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Abstract One of the key challenges of invasion

biology in aquatic systems is determining the environ-

mental conditions under which non-indigenous species

establish populations in new habitats. It is widely

believed that environmental degradation of streams and

rivers may facilitate susceptibility to invasion; however,

this has not yet been demonstrated consistently across a

wide range of taxonomic groups. We analyzed macro-

invertebrate data from 398 stream and river sites in

Germany in order to test whether morphologically and

physicochemically degraded stream and river habitats

are more prone to invasion. Further, we identified the

most important environmental variables facilitating

invasion. The study confirmed that invaded sites were

significantly more degraded than sites where only

indigenous species were recorded. In both streams and

rivers, invaded sites featured increased maximum

temperatures, chloride and total organic carbon con-

centrations and a decreased morphological habitat

quality. In streams, additionally the variables minimum

temperature, oxygen, orthophosphate and ammonium

contributed to greater degradation. In rivers also nitrate

concentration was increased at invaded sites. General-

ized linear models indicated that chloride was one of the

most important variables that favored invasibility in

both streams and rivers. In streams, the most indicative

variables for invasion risk also included orthophosphate

and maximum temperature. In rivers, in addition to

chloride, morphological habitat quality was important.

Our results confirm that the physicochemical and

morphological intactness of riverine systems is a

safeguard against invasion of aquatic non-indigenous

macroinvertebrates. Based on this knowledge, manage-

ment strategies can be developed to reduce invasion

risk.

Keywords Aquatic non-indigenous species �
Macroinvertebrates � Freshwater � Environmental

stressors � Morphological and physicochemical

degradation

Introduction

Invasions of non-indigenous species are one of the main

threats to biodiversity (Lövei 1997; Vitousek et al. 1997;

Dextrase and Mandrak 2006), leading to a homogeni-

zation of the regional sets of species, or in a more catchy

term, to a ‘‘McDonaldisation’’ of the biosphere (Lövei

1997; Sax and Gaines 2003). Freshwater systems are

especially affected, as invasion rates are higher
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compared to marine and terrestrial systems. Currently in

Europe, approximately 200 non-indigenous benthic

invertebrate species have been established, and the rate

of invasion is further increasing (Strayer 2010).

These high freshwater invasion rates have been

attributed to an increasing interconnectedness

between habitats on a global scale. Canals directly

connect previously separated systems, with ships

acting as vectors for invasion. For example, the

surface area of the catchments that are directly

connected by inland water ways to the river Rhine

(the busiest waterway of the world) has increased by a

factor of 21.6 over the last two centuries (Leuven et al.

2009). Beside transport via shipping and dispersal by

man-made waterways, ornamental trade and stocking

are also important vectors for non-indigenous species

spread (Gollasch and Nehring 2006).

While the pathways of species spread are well

known, there is a lack of knowledge about the

environmental conditions under which dispersing

individuals establish populations in new habitats.

Therefore, one of the key challenges of invasion

biology is determining the environmental variables

that control successful establishment of non-indige-

nous species. It has been shown that invaders are more

tolerant to environmental stress (Karatayev et al.

2009) and based on this, it is believed that stressed

habitats are consequently more prone to invasions.

This assumption was derived from a range of case

studies that mainly examined the effects of single

morphological and physicochemical habitat variables

on distribution patterns of non-indigenous species or

their tolerance to certain habitat variables, e.g. the

effects of oxygen depletion (Byers 2000b; MacNeil

et al. 2000, 2001), temperature (Wijnhoven et al. 2003;

Werner and Rothhaupt 2008; Weitere et al. 2009;

Zukowski and Walker 2009), salinity (Wijnhoven

et al. 2003; Grabowski et al. 2009; Zukowski and

Walker 2009), ammonium (Prenter et al. 2004; Hong

et al. 2007) and nitrate concentration (Alonso and

Camargo 2003; Camargo et al. 2005) or structural

degradations like dams and reservoirs (Havel et al.

2005; Johnson et al. 2008). Moreover, most of these

studies focused on individual non-indigenous species

or narrow taxonomical groups. Single species exam-

ples include Dikerogammarus villosus (Pöckl 2009;

van der Velde et al. 2009), Corbicula fluminea

(Werner and Rothhaupt 2008; Weitere et al. 2009)

and various snail species (Byers 2000a, b; Schreiber

et al. 2003; Alonso and Castro-Diez 2008; Zukowski

and Walker 2009). The only taxonomic group above

species level that has been well studied are the

amphipods (MacNeil et al. 2000, 2001, 2009;

Grabowski et al. 2007, 2009; Kestrup and Ricciardi

2009; Piscart et al. 2009). Only recently, a study

addressed the relationships between a wide range of

environmental variables and non-indigenous species

from different taxonomic groups in slow-flowing

artificial urban drainage systems (Vermonden et al.

2010). The relative impact of morphological habitat

quality, pollutants and temperature on the occurrence

of non-indigenous species in natural fast-flowing

streams and rivers has not been assessed so far.

However, to draw general conclusions on exactly

which variables facilitate invasibility of habitats,

studies on a more complete range of non-indigenous

species, as well as large sets of environmental

variables within natural riverine systems are needed.

Increased knowledge of these variables is necessary

for developing management strategies for aquatic

habitats to minimize the chances for non-indigenous

species establishment. Such management strategies

help to preserve a high degree of differentiation

between the regional species pools in anthropocentri-

cally-used freshwater systems and further prevent

extensive establishment of non-indigenous species as

a result of global change.

In this study, we addressed two questions: (1) Are

morphologically and physicochemically degraded

stream and river reaches more easily invaded by

non-indigenous species than reaches that are less

degraded? (2) Which are the most important environ-

mental variables that facilitate invasions by aquatic

non-indigenous species? To this end, we analyzed an

extensive benthic macroinvertebrate data set from 398

sites in streams and rivers in the lower mountain

ranges in Germany, comprising 20 non-indigenous

species from eight different taxonomical groups. To

answer the first question, differences in physicochem-

ical and morphological loads between invaded and

uninvaded sites were analyzed using a set of the nine

environmental variables: morphological habitat qual-

ity, minimum temperature, maximum temperature,

oxygen, orthophosphate, chloride, nitrate, ammonium

and total organic carbon. To answer the second

question, we employed generalized linear models to

indicate the most important environmental variables

favoring the establishment of aquatic non-indigenous
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species in streams and rivers. Streams and river

habitats were analyzed separately, as their environ-

mental conditions, as well as the set of indigenous

species, differ (Vannote et al. 1980).

Materials and methods

Sampling sites

We analyzed benthic invertebrate data from 398

sampling sites located in streams and rivers in the

lower mountain ranges in Germany (Fig. 1). Two

hundred sixty-five data sets came from streams with a

catchment area of 10–100 km2 and 133 sites from

rivers with a catchment area of 100–10,000 km2.

The sites were divided into two groups with respect

to the occurrence of aquatic non-indigenous species.

The first group, NIS?, comprised sampling sites

where non-indigenous species occurred (58 and 37

sites for streams and rivers, respectively). The second

group, NIS-, comprised sampling sites where only

indigenous species were found (207 and 96 sites for

streams and rivers, respectively).

To ensure that the spatial structure of the sites does

not confound the results of the analysis, we checked

the distribution of NIS? and NIS- sites across all sub-

catchments that were covered by the dataset. The 398

sampling sites were located in 50 sub-catchments. The

vast majority, of 359 sampling sites were located in

sub-catchment were both NIS? and NIS- sites were

present. Only 39 sampling sites were located in sub-

catchments with only one type, NIS? or NIS- sites.

However, this also included 9 cases where just one

sampling site was available in a whole sub-catchment.

Benthic invertebrates

Benthic invertebrates were collected at all sampling

sites following the official European Water Frame-

work Directive (EU WFD) compliant sampling pro-

tocol applied in Germany (Haase et al. 2004). A multi-

habitat sampling approach was used: at each site, 20

sub samples were taken, each notionally of 25 cm 9

25 cm in dimensions, resulting in ca. 1.25 m2 of river

bottom being sampled. The 20 subsamples were

distributed on all microhabitat types present with

C5 % cover, reflecting their relative occurrence. All

invertebrate samples were taken between March and

July from 2004 to 2008.

The samples were preserved in 70 % ethanol and

transferred to the laboratory where they were sorted

following Haase et al. (2004). Taxa were identified to

the level proposed by Haase et al. (2006) ensuring that

taxalists were inter-comparable with regard to their

taxonomic resolution.

All species listed by DAISIE (2010) were consid-

ered as non-indigenous species according to the

definition by (Genovesi and Shine 2004). The dataset

included a total number of 20 aquatic non-indigenous

Fig. 1 Location of the sampling sites in streams (circles) and

rivers (squares) in the lower mountain ranges in Germany.

Filled symbols indicate sites that are invaded by non-indigenous

species, empty symbols indicate uninvaded sites. For a better

orientation the seven largest rivers in Germany are drawn in the

map
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species covering the taxonomic groups Amphipoda,

Bivalvia, Decapoda, Gastropoda, Hirudinea, Isopoda

Polychaeta and Turbellaria (Table 1).

Environmental variables

From each benthic invertebrate sampling site, measure-

ments of water temperature as well as of oxygen (O2),

orthophosphate (PO4), chloride (Cl), nitrate (NO3),

ammonium (NH4) and total organic carbon (TOC)

concentrations were available. All measurements were

taken in the water column. The minimum resolution of

the data was ten measurements per year. For chemical

data, we calculated annual mean values. Additionally,

the chemical quality class according to LAWA (1998) is

given in figures, to facilitate comparisons between

different variables. The chemical quality class is

interval-scaled with four main classes: anthropogeni-

cally unloaded (I), moderate load (II), increased load

(III), very high load (IV) and intermediate classes in

between very low load (I–II), significant load (II–III),

high load (III–IV). Values that fall into class I, I–II and II

are considered to be still acceptable, while higher loads

are considered critical and remedial measures should be

taken. For temperature, only annual minimum (Tmin)

and maximum (Tmax) value were reported. When

physicochemical data directly measured at the sampling

sites were lacking, representative measuring stations for

the sites were selected according to the following

criteria: (a) the time when the measurements were taken

had to correspond to the benthic invertebrate sampling,

(b) they had to be within a radius of 2 km around the

invertebrate sampling site and (c) no other tributary or

other water inlet was allowed between the measuring

station and the sampling site.

In addition to physicochemical variables, habitat

morphology was assessed using the morphological

habitat quality (MHQ) index according to LAWA

(2000). MHQ is assessed on a seven-step scale

reaching from undisturbed (1) to totally disturbed

(7). To this end, the river ecosystem is divided into

three sectors: bed, bank and floodplain. Within these

sectors the six main parameters of river morphology,

plan form, longitudinal profile, bed structures, cross-

section, bank structures and floodplain corridor are

assessed. These main parameters are defined by 14

functional units, which themselves have 25 individual

underpinning parameters. The final MHQ index is

calculated by averaging the single assessment units

(for details see Kamp et al. 2007).

Table 1 List of aquatic

non-indigenous species

occurring in stream and

river samples

Groups Species Streams Rivers

Amphipoda Chelicorophium curvispinum (Sars,1895) 9

Amphipoda Chelicorophium robustum (Sars, 1895) 9

Amphipoda Dikerogammarus haemobaphes (Eichwald, 1941) 9

Amphipoda Dikerogammarus villosus (Sovinsky, 1894) 9

Amphipoda Echinogammarus berilloni (Catta,1878) 9 9

Amphipoda Gammarus tigrinus (Sexton, 1939) 9

Amphipoda Orchestia cavimana (Heller, 1865) 9

Bivalvia Corbicula fluminea (Müller, 1774) 9

Bivalvia Dreissena polymorpha (Pallas, 1771) 9 9

Decapoda Orconectes limosus (Hagen, 1870) 9 9

Decapoda Pacifastacus leniusculus (Dana, 1852) 9

Gastropoda Physella acuta (Draparnaud, 1805) 9 9

Gastropoda Ferrissia clessiniana (Jickeli, 1882) 9

Gastropoda Potamopyrgus antipodarum (Gray, 1843) 9 9

Hirudinea Caspiobdella fadejewi (Epstein, 1961) 9 9

Isopoda Jaera istri (Veuille, 1979) 9

Isopoda Proasellus coxalis (Herbst, 1956) 9 9

Isopoda Proasellus meridianus (Racovitza, 1919) 9

Polychaeta Hypania invalida (Grube, 1860) 9

Turbellaria Dugesia tigrina (Girard, 1850) 9 9
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Statistical analysis

Data for chemical variables (O2, PO4, Cl, NO3, NH4

and TOC) were log(x ? 1)-transformed.

Differences in loads of all environmental variables

of NIS? and NIS- sites as well as between streams and

rivers were analyzed using Mann–Whitney-U-tests.

Because some environmental variables were inter-

related, we condensed the multivariate space using a

detrended correspondence analysis (DCA). Because

the length of environmental gradients within the

invertebrate sampling sites was \3, a principle

component analysis (PCA) was chosen for further

analysis (Leyer and Wesche 2007). Eigenvectors were

scaled to their standard deviations.

Statistical significance of the PCA-axes was tested

using a randomization test (999 runs). For axes that

were significant, Student’s t-tests were used to test for

differences between the scores of the NIS? and NIS-

sites.

Lastly, the effects of environmental variables were

integrated in one model predicting the occurrence of

non-indigenous species. Streams and rivers were

analyzed separately using generalized linear models

(GLMs) with binomial errors. The analysis started

with a baseline model containing all variables in which

loads differed significantly between NIS? and NIS-

sites. Using backward selection, the complexity of the

GLMs was reduced stepwise until a minimal Akaike

Information Criterion (AIC) was achieved.

Univariate statistical analyses were performed with

the software packages STATISTICA 8 (StatSoft, Inc.,

Tulsa, USA), and multivariate analyses were per-

formed with PC-ORD 5 (MjM Software, Gleneden

Beach, USA) and R software (R-Foundation, Vienna,

Austria).

Results

Degradation of streams and rivers

Streams and rivers of the lower mountain ranges in

Germany were morphologically rather degraded,

indicated by an average MHQ (Fig. 2a) of ‘‘totally

modified’’ (class 5). Substantial loads were also found

for most of the physicochemical variables. In partic-

ular, PO4 concentration (Fig. 2e) in streams reached

values categorized in ‘‘high load’’ (class III–IV), and

Cl, NO3, NH4 and TOC concentrations (Fig. 2f, g, h, i)

in ‘‘significant load’’ (class II–III).

Furthermore, for some environmental variables,

average loads differed significantly between streams

and rivers. In streams, Tmin (U = 15,303, p = 0.03) as

well as the concentrations of PO4 (U = 11,551, p \
0.001), NO3 (U = 12,619, p \ 0.001), NH4 (U =

12,879, p \ 0.001) and TOC (U = 14,919, p = 0.01)

were significantly higher than in rivers (Fig. 2b, e, g, h, i).

Conversely, average Tmax was significantly lower in

streams than in rivers (U = 11,954, p \ 0.001;

Fig. 2c).

Differences between NIS? and NIS-

For streams, the first axis of the PCA was significant

and inversely correlated with all variables indicating

environmental stress (Table 2). The highest negative

correlation coefficients were found for TOC, Cl, PO4

and Tmax. This axis was also positively correlated to

O2, an indicator of good quality.

For rivers, the first two axes were found to extract a

significant proportion of the variability in the data

(Table 2). The highest negative correlation coeffi-

cients were found for TOC, PO4, Cl and NH4. O2 was

not well represented on the first axis, but had the

highest negative correlation in the second axis. In

contrast, temperature parameters were positively cor-

related with the second axis.

Through the analysis of the scores of the significant

PCA axes (streams: axis one; rivers: axis one and two),

we found that for both streams and rivers, NIS? sites

had significantly more environmental stress than NIS-

sites (streams axis 1: t = 6.84, p \ 0.001; rivers axis 1:

t = 3.57, p \ 0.001, rivers axis 2: t = -2.12,

p = 0.04; Fig. 3).

In both streams and rivers, the MHQ (streams:

4,713, p = 0.01; rivers: U = 1,342, p = 0.03), Tmax

(streams: U = 3,362, p \ 0.001; rivers: U = 1,208,

p = 0.004), Cl (streams: U = 2,834, p \ 0.001; riv-

ers: U = 987, p \ 0.001) and TOC (streams: U =

4,364, p = 0.002; rivers: U = 1,274, p = 0.01) were

significantly higher at NIS? sites than at NIS- sites

(Fig. 2a, c, f, i). In addition, Tmin (U = 4,223,

p \ 0.001), PO4 (U = 3,470, p \ 0.001) and NH4

(U = 4,947, p = 0.04) in streams were significantly

higher at NIS? compared to NIS- sites, whereas O2

(U = 3,988, p \ 0.001) was lower (Fig. 2b, d, e, h). In

rivers, NO3 was significantly higher at NIS? sites
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(streams: U = 5,330, p = 0.20; rivers: U = 1,360,

p = 0.04; Fig. 2g).

Multiple regressions

Stepwise backward selection of the environmental

variables in GLMs showed that in streams, PO4

followed by Cl and Tmax were the best predictors

for non-indigenous occurrence (Table 3a). In rivers,

increased Cl and degraded MHQ were the most

predictive variables (Table 3b).

Discussion

Establishment of invasive species occurs more

commonly in degraded habitats

Our study showed that stressed stream and river

habitats are more prone to invasions of non-indigenous

benthic macroinvertebrates than more pristine habi-

tats. Although this has been demonstrated for single

species and individual environmental variables, this

has not been shown as a consistent pattern in a multi-

a b c

d e f

g h i

Fig. 2 Box-plots with all outliers of measurements of the nine

variables at invaded (black bars) and uninvaded (gray bars) sites

in streams and rivers. a MHQ = morphological habitat quality,

b Tmin = minimum temperature, c Tmax = maximum temper-

ature, d O2 = oxygen, e PO4 = orthophosphate, f Cl = chlo-

ride, g NO3 = nitrate, h NH4 = ammonium and i TOC = total

organic carbon. Measurements of chemical variables (O2, PO4,

Cl, NO3, NH4 and TOC) were log(x ? 1)-transformed. Dotted

horizontal lines give the threshold for ‘‘moderate’’ chemical

water quality (class II) according to LAWA (1998). The asterisks
indicate significant differences (*p \ 0.05, **p \ 0.01,

***p \ 0.001, NS not significant) between streams and rivers

as well as between NIS? and NIS- sites
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species and multi-variable approach. The higher

invasion success of non-indigenous species with

increased loads of pollutants may reflect a selection

process during anthropogenic invasion during which

organisms often have to tolerate harsh environmental

conditions, leading to non-indigenous species being a

non-random, more tolerant subset of all benthic

invertebrates (Karatayev et al. 2009). For example,

when transported in ballast water of ships, a wide

tolerance to various environmental stressors (salinity,

S
co

re
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 a

Streams: axis 1

-2

NIS-

 b

Rivers: axis 1

***

NIS-

 c

Rivers: axis 2

*

NIS-
-4

 4

 2

 0

NIS+ NIS+ NIS+

***

Fig. 3 Box plots of the axis scores calculated with principle

component analysis (PCA) for axis 1 and axis 2. The results

comparing invaded (black bars) and uninvaded (gray bars) sites

in a streams and b, c rivers are shown. Axis 2 in streams did not

contribute significantly to the data variability and was therefore

not considered. The asterisks indicate significantly different

(*p \ 0.05, **p \ 0.01, ***p \ 0.001) groups

Table 2 Results of the principle component analysis (PCA) calculated for environmental variables of invaded and uninvaded sites

(NIS? vs. NIS-) in streams and rivers and randomization tests (999 runs)

Streams Rivers

1 2 3 1 2 3

Eigenvalue 3.131 1.158 1.074 2.535 1.398 1.223

% of Variance 34.793 12.872 11.930 28.169 15.528 13.594

p 0.001 0.826 0.930 0.001 0.010 0.086

Correlation coefficients

MHQ -0.338 0.659 0.025 -0.241 0.194 0.617

Tmin -0.186 -0.287 -0.861 0.148 0.517 0.676

Tmax -0.697 0.481 -0.094 -0.407 0.582 -0.457

O2 0.498 -0.034 0.311 0.004 -0.755 0.096

PO4 -0.740 -0.165 0.018 -0.751 -0.315 0.092

Cl -0.744 0.070 -0.138 -0.682 0.040 0.073

NO3 -0.444 -0.485 0.114 -0.550 -0.192 0.331

NH4 -0.543 -0.377 0.343 -0.604 -0.080 -0.005

TOC -0.810 -0.038 0.277 -0.769 0.201 -0.208

The eigenvalues, extracted variances (%), p values and correlation coefficients are given for the first three axes.

MHQ = morphological habitat quality, Tmin = minimum temperature, Tmax = maximum temperature, O2 = oxygen,

PO4 = orthophosphate, Cl = chloride, NO3 = nitrate, NH4 = ammonium and TOC = total organic carbon. Significant values are

given in bold
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oxygen depletion, high and low temperatures) is an

important trait for survival and therefore for reaching

new habitats. In this context, two hypotheses are

proposed to explain why non-indigenous species

manage to establish successfully, especially in

stressed habitats. First, as non-indigenous species

have a higher competitive fitness under environmental

stress, they may outcompete indigenous competitors

in stressed habitats. Alternatively, non-indigenous

species may simply fill the gaps that have been left

after more susceptible indigenous species have been

exterminated from their habitats by various stressors

(Didham et al. 2005; MacDougall and Turkington

2005). Both hypotheses emphasize that not only is

human-aided dispersal of species a key to invasion, but

so is the environmental condition of the habitat that is

to receive non-indigenous species. We showed that the

set of most important environmental variables varied

between streams and rivers. In streams, we identified

increased PO4 and Cl concentrations as well as

increased Tmax as the most important variables for

invasion, while in rivers, Cl and MHQ were most

indicative for establishment of non-indigenous spe-

cies. These differences may be attributed to the

differences in land use around streams and rivers as

well as to the differences in the physicochemistry and

ecology of streams and rivers from the source to the

mouth as described in the river continuum concept

(Vannote et al. 1980). These principle differences

between streams and rivers are also reflected in the

different composition of indigenous species assem-

blages with different requirements in streams and

rivers.

Environmental drivers for invasion success

Tmax was found to be one of the most important

variables for invasion success in streams, where many

indigenous species are adapted to low water temper-

atures. Therefore, they will be more affected by

increasing temperature than river species which

typically display wider ecological temperature ampli-

tudes. At increased water temperatures, non-indige-

nous species, which are often tolerant to higher

temperatures (Wijnhoven et al. 2003; Alonso and

Castro-Diez 2008), may more effectively outcompete

indigenous stream species than river species.

In addition to Tmax, we identified PO4 as an

important variable for invasions in streams. The main

source of PO4 in the study area is the diffuse input of

agriculture (Schulz and Bischoff 2008). This is

especially relevant in streams, where riparian buffers

to agricultural land are often narrower than in rivers. In

addition, the water mass of streams, in which PO4 is

diluted, is smaller. Further, as many primary producers

in freshwater are phosphorus-limited, uptake rates in

rivers that are inhabited by phytoplankton are higher

than in streams without phytoplankton. Consequently

the average load of PO4 was significantly higher in

streams than in rivers. In particular, PO4 loads at NIS?

sites were classified as ‘‘very high’’ (class IV). In

contrast, most sampling sites in rivers were classified

as ‘‘moderate’’ (class II).

With eutrophication induced by increased PO4,

concentrations of other associated variables also

change. Typically, productivity increases in the trail

of increased PO4, followed by decreasing O2 concen-

tration due to decomposition processes. The interplay

of these processes may enable non-indigenous species

to populate habitats which are highly contaminated by

PO4 due to higher tolerance to O2 depletion. Also,

increased availability of resources due to higher

productivity may facilitate the invasion risk in PO4

Table 3 Results of the generalized linear model with binomial

error analyzing occurrence of non-indigenous species in

streams (a) and rivers (b) in relation to the environmental

variables

Variable Estimate SE z p

a

PO4 830.45 267.68 3.10 0.002

Cl 173.74 0.59 2.94 0.003

Tmax 0.22 0.09 2.30 0.021

TOC -276.97 183.07 -1.51 0.130

Tmin 0.18 0.12 1.49 0.137

b

Cl 21.90 0.61 3.57 < 0.001

MHQ 0.41 0.20 2.07 0.039

Non-significant variables were excluded stepwise until a

minimum Aikike Information Criterion of 230.86 (streams)

and 137.63 (rivers) was reached. Null deviance of final model

in streams was 278.50 on 264 degrees of freedom (df) and

residual deviance was 218.86 on 259 df. In rivers, null deviance

and residual deviance were 157.27 on 132 df and 135.98 on

130 df, respectively. PO4 = orthophosphate, Cl = chloride,

Tmax = maximum temperature, TOC = total organic carbon,

Tmin = minimum temperature and MHQ = morphological

habitat quality. Significant values are given in bold
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enriched habitats, as these resources can be readily

utilized by the new invaders (Davis et al. 2000; Zedler

and Kercher 2004). These latter studies have focused

on non-indigenous plants; however, in consumers, the

direct relation to nutrient availability is less obvious

than in primary producers. Nevertheless, Vermonden

et al. (2010) showed that non-indigenous crustaceans

profit from nutrient enrichment in urban waters.

In rivers, additionally to physicochemical vari-

ables, MHQ was correlated with the establishment of

non-indigenous species. Structural habitat alterations

like bank fixation, dams or reduction of run length are

common anthropogenic impacts in riverine systems

reducing habitat diversity. These anthropogenic

changes favor euryoecious species with a high com-

petitive fitness. Previously, Schreiber et al. (2003)

showed a positive correlation between the presence of

the non-indigenous mud snail Potamopyrgus anti-

podarum and anthropogenic development. Further-

more, our results extend prior findings that dams and

reservoirs can promote invasions (Havel et al. 2005;

Johnson et al. 2008), showing that morphological

degradation may increase invasion risk in rivers in

general.

In both streams and rivers, Cl was selected as

important variable for invasion risk. Around 65 % of

the invaded sites were classified as having ‘‘moder-

ate’’ chemical quality (class II, 50–100 mgL-1 Cl)

according to LAWA (1998). Therefore, even in

concentrations below critical values, Cl was indica-

tive for an increased invasion potential. These find-

ings imply that the threshold for an acceptable

‘‘moderate load’’ of Cl might overestimate the toler-

ance of many native freshwater organisms to salinity.

In particular, long-term effects leading to reduced

competitive fitness may be hard to detect in eco-

toxicological tests, which are often used to determine

threshold levels.

Previously, for several non-indigenous amphipods,

Grabowski et al. (2009) showed that they are more

common and abundant at sides with raised salinity.

Our study generalizes these previous finding showing

that habitats which are contaminated by Cl are more

vulnerable to invasion. As many non-indigenous

species are transported in ballast water tanks of ships

(Gollasch and Nehring 2006), salinity tolerance may

reflect a selection process via anthropogenic introduc-

tion favoring euryhaline species (Alonso and Castro-

Diez 2008).

Applications of our results

As invasions often do not progress with clear fronts,

our results suggest that more loaded and degraded

stretches, in particular, can be used as stepping stones

for rapid invasions. Consequently, morphological and

physicochemical intactness of water bodies are an

important concern as intact water bodies are more

resistant to invasion. Therefore, restoration measures

increasing water and habitat quality can help to reduce

invasion risk and thereby protect biodiversity.

Beside for the negative impact on biodiversity,

invasions also accrue high economic costs (Pimentel

et al. 2005 and references therein). Despite these facts,

the introduction rate of non-indigenous species is still

increasing. However, even if we stop the introduction

of new non-indigenous species, those which have

currently established will further advance until they

reach the border of their ecological niches (Strayer

2010). Predicting the future spread of non-indigenous

species and the corresponding consequences is diffi-

cult, as non-indigenous species may interact strongly

with other environmental stressors, thereby modulat-

ing their effects. For example D. polymorpha was

responsible for strong oxygen loss in the Seneca River

due to high metabolic activity (Effler et al. 2004). This

shows that the effects of non-indigenous species are

bidirectional. Not only favors habitat degradation

invasions, also non-indigenous species can degrade

habitats, which in turn increases future invasion risk.

Hence, non-indigenous species can fundamentally

transform ecosystems into new, unknown so called

‘‘no-analogue ecosystems’’ (Williams and Jackson

2007; Strayer 2010). In such systems, experiences

from the management strategies of known systems

may not be a reliable guide (Strayer 2010), which

makes sustainable management of these new systems

more difficult or even impossible.

Since the management of invaded ecosystems is

difficult and costly, the mitigation of invasions should

have a high priority in environmental management.

Beside the control of anthropogenic spread of non-

indigenous species, the conservation (or restoration) of

intact freshwater habitats is important, as this reduces

the establishment success of non-indigenous species.

Our results indicate that specific environmental vari-

ables can be used to assess invasion risk. The control of

Cl, PO4, and MHQ may help to reduce the establishment

success of non-indigenous species. Also, Tmax has been
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pinpointed as an important variable for invasions.

Increased temperatures, as predicted by global climate

change (IPCC 2007) will promote invasions (Rahel and

Olden 2008), especially in streams, where indigenous

cold water-adapted organisms may be more easily

outcompeted by non-indigenous species with a wider

temperature tolerance. Along with increased tempera-

tures, some regions will also suffer from increased

salinity due to summer desiccation.

Little is known about environmental patterns

favoring invasions, and further research is needed to

aggregate and conceptualize the many case studies

that have been published in recent years. Doing so can

lead to a clearer and more integrated picture of the

relationship between climate change and other anthro-

pogenic effects and invasion of our freshwater systems

by non-indigenous species.
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