sites and hard substrata (Kley & Maier,

2005; Boets et al., 2010), whereas P. robustoides

inhabits lentic habitats, macrophytes or very shallow

sandy areas (Ja _zd _zewski et al., 2002; _Zytkowicz

et al., 2008). Nevertheless, laboratory experiments

have shown that both species prefer similar rocky

substrata (Jermacz et al., 2015; Kobak et al., 2015).

Thus, some other factors than the substratum itself

must be responsible for their separation in the field.
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We intended to (1) determine ranges of environ-

mental variables preferred by both species, to

identify conditions under which they are most likely

to occur; (2) check for the differences in habitat

preferences between the species, explaining their

potential co-occurrence or separation in the wild.

We hypothesized that both species would differ in

their habitat preferences, which could help explain

their field distribution. We expected that gammarids

originating from brackish water habitats (Rozengurt,

1971) would exhibit preferences for increased ionic

content in water (Piscart et al., 2005), preventing them

from entering small, more freshwater affluents of large

rivers (Grabowski et al., 2009). We also assumed that

both species would select lentic sites (Devin & Beisel,

2007; Borza et al., 2017), but that P. robustoides, as a

more common inhabitant of stagnant waters

(Ja _zd _zewski et al., 2002) would be relatively less

adapted to flow. Finally, we expected that P. robus-

toides would be better adapted to counteract negative

aspects of life in very shallow locations (Wawrzyniak-

Wydrowska & Gruszka, 2005; _Zytkowicz et al., 2008),

such as extreme temperatures.

Materials and methods

Animals

We collected gammarids from the Włocławek Reser-

voir (the lower River Vistula, Central Poland, N

52�3700300, E 19�1903700) using hand nets and artificial

substratum traps. In the laboratory, we placed them in

100-l stock tanks with constantly filtered and oxy-

genated water and used them in experiments

1–4 weeks after collection. In preliminary tests, we

did not observe any changes in gammarid behaviour

during this period in laboratory conditions. Gam-

marids were fed daily with frozen chironomid larvae

and commercial fish food. Every week, we exchanged

30% of the water volume.

We assessed sizes of 100 randomly selected

gammarids of each species with ImageJ 1.50 g

software (W.S. Rasband, U.S. National Institutes of

Health, Bethesda, Maryland, USA, https://imagej.nih.

gov/ij/). Mean body length ± SD of the studied indi-

viduals of D. villosus was 15.5 ± 2.7 mm and that of

P. robustoides: 14.9 ± 2.3 mm.

General experimental conditions

The experiments were conducted in tap water placed

in tanks and aerated for at least 24 h before the test.

Water quality was checked with a multimeter Mul-

ti340i (WTW GmbH, Weilheim, Germany). Except

the parameters which were manipulated in a given

experiment (see below), the conditions in the stock

and experimental tanks were as follows: mean (± SD)

temperature: 20.5 ± 1.2�C, pH 8.0 ± 0.4, conductiv-

ity 540 ± 20 lS/cm, oxygen concentration

7.8 ± 1.4 mg/l. The experiments were conducted in

homogeneous indirect incandescent light (520 lx)

monitored with a light meter (L-20A, Sonopan Ltd.,

Białystok, Poland). Tank sides were covered with

Styrofoam curtains to exclude external stimuli. In all

experiments, gammarids were tested in groups of 5–20

individuals (depending on the size of experimental

tanks) as we assume this would better correspond to

their natural behaviour in the wild, where they are

usually exposed to the presence of conspecifics.

Experiment 1: salinity

Conductivity is a good measure of water salinity

(Wagner et al., 2006) and has been used in other

studies on amphipod distribution (Grabowski et al.,

2009). We used a glass y-maze (Fig. 1) with the

source tanks containing water of two different

conductivities. We added marine aquarium salt

(Red Sea Salt�) to reversed osmosis filtered water

to obtain conductivities of 200 and 900 lS/cm in the

source tanks, which resulted in the mean (±SD)

values of 456 ± 40 and 831 ± 34 lS/cm in the

y-arms, corresponding to those observed in small

tributaries and large rivers in Europe, respectively

(Grabowski et al. 2009). The conductivity in the

mixing zone was intermediate. The conductivity

measured at the sampling site during the collection

of gammarids (653 lS/cm) was also intermediate

between the y-arms. To control for the effect of

acclimation to particular conditions, we tested two

groups of gammarids: acclimated in the stock tanks

for 3 weeks to the conductivities of 450 and 850 lS/

cm.

We established the flow (0.5 l/min.) and placed 10

gammarids into the mixing zone of the y-maze. Each

experimental trial consisted of 5 min. of adaptation
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and 20 min. of the test. Gammarid behaviour was

recorded using an IP video camera (SNB-6004,

Samsung, South Korea) placed above the tank. The

experiment was replicated 15 times. We switched the

high and low conductivity y-arms and rinsed the tank

with tap water between the replicates.

We analysed gammarid behaviour (location in the

tank and activity) using Noldus Ethovision XT� 10.1

software. All 10 individuals from a single replicate

were treated as a unit and average parameter values for

each replicate were used as data points in the further

analyses. We determined (1) percentage of time spent

by gammarids in each y-maze zone (to check their

selectivity) and (2) gammarid activity expressed as a

percentage of time spent on moving while present in

the zone (as the increased/decreased activity could

reflect a continuous search for an optimum location or

a freezing response, respectively). We conducted the

following analyses:

(1) To check gammarid preferences for particular

salinities, we calculated differences (D) between

the percentages of time spent in each y-arm

(high salinity arm—low salinity arm):

D = (HS - LS)/(HS ? LS)

where HS and LS are the percentages of time

spent in the high and low salinity y-arm, respec-

tively. This formula takes into account the

difference relative to the overall time spent in

the y-arms in a given replicate. Then, we

compared the calculated mean difference values

in particular treatments with a theoretical value of

0 (indicating no selectivity) using sequential

Bonferroni-corrected one-sample t-tests. This

approach allowed us to counteract the problem

of the lack of independence between the times

spent by gammarids in various parts of the arena.

Fig. 1 Y-maze used to test responses of gammarids to salinity (Experiment 1). Dashed lines depict zones of the tank
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(2) To check whether gammarids under some

conditions reduced their visits to both y-arms,

staying in the mixing zone (which would

indicate suboptimal conditions in both y-arms),

we compared percentages of time spent in the

mixing zone using a two-way ANOVA with

species and acclimation conditions (low or high

conductivity) as factors. This variable could not

be directly compared with the y-arms due to

their different sizes and shapes.

(3) To compare gammarid activity between the

y-arms, we used a three-way mixed model

ANOVA with species and acclimation condi-

tions as between-subject factors and y-arm

conductivity (low or high) as a within-subject

factor.

Experiment 2: current velocity

We used a cross-shaped flow-through tank with flow

generated by a water pump (Aquarium Systems

NewJet 4500) and regulated by ball valves (Fig. 2).

We set up a desired current velocity on the basis of 20

measurements made with an ultrasonic gauge (Grey-

line Instruments Inc., Massena, NY, USA). We used

water velocities of 0 (control), 5, 10, 15, and 30 cm/s,

covering the entire range observed in the reservoir

(Gierszewski, 2006), from which the animals were

collected. The gammarids could enter the main current

zone or seek refuge in the stagnant water zones.

Within the current zone, they could stay in the flow or

adhere to one of the mesh barriers (upstream or

downstream). The end walls of the stagnant water

zones were also equipped with mesh barriers (Fig. 2)

to make them similar in this respect to the current

zones.

The tank bottom was devoid of substratum to

enable the recognition of animals by the video analysis

software. Although this might be regarded as an

artificial situation for gammarids, it should be noted

that they could utilize mesh barriers, located at the

ends of all the zones (Fig. 2), as suitable shelters.

Alien gammarids are ‘‘sit and wait’’ animals, which

usually stay in the shelters, but sometimes they do

migrate, e.g. to find better food areas or mating

partners as well as to avoid predators or competitors

(Kobak et al., 2016). In such situations, they have to

expose themselves to the local flow conditions. Our

experimental design can help determine how various

current velocities affect the probability of entering the

flow area and active relocations of the studied species.

After establishing an appropriate flow, we put 5

gammarids in the main current zone and recorded their

behaviour for 30 min. (following a 5-min. adaptation

period) with a video camera located above the tank.

The experiment was replicated 10–15 times for each

treatment.

We analysed gammarid behaviour (location in the

tank and activity) using Noldus Ethovision XT� 10.1.

Values for all 5 individuals in a single replicate were

averaged and these average values were used as data

points in the further analyses. Direct comparisons

among the tank zones were not possible due the lack of

independence among the percentage times spent by

gammarids in various parts of the tank and different

sizes of the zones. Therefore, we compared gammarid

behaviour in the presence of flow with their behaviour

in the control, stagnant water conditions in the same

tank. We used two-way ANOVAs with species and

current velocity as factors to test the following

response variables:

(1) The ‘‘active’’ preference of gammarids for

flowing water associated with counteracting

the water current (time spent actively in the

flow), indicated by the percentage of time spent

in the main current zone, including the upstream

mesh but excluding the downstream mesh.

(2) Passive stay in the flow, when the gammarids

did not resist the water current and drifted

downstream, indicated by the percentage of

time spent on the downstream mesh.

(3) Tendency to seek protection from the excessive

flow, shown by the percentage of time spent in

the stagnant water zones.

(4) Tendency to occupy the upstream areas, indi-

cated by the distance between the gammarids

located in the main current zone and the

upstream mesh (with lower values indicating a

greater affinity for upstream locations).

(5) Gammarid activity (percentage of time spent on

movement in the main current zone relative to

the total time spent in this zone, including both

mesh barriers), reflecting their ability to with-

stand the flow (we could expect a decrease in the

activity of animals unable to counteract the

water current);
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(6) Direction choice, shown as the difference

between the percentages of time spent on the

upstream and downstream movement in the

main current zone.

Experiment 3: temperature

We used a thermal gradient (4.7–34.2�C) with 12

compartments (Fig. 3). Two terminal compartments

were separated securely with aluminium (enabling

good heat transduction) barriers from the rest of the

tank. We equipped one of them with an aquarium

cooler Teco R20 (Teco S.l.r., Ravenna, Italy) and the

other with a heater, set to 0 and 40�C, respectively.

The remaining, middle part of the tank contained 9

glass barriers raised 1 cm above the bottom, leaving a

common space for free gammarid movement. Such a

design allowed temperature differences to be sus-

tained along the gradient. Temperature in each com-

partment was constantly measured with electronic

thermometers to the nearest 0.1�C. The barriers, their

glass guides on the tank walls and thermometer

Fig. 2 Flow-through tank used to test gammarid responses to water flow (Experiment 2). Dashed lines depict zones of the tank
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sensors on the bottom served as shelters for gam-

marids, which allowed the effect of crowding in the

corners of the gradient ends to be avoided.

To check the effect of season on gammarid

preferences, we collected and tested them in July

(water temperature ca. 20�C) and November (ca.

10�C). Moreover, to control for the effect of acclima-

tion conditions, we acclimated gammarids collected in

each season for two weeks at 10 or 20�C. The animals

during acclimation were initially placed at the field

temperature, which, if needed, was gradually changed

at a rate of ca. 1�C per h.

We put 20 gammarids into the gradient compart-

ment with the temperature closest to their acclimation

conditions to avoid an initial thermal shock. Gam-

marids are highly mobile and in preliminary trials

dispersed evenly in the tank with no thermal gradient

after 24 h. After 24 h, we counted gammarids in the

compartments. Preliminary trials have shown that

such results were comparable with those from a

continuous observation, so we gave up the latter, more

laborious procedure. The experiment was replicated

10 times. For each replicate, we calculated the mean

temperature selected by gammarids (MST):

MST ¼
X

Ni � Tið Þ=
X

Ni;

where Ni—the number of animals in compartment i;

Ti—the temperature in compartment i.

We conducted the following analyses:

(1) To check the effect of species, season (summer

or autumn) and acclimation conditions (10 or

20�C) on MST, we used a three-way ANOVA;

(2) To check whether gammarids selected temper-

atures higher or lower than their acclimation

temperature, we compared MST values with

corresponding acclimation temperatures for

each treatment using sequential Bonferroni-

corrected one-sample t-tests.

General statistical remarks

Data were log-transformed prior to analyses to meet

the normality and homoscedasticity assumptions

(checked with Shapiro–Wilk and Levene tests, respec-

tively) except for the differences between the y-arms

(Experiment 1) and movement directions (Experiment

2), which could assume negative values. However, in

these two cases, the normality assumption was met

without any transformation. The sphericity assump-

tion was confirmed with a Mauchly test for within-

subject factors. Significant ANOVA effects for factors

with more than two levels were followed by sequen-

Fig. 3 Thermal gradient used to test gammarid responses to temperature (Experiment 3)
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tial-Bonferroni-corrected t-tests as a post hoc

procedure.

Results

Experiment 1: salinity

Dikerogammarus villosus always selected the low con-

ductivity arm of the y-maze, whereas Pontogammarus

robustoides did not discriminate between different

conductivities, as indicated by significant one-sample t-

tests (Fig. 4A; Table S1). Moreover, compared to P.

robustoides and the low acclimation conductivity treat-

ment,D. villosus acclimated to higher conductivity spent

more time in the mixing zone (Fig. 4A, a significant

species x acclimation conductivity interaction in

ANOVA: F1, 55 = 19.3, P\0.001; see Table S2 for

the full results of statistical tests) and increased its activity

(Fig. 4B, a significant species x acclimation conductivity

Fig. 4 Responses of

gammarids acclimated to

various conditions to water

conductivity (Experiment

1): A Mean (± SE)

percentage of time spent by

gammarids in the y-maze

arms of different

conductivities (the

remaining time was spent in

the mixing zone); B Mean

gammarid activity

(percentage of time spent on

moving) in the y-maze arms

of different conductivities.

N values show the numbers

of replicates. Asterisks

denote statistically

significant differences in

gammarid behaviour

between the y-arms.

Different letters above the

bars indicate statistically

significant differences

between particular

treatments with respect to

the time spent by gammarids

in the mixing zone (a) and

gammarid activity in the y-

arms (b)
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x y-arm conductivity interaction in ANOVA:

F1, 55 = 4.9, P = 0.031).

Experiment 2: current velocity

The distribution of gammarids in the flow-through

tank zones was affected by current velocity (signifi-

cant main effects in ANOVA: F4, 113 = 7.1,

P\ 0.001; F4, 113 = 10.4, P\ 0.001; F4, 113 = 2.8,

P = 0.027 for the main current & upstream mesh,

downstream mesh and stagnant water zones, respec-

tively; see Table S3 for the full ANOVA results), but

not by species. Gammarids never spent more time in

flowing water (i.e. in the main current zone or on the

upstream mesh) than in the corresponding area under

no flow conditions (Fig. 5A). Time spent in flowing

water was reduced at the velocities of 15–30 cm/s. At

15 cm/s, gammarids more often clung to the down-

stream mesh, whereas at 30 cm/s they moved to the

stagnant water zones (Fig. 5A).

In the faster flow (15–30 cm/s), both species were

located further downstream than at the lower veloc-

ities (Fig. 5B, the main effect of current velocity in

ANOVA: F4, 113 = 5.5, P\ 0.001). Moreover, D.

villosus was found further downstream than P. robus-

toides irrespective of the current velocity (the main

effect of species in ANOVA: F1, 113 = 9.3,

P = 0.003).

Dikerogammarus villosus was more active than P.

robustoides (Fig. 5C) and both species were more

active at 30 cm/s than in the other treatments, resulting

in significant main effects of species and current

velocity in ANOVA (F1, 113 = 16.2 and

F4, 113 = 10.7, respectively, P\ 0.001). Dikerogam-

marus villosus spent significantly more time on the

upstream movement than on moving along the flow

direction at 30 cm/s, whereas P. robustoides exhibited

no such differences (Fig. 5C), which resulted in a

significant species x current velocity interaction in

ANOVA F4, 113 = 2.6, P = 0.041).

Experiment 3: temperature

Gammarids selected higher temperatures than those to

which they had been acclimated, except D. villosus

acclimated in autumn to a low temperature and P.

robustoides acclimated in summer to a high temper-

ature, as shown by one-sample t-tests (Fig. 6;

Table S4). It should be noted that considerable

numbers of individuals, particularly of D. villosus

acclimated to a high temperature, moved and stayed in

the warmest compartment (Fig. 7), at a temperature of

34 ± 1.8�C (Fig. 3). In general, D. villosus exhibited

a stronger tendency to select extreme temperatures

(Fig. 7).

The comparison of temperatures selected by gam-

marids in different treatments revealed significant

two-way interactions between all tested factors in

ANOVA (F1, 72 = 14.2, P\ 0.001 and F1, 72 = 9.8,

P = 0.002 and F1, 72 = 7.3, P = 0.009, for species x

acclimation temperature, species x season and accli-

mation temperature x season interactions, respec-

tively; see Table S5 for the full statistical details).

Individuals acclimated to a high temperature selected

warmer areas than those acclimated to a low temper-

ature except P. robustoides in summer (Fig. 6).

Significant seasonal differences were only shown by

P. robustoides, which selected warmer water in

autumn. Moreover, D. villosus acclimated to a high

temperature in summer selected warmer areas than P.

robustoides and this tendency was reversed in the

animals acclimated to a low temperature in autumn.

Discussion

Experiment 1: salinity

Contrary to our expectations, the tested gammarids

selected the low conductivity y-arm (D. villosus) or

did not exhibit any selectivity (P. robustoides)

(Fig. 4A). Even the individuals of D. villosus adapted

to high conductivity more often visited the low

conductivity zone, though they significantly reduced

time spent in both y-arms in favour of the mixing zone

and increased their activity (Fig. 4B), suggesting that

neither of the y-arms was optimal for them. Such

behaviour contradicts the hypothesis that lower salin-

ity is the reason for the avoidance of small, low-order

streams by the Ponto-Caspian amphipods, which

allows the native species to find a refuge in such

areas, whereas the aliens thrive in large rivers with

anthropogenically increased ionic content (Grabowski

et al., 2009).

Ponto-Caspian gammarids are good osmoregula-

tors within a wide salinity range (Bruijs et al., 2001;

Dobrzycka-Krahel & Surowiec, 2011; Dobrzycka-

Krahel et al., 2015) due to their evolution in the highly
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Fig. 5 Responses of

gammarids to current

velocity (Experiment 2):

A Mean (± SE) percentage

of time spent by gammarids

in various tank zones;

B mean distance between

the gammarids occurring in

the main current zone and

the upstream end of the tank;

C Mean duration of the

upstream and downstream

movements of gammarids in

the main current zone.

N values show the numbers

of replicates. Water

velocities differing

significantly from one

another with regard to

gammarid behaviour are

labelled with different

letters (for the times spent in

the tank zones shown in

panel A, uppercase,

lowercase and Greek letters

stand for the main current

and upstream mesh

combined, downstream

mesh and stagnant water

zones, respectively)
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variable environment of Black Sea limans (Rozengurt,

1971). The studied species can inhabit waters of much

higher salinity than those tested in our study, up to 6

PSU (Dobrzycka-Krahel & Surowiec, 2011; Dobrzy-

cka-Krahel et al., 2015), which roughly corresponds to

12000 lS/cm (Wagner et al., 2006). Pontogammarus

robustoides has greater salinity resistance, surviving

even in fully saline water of 34 PSU (Santagata et al.,

2008) than D. villosus tolerating up to 20 PSU (Bruijs

et al., 2001). This difference between the species may

explain the affinity of D. villosus for lower conduc-

tivity in our experiment. Perhaps under conditions of

highly fluctuating salinity, such a preference might

help gammarids locate optimum microhabitats, e.g. by

preventing their seaward migrations. Similarly, estu-

arine copepods exhibit counter-current migrations

keeping them at a constant position within an estuary

against the net seaward water movement (Shang et al.,

2008). A direct response to conductivity gradients,

observed in our study, might play such a role in the

field.

Nevertheless, even despite their preferences, alien

gammarids may have an advantage over their native

counterparts due to the anthropogenically increased

salinity of the large rivers they live in (Grabowski

et al., 2009). However, an open question is why D.

villosus avoids small affluents, which it should prefer

with regard to their lower salinity. Maybe a fast water

flow or variable (commonly lower) temperature in

small streams (Allan & Castillo, 2007) form such a

barrier (see the discussion on these factors below),

perhaps in association with low ionic content.

Dikerogammarus villosus is less resistant to extreme

values of other factors (e.g. temperature) in purely

fresh water than in an oligohaline environment

(Wijnhoven et al., 2003). On the other hand, it thrives

in alpine lakes with low ionic content (Bącela-

Spychalska et al., 2013). Thus, in order to provide an

unambiguous explanation of this phenomenon further

studies are needed.

Experiment 2: current velocity

The gammarids showed no affinity for any of the

tested flow velocities (Fig. 5A), which may limit their

distribution to lentic areas or structured habitats

(Ja _zd _zewski et al., 2002; _Zytkowicz et al., 2008;

Grabowski et al., 2009; Borza et al., 2017). Avoidance

of fast flowing waters distinguishes invasive amphi-

pods from those staying within their native ranges

(Devin & Beisel, 2007). Native European gammarids

have been observed to move actively upstream

Fig. 6 Mean temperature

(±SE) selected by

gammarids acclimated to

various temperatures in

various seasons

(Experiment 3).

Acclimation temperatures

are denoted by horizontal-

dashed lines. N is the

number of replicates.

Asterisks indicate significant

departures of the selected

temperatures from

acclimation temperatures in

particular treatments.

Different letters above the

bars indicate treatments

differing significantly from

one another with respect to

the selected temperature
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Fig. 7 Mean percentages

(±SE) of gammarids

occupying particular

compartments of the thermal

gradient after acclimation to

various temperatures in

various seasons

(Experiment 3). Mean

temperatures in particular

compartments are shown in

Fig. 3
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(Dennert et al., 1969; Hultin, 1971) and prefer

moderate flow velocities up to ca. 10 cm/s (Hughes,

1970). This difference between native and alien

gammarids corroborates their current distribution in

Europe, where native species find refuges in smaller,

fast flowing rivers and streams (Grabowski et al.,

2009).

Nevertheless, the alien gammarids in our study

withstood flow velocities up to 10 cm/s with no

significant changes in behaviour and were negatively

affected by a current velocity of C15 cm/s. In the

field, animals can use stones, woody debris or plants as

flow refuges. Both studied species are associated with

such objects (Kley et al., 2009; Jermacz et al., 2015)

and showed the ability to utilize shelters (i.e. the

downstream mesh) to stay within the flow zone at a

flow of 15 cm/s. At a current velocity of 30 cm/s,

gammarids changed their behaviour, moving to the

stagnant water refuges (Fig. 5A). Thus, they were still

able to counteract the flow and actively search for

more suitable sites. The velocities used in our study

cover the range typically observed in our sampling

area (Gierszewski, 2006). Thus, we can assume that

we comprised the entire range of gammarid responses

to flow, from the neutral behaviour at low velocities to

the avoidance of strong currents.

Dikerogammarus villosus seemed more affected by a

high current water velocity thanP. robustoides, as shown

by its greater downward displacement (Fig. 5B) and

higher change in activity (Fig. 5C). This difference

between the species is surprising, considering that D.

villosus is regarded as more associated with running

waters (Bij de Vaate et al., 2002) than P. robustoides.

Perhaps the adaptations of P. robustoides to commonly

occupied sandy areas (Wawrzyniak-Wydrowska &

Gruszka, 2005; _Zytkowicz et al., 2008), which are

poorly sheltered and exposed to wave actions, allowed it

to counteract the water flow in our experiment. In a field

study, D. villosus was found to be the least rheotolerant

compared to D. haemobaphes and D. bispinosus and the

most associated with structured habitats offering protec-

tion against flow (Borza et al., 2017). Our experiment

confirmed its ability to locate and utilize lentic micro-

habitats which can help it thrive in flowing waters.

The significantly longer duration of the upstream

movement compared with the downstream relocation

of D. villosus at the highest current velocity (Fig. 5C)

may indicate a compensation for passive drifting.

Given the greater downstream displacement of D.

villosus under these conditions (Fig. 5B), such

behaviour would reduce passive relocation and allow

an animal to stay in the same position.

Many riverine organisms, including Gammarus

spp., actively enter the water column to utilize the

benefits of the flow (Dennert et al., 1969; Brittain &

Eikeland, 1988). They move upstream to compen-

sate for passive drifting (Dennert et al., 1969;

Hughes, 1970; Hultin, 1971), to approach an odour

source (e.g. food) (Bousfield, 1978; Peckarsky &

Dodson, 1980; Pasternak et al., 2004) or to find a

target of a long-distance migration (Arnold, 1974).

They also drift downstream to avoid predators

(Peckarsky & Dodson 1980; Lancaster, 1990) or

deteriorating conditions (Waters, 1972; Brittain &

Eikeland, 1988). Nevertheless, our study suggests

that, although the tested Ponto-Caspian gammarids

tolerate moderate flow velocities, they do not exhibit

any positive rheotaxis.

Experiment 3: temperature

Both tested species generally preferred warm water,

selecting higher temperatures than those to which they

had been acclimated (Fig. 6). Particularly, D. villosus

acclimated to a high temperature was often noted in

the warmest part of the gradient (Fig. 7), at c.a. 35�C
(Fig. 3). Such behaviour may seem maladaptive, as

they would eventually die staying in such conditions

for a longer time (personal observations). However,

animals seldom encounter such extreme temperatures

in the field and therefore the selection of the highest

available temperature would allow them to find

optimum thermal conditions.

Both native European and Ponto-Caspian gam-

marids tolerate a wide temperature range, up to ca.

30�C (Wijnhoven et al., 2003). Nevertheless, the

gammarids did select particular temperatures in our

study. Acclimation temperature strongly affected the

choice of D. villosus, whereas the responses of P.

robustoides depended more on the season (Fig. 6).

Pontogammarus robustoides seemed to prefer warm

water in the colder season and to avoid excessive heat

in summer, suggesting a behavioural temperature

regulation. Thus, this species appears to be better
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adapted to regulate its thermal conditions than D.

villosus. Extreme shifts in temperature are usually

found in shallow, unsheltered bottoms often inhabited

by P. robustoides (Wawrzyniak-Wydrowska &

Gruszka, 2005; _Zytkowicz et al., 2008), whereas D.

villosus lives in deeper waters (Kley & Maier, 2005;

own observations in the sampling area) and/or on

stony bottoms (Kley et al., 2009; Boets et al., 2010)

where temperature regimes may be more constant. The

effect of season (independent of acclimation) on

thermal behaviour has also been observed in crabs

(Cuculescu et al., 1998) and crayfish (Layne et al.,

1985), but not in an isopod Asellus aquaticus, varying

its thermal behaviour only in response to acclimation

temperature (Lagerspetz & Bowler, 1993), like D.

villosus in our study.

Temperature selection was observed in many

benthic and planktonic crustaceans (Lagerspetz &

Vainio, 2006). Usually, it is based on changes in

activity and movement speed rather than on a

directional taxis (Lagerspetz & Vainio, 2006).

Temperature in the aquatic environment may vary

at a microscale, particularly in shallow near-shore

areas, due to variable shading by the riparian

canopy, floating plant leaves and submerged shelters

as well as with the circadian cycle (Pokorny &

Kvet, 2003; Dallas & Rivers-Moore, 2011). Thus,

the ability to select appropriate temperature greatly

increases the fitness of aquatic animals. Moreover,

as predatory habits of D. villosus strongly depend on

temperature, this factor also shapes its effects on

aquatic communities (Van der Velde et al., 2009).

Maazouzi et al. (2011) found that the ability of D.

villosus to adapt physiologically to high temperature

was lower than that of a native species. However, in

the light of our results, the alien species seem to use

another strategy and adjust their ambient tempera-

ture behaviourally.

Temperature also depends on the river size. In small

streams, it is more variable and affected by external

factors to a greater extent than in large rivers. Small

tributaries with a dense riparian canopy are colder than

wider rivers, less affected by their shoreline (Allan &

Castillo, 2007). Perhaps this may be one of the factors

preventing alien gammarids, shown in our study to

prefer warm waters, from entering smaller affluents, in

which they have never been found so far (Grabowski

et al., 2009).

Conclusions

In the field, multiple factors act simultaneously,

interacting with each other and modifying their

impacts on organisms. Therefore, it is difficult to

account for interactive effects that occur in the field,

and to extrapolate laboratory results directly to nature.

However, our experimental study under controlled

conditions is useful because it suggests cause–effect

relationships between particular factors and animal

responses.

We did not confirm gammarid affinity for increased

ionic content. Thus, their avoidance of less saline

small streams in favour of large rivers may partially

depend on temperature or current velocity barriers, as

suggested by our experiments. Consistent with our

hypothesis, neither of the species exhibited prefer-

ences for flowing water, though they showed consid-

erable capacity for dealing with moderate water

velocities. However, contrary to our expectations, D.

villosus was less resistant to the water flow than P.

robustoides. Finally, in accordance with our hypoth-

esis, P. robustoides selected more constant, seasonally

dependent temperatures (cooler in summer, warmer in

autumn), which may be beneficial in shallow areas

often inhabited by this species.

The observed gammarid responses are likely to lead

to their occurrence in warm, slowly flowing waters in

the field. Given their distribution in the wild

(Grabowski et al., 2009), low ionic content seems less

important in their habitat selection, though, according

to our study, a decrease in this parameter may also be

beneficial for the studied species. Nevertheless, the

ability to select an optimal microhabitat using thermal,

hydrodynamic and salinity cues helps them survive

under spatially and temporally variable conditions,

which may contribute to their invasive potential.

Relatively low selectivity with regard to water flow

and, in the case of P. robustoides, salinity predestines

them to live in a wide range of aquatic habitats.

Contrary to our expectations, we did not find strong

differences in habitat preferences between the studied

species. Even if they differed with regard to mecha-

nisms of reactions, e.g. in the case of temperature, the

final effect of their behaviour was similar (e.g.

occupation of warmer areas). The similarity between

the species, including their similar substratum prefer-

ences (Jermacz et al., 2015; Kobak et al., 2015), could
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potentially lead to strong interspecific competition and

displacement. However, another study has demon-

strated their variable depth preferences (with P.

robustoides selecting shallower locations), which is

likely to contribute to their separation and decrease

competitive tensions in the field (Kobak et al., 2017).
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