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Abstract The aim of our study was to compare 
the richness and composition of macroinvertebrate 
assemblages in natural reed and artificial rip-rap habi-
tats in a shallow lake 50+ years after shoreline modi-
fications. Lake Balaton (Hungary) provided a unique 
study system as approximately half of its shoreline 
(c.105  km) has been modified. Littoral macroinver-
tebrates were collected in two habitat types (artificial 
rip-rap and natural reed) around the shoreline over 
two seasons. We found that native taxon richness of 

rip-rap habitat was only one-twentieth of the natural 
reed habitat. Rip-rap habitat harboured significantly 
more alien species. We found that the proportion of 
alien taxa was higher in rip-rap habitat (89.2%) than 
in reed habitat (16.7%). The composition of mac-
roinvertebrate assemblages in the two habitats was 
also significantly different with limited to moderate 
overlap. Furthermore, all 8 indicator taxa of rip-rap 
habitat were alien, whilst all 28 indicator taxa were 
native in reed habitat. These results suggest that arti-
ficial engineering structure creates a novel ecosystem 
dominated by alien species.

Keywords Alien species · Invasive species · 
Biodiversity loss · Habitat degradation · Reed · Rip-
rap habitat

Introduction

Lakes and their shorelines are important to eco-
system services in several aspects. Lakeshores are 
important because of the ecological significance for 
ecosystem functioning (Vadeboncoeur et  al., 2002), 
and because their different habitats are hotspots of 
biodiversity considering different organisms groups 
(Vadeboncoeur et  al., 2011). Freshwater species and 
habitats are increasingly threatened worldwide (Allan 
& Flecker 1993; Saunders et  al., 2002; Reid et  al., 
2019; Tickner et al., 2020), due to the importance of 
lakeshores for humans causing a continuous increase 
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of shore developments worldwide (Schnaiberg et al., 
2002; Schmieder, 2004).

The consequence of human shoreline develop-
ment in the last half century included a reduction of 
littoral biodiversity and an alteration of littoral com-
munities, shown in several studies (e.g. Radomski & 
Goeman 2001; Scheuerell & Schindler 2004; Brauns 
et  al., 2007; Miler & Brauns, 2020). Human shore-
line development has been recognized as a significant 
threat to the ecological integrity of lakes through the 
simplification of the littoral zone (Ostendorp et  al., 
2004; Brauns et al., 2007; Verdonschot et al., 2013). 
It has a negative impact on the composition and 
condition of near-shore aquatic emergent and sub-
merged macrophyte communities (Radomski & Goe-
man 2001; Miler & Brauns, 2020). Moreover, human 
modification of shores and littoral zones reduces the 
abundance and changes the taxonomic composition of 
macroinvertebrate assemblages (Brauns et  al., 2007; 
McGoff et al., 2013; Pätzig et al., 2015).

Shoreline development may also facilitate the 
establishment of invasive species (Johnson et  al., 
2008; Brabender et  al., 2016), especially in lakes 
connected to navigable rivers (Bobeldyk et  al., 
2005). Invasive alien aquatic species have increas-
ingly important environmental, social and economic 
impacts (Laverty et  al., 2015). As global trade and 
travel increase (Dick & Platvoet 2000; Keller et  al., 
2011), the strength of ecosystem services is diminish-
ing, also as invasive species reduce native biodiver-
sity, which in turn harms the environment and thus 
the economy (Simberloff et  al., 2013). New species 
may preadapt due to the similarity of their ances-
tral habitat, leading to relatively rapid colonization, 
whilst richness of native species may simultane-
ously decrease by anthropogenic modifications. Thus, 
successful invasive species may be able to exploit 
resources more efficiently, disrupt native food webs 
(Paolucci et  al., 2013), or spread diseases for which 
native species lack immunity (Laverty et al., 2015). It 
is now also known that invasive aquatic macroinver-
tebrates not only disrupt aquatic ecosystems, but also 
impact terrestrial food webs via cross-ecosystem flow 
of resources (Gergs et al., 2014).

Lake Balaton is the largest shallow lake in Cen-
tral Europe, and one of the region’s foremost touris-
tic destinations. Approx. 100 years ago, reeds (helo-
phytic perennial plants) were dominant almost along 
the entire coast (sometimes up to 100 m wide). This 

habitat type has declined significantly in the last 
90  years due to the spread of bathing culture and 
tourism. Today, the coastline is scattered, out of the 
240  km shoreline, reed patches are present along 
approximately 112  km of shoreline, and cover a 
total area of 16  km2 (Stratoulias & Tóth, 2020). The 
remaining approx. 128  km long shoreline is almost 
entirely transformed to rip-rap covered concrete struc-
tures. This type of artificial shoreline was constructed 
between 1930 and 1965 (Balogh et al., 2008), and its 
structure follows a unified layout around the entire 
shoreline (see Fig. 1).

Several invasive species appeared in Lake 
Balaton during or after shoreline modification 
(Table  1). Spreading of aquatic invertebrate alien 
species is an ongoing threat in Europe, mainly due 
to the historical development of inland waterways 
(Laverty et  al., 2015). Lake Balaton is connected 
to the Ponto-Caspian region through the Southern 
corridor, which is one of the major invasive cor-
ridors of Europe. Large artificial rip-rap shorelines 
were colonized by several Ponto-Caspian species 
including Dreissena polymorpha (Pallas, 1771) 
and D. bugensis (Andrusov, 1897) (Balogh et  al., 
2008). These two Dreissena mussel species are the 
most abundant invasive species in Lake Balaton, 
and their colonization has had various effects: it 
has changed the abundance of planktonic mussels, 

A

GRASS

FILING

B

SLAG

GRASS

CAREX TYPHA REED REED

OPEN
WATER

1:1

0.2

1.
6

1:1CONCRETE

CHIPSTONE

RED SANDSTONE
RIPRAP

NATURAL MUD

SOIL

SUBMERGED
MACROPHYTE

0.75

3.6

1.0

0.8

0.4

Fig. 1  Schematic structure of the two types of shoreline. A 
Natural reed belt—without scale (Stratoulias et  al., 2018); B 
structure of the artificial shore of Lake Balaton—dimensions 
in metres (Kertai et al., 1974)
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the mussel colonies improve water transparency 
by filtering out particles (both live and dead) and 
provide an important source of food for many fish 
(Balogh et  al., 2008). The amphipod Chelicoro-
phium curvispinum (G.O. Sars, 1895) utilizes algae 
and detritus as food and is itself an important fish 
food item (Muskó et al., 2007). Limnomysis bened-
eni Czerniavsky, 1882 is also utilized as fish food 
in Lake Balaton (Szalontai, 2008).

The objective of the present study was to com-
pare macroinvertebrate assemblages in natural 
reed and artificial rip-rap habitats of Lake Balaton, 
Hungary. We examined the role of the two habitats 
(1) in maintaining native taxa richness and (2) in 
supporting alien taxa. Finally, (3) we examined 
whether the assemblage composition of the two 
habitats differed emphasizing the long-term suc-
cess of the alien species. To achieve these objec-
tives we examined macroinvertebrate assemblages 
of Lake Balaton. We hypothesized that although 
artificial rip-rap habitats are surrounded by natu-
ral habitats, which might act as sources for the 
colonization of native species, rip-rap habitat will 
host a reduced richness of native, and an increased 
richness of alien aquatic macroinvertebrates. We 
expect that our comparison of macroinvertebrate 
assemblages in natural reed and artificial rip-rap 
habitat provides information on how habitat differ-
ences influence the spread and success of alien spe-
cies in the two habitats.

Materials and methods

Study area and design

Lake Balaton (N 46° 50′, E 17° 44′) is the larg-
est shallow freshwater lake in Central Europe (sur-
face area: 593  km2, average depth: 3.14  m, length: 
77.9  km, average width: 7.2  km) (Padisák, 1992; 
Crossetti et al., 2013). To protect the shoreline of the 
lake, approximately 105 km of rip-rap, built from red 
sandstone, was constructed between 1930 and 1965 
(Balogh et al., 2008). Consequently, half of the littoral 
zone of the lake is modified, and reed vegetated areas 
are now fragmented, with a total area of only 11  km2 
(Erős et al., 2008; Tóth & Szabó, 2012) correspond-
ing to a 110-km length of shoreline. We selected 10 
rip-rap and 10 reed sites distributed evenly along the 
shoreline of the lake (Fig. 2, Suppl. Table 1), repre-
senting the actual proportion of natural and artificial 
habitats in the lake. We aimed to choose pairs of rip-
rap and reed sites located close to each other.

Sampling and identification of macroinvertebrates

Two different sampling methods were used for reed 
and rip-rap habitats. Both sampling techniques are 
considered as an adequate qualitative sampling 
method and are generally applied in community 
ecology studies. In reed habitat, we collected mac-
roinvertebrates using a hand net (250  mm wide, 

Table 1  List of invasive macroinvertebrate species in Lake Balaton

Taxa Appearance in Lake 
Balaton

Reference

Chelicorophium curvispinum (Sars, 1895) Early 1930s Muskó et al. (2007), Balogh et al. (2008)
Dreissena polymorpha (Pallas, 1771) 1932 Sebestyén (1938)
Limnomysis benedeni Czerniavsky, 1882 1950 Woynárovich (1955)
Dikerogammarus villosus (Sowinsky, 1894) 1950 Bíró & Gulyás (1974), Muskó (1992, 

1994), Müller et al. (2002)
Dikerogammarus haemobaphes (Eichwald, 1841) 1950 Muskó (1992, 1994)
Dikerogammarus bispinosus Martynov, 1925 1950 Muskó (1992, 1994), Müller et al. (2002)
Jaera istri Veuille, 1979 1979 Nesemann et al. (1995)
Chelicorophium sowinskyi (Martynov, 1924) 1962 Straskraba (1962)
Dreissena bugensis (Andrusov, 1897) 2008 Balogh et al. (2018)
Theodoxus fluviatilis (Linnaeus, 1758) 2018 Takács et al. (2019)



1840 Hydrobiologia (2023) 850:1837–1848

1 3
Vol:. (1234567890)

500  µm mesh size) following an established sam-
pling method (McGoff et  al., 2013; Pätzig et  al., 
2015; Porst et  al., 2019) from an area of approxi-
mately 0.5  m2. During the sampling, the net was 
swept intensively through the habitat (i.e. vegeta-
tion, debris, and surface sediment). This procedure 
was repeated five times (five subsamples) to cover 
the entire width of reed from the closest point to 
the shore to the closest point to the open water, and 
subsamples were aggregated and preserved in 70% 
ethanol. At rip-rap sites, we followed Brauns et al. 
(2007), Porst et al. (2019), and Schreiber & Brauns 
(2010): A piece of stone was randomly selected and 
placed on a tray. Macroinvertebrates attempting to 
escape were collected by hand net. All individuals 
from the estimated surface of the stone were col-
lected. We repeated this procedure until we reached 
an approximate surface area of 0.5  m2. Macroinver-
tebrates were preserved in 70% ethanol and trans-
ferred to the laboratory. Macroinvertebrates were 
sampled in spring (May 2020) and autumn (Sept 
2020). Subsequently, the study design includes 40 

sampling units: 10 sites, 2 habitats (reed and rip-
rap), and 2 seasons (spring and autumn).

Macroinvertebrates were identified to the lowest 
taxonomic level possible. We used the identification 
keys of Elliott & Mann (1979), Richnovszky & Pintér 
(1979), Savage (1989), Csabai (2000), Csabai et  al. 
(2002), Kontschán et al. (2002), Eiseler (2005), War-
inger and Graf (2011), Ambrus et  al. (2018), Glöer 
(2019). Following Kobak et  al. (2010), and Balogh 
et al. (2018), small Dreissena individuals were iden-
tified as Dreissena sp. (juv). Diptera were identified 
only to family level. We decided to use only presence/
absence data to avoid errors as a result of abundance 
differences caused by different sampling methods 
(Elliott & Drake, 1981; Drake & Elliott, 1982; Block-
som & Flotemersch 2005; Cao et al., 2005).

Taxa were classified as non-native (alien) and 
native based on the DAISIE database (DAISIE, 
2009). However, we had to adjust the categorization 
for two species [Planorbarius corneus (Linnaeus, 
1758)] and Synurella ambulans (F. Müller, 1846), 
which are classified as alien in Western Europe but 
not in Hungary (Fehér et al., 2006; Sidorov & Pala-
tov, 2012). As in Hungary only two Dreissena spe-
cies exist (D. polymorpha and D. bugensis, both 
alien), we considered Dreissena sp. (juv) as an alien 
taxa. Protected species are listed in the corresponding 
100/2012 (IX. 28.) decree of the Hungarian Ministry 
of Environment.

Statistical analyses

Linear models (LMs) were used to examine whether 
the numbers of native and alien taxa were influ-
enced by habitat (categorical predictor with two lev-
els: reed and rip-rap), season (categorical predictor 
with two levels: spring and autumn) and an interac-
tion of these factors. We selected the best-fit models 
based on the Akaike Information Criterion corrected 
for the number of cases and parameters estimated 
(AICc) and Akaike weights (Garamszegi & Mundry, 
2014). Delta AICc indicates the difference in the fit 
between a particular model considered and that of the 
best-fit model. Models with delta AICc < 10 are con-
sidered to be better fitting models. AIC weight was 
calculated among all possible pairs. Generalized lin-
ear models (GLMs) with binomial distribution were 
used to test whether habitat, season, and their inter-
action influenced the presence of protected taxa. We 
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Fig. 2  Map of Europe with the position of Lake Balaton (top) 
and the sampling sites around Lake Balaton (R: reed; S: rip-
rap; bottom)
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applied this approach because protected taxa were 
rare (range between 0 and 2) and the distribution was 
zero inflated. As in linear models, best-fit models 
were selected based on AICc.

Constrained Analysis of Principal Coordinates 
(CAP, Anderson & Willis, 2003) with Sørensen 
Distance (Podani, 2000) was used to test the separa-
tion of macroinvertebrate communities in reed and 
rip-rap habitats. We ran an ANOVA-like permuta-
tion test for the significance of the separation. Indi-
cator Value analysis (Dufrene & Legendre, 1997; De 
Cáceres, 2020) was used to identify indicator taxa for 
reed and rip-rap habitat. Permutational tests (Dufrene 
& Legendre, 1997; n = 999) were run for assessing 
significance. Analyses were run in the R statistical 
environment (R Core Team, 2021) using the ‘indic-
species’ (De Cáceres, 2020), ’MASS’ (Venables & 
Ripley, 2002), ’MuMIn’ (Barton, 2020), and ’vegan’ 
(Oksanen et al., 2020) packages.

Results

Altogether 111 taxa were found among the 62,055 
individuals (Suppl. Table  2). We identified 3 pro-
tected and 11 alien taxa (Suppl. Table  1). The most 
abundant taxa were Dreissena sp. (juv) (alien) 
(24,490 individuals), Dreissena bugensis (alien) 
(19,524 individuals), Dikerogammarus villosus (Sow-
insky, 1894) (alien) (4881 individuals), Valvata cris-
tata O. F. Müller, 1774 (native) (2281 individuals), 
Chelicorophium curvispinum (alien) (2075 individu-
als), Theodoxus fluviatilis (Linnaeus, 1758) (alien) 
(1957 individuals), and Dreissena polymorpha (alien) 
(1692 individuals).

The best-supported model (with the lowest AICc) 
revealed that the native taxa richness of macroinver-
tebrates was influenced only by the habitat (Table 2). 
This statistical model explained the observed data 

well (adjusted R2 = 0.80) and suggested that rip-
rap habitat had a lower number of native taxa than 
reed habitat (LM, estimate for rip-rap = − 19.50, 
s.e. = 1.545, t-value = − 12.62, P < 0.001). The aver-
age number of native taxa richness in reed habitat was 
20.50, whilst in rip-rap habitat it was 1.0, represent-
ing a 95% decrease (Fig. 3).

Model selection showed that the best statistical 
model included only habitat in explaining the pres-
ence of protected species (Table  3, Fig.  4). How-
ever, we did not find statistical evidence for a dif-
ference between the occurrence of protected species 
in the reed (60%) and rip-rap (0%) habitats (GLM, 
estimate for rip-rap: − 19.972, s.e. = 2404.670, 
z-value = − 0.008, P = 0.993). The average proportion 
of native taxa in the reed habitat was 83.3%, whilst in 
the rip-rap habitat it was 10.8%

Table 2  Best-fit linear 
models (Delta AICc < 10) 
explaining the effects of 
habitat, season and the 
interaction of habitat and 
season on the numbers of 
native and alien taxa of 
macroinvertebrate taxa

Response variable Predictors df AICc Delta AICc Weight

Number of native taxa Habitat 3 245.0 0.00 0.725
Habitat + Season 4 247.5 2.48 0.210
Habitat + Season + Interaction 5 249.8 4.81 0.065

Number of alien taxa Habitat + Season 4 160.0 0.00 0.479
Habitat + Season + Interaction 5 160.6 0.65 0.347
Habitat 3 162.0 2.02 0.174
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Fig. 3  Effects of habitat and season on the numbers of native 
macroinvertebrate taxa. Bars indicate mean values; whiskers 
are standard errors. ***Indicates significant (P < 0.001) differ-
ences by LM (t test)
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The best-supported linear model showed that 
the alien taxa richness of macroinvertebrates was 
explained by the joint effects of habitat and sea-
son, whilst the second-best model indicated the 
importance of habitat, season and their interaction 
(Table 2). The best-fit models explained the observed 
data well (adjusted R2 = 0.621) and suggested that 
the number of alien taxa was higher in rip-rap habi-
tat compared to reed habitat (LM, estimate for rip-
rap = 4.100  s.e. = 0.524, t-value  = 7.820, P < 0.001, 
Fig.  5). This model also showed that the number of 
alien species was significantly different in autumn 
and in spring (LM, estimate for spring = − 1.100, 
s.e. = 0.524, t-value = − 2.098, P = 0.043). The aver-
age proportion of alien taxa in the reed habitat was 
16.7%, whilst in the rip-rap habitat it was 89.2%.

Constrained Analysis of Principal Coordi-
nates (Suppl. Table  3) showed that the natural 
reed and the artificial rip-rap habitat differed in 

the composition of macroinvertebrate communi-
ties (ANOVA-like permutations: F1,38 = 34.445, 
P = 0.001). The ordination plot showed that a sin-
gle constrained axis (CAP1) could separate reed 
and rip-rap assemblages (Fig.  6). The distribution 
range of points along the vertical unconstrained 

Table 3  Best-fit generalized linear models (Delta AICc < 10) 
explaining the effects of habitat, season and the interaction of 
habitat and season on the presence of protected taxa

Predictors df AICc Delta AICc Weight

Habitat 2 31.2 0.00 0.714
Habitat + Season 3 33.6 2.34 0.221
Habitat + Sea-

son + Interaction
4 36.1 4.82 0.064
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Fig. 4  Effects of habitat and season on the numbers of pro-
tected macroinvertebrate taxa. Bars indicate mean values; 
whiskers are standard errors
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Fig. 5  Effects of habitat and season on the numbers of alien 
macroinvertebrate taxa. Bars indicate mean values; whiskers 
are standard errors. ***Indicates significant (P < 0.001) differ-
ences by LM (t test)
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Fig. 6  Ordination plot of constrained analysis of principal 
coordinates (CAP) of macroinvertebrate assemblages collected 
in reed (white circles) and rip-rap (grey circles) habitats. The 
figure displays 20 points for reed and 20 points for rip-rap hab-
itat
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axis (MDS1) suggested that reed communities 
showed considerable variability compared to com-
munities in the rip-rap habitat.

We found 28 indicator taxa for reed and 8 indi-
cator taxa for the rip-rap habitats (Table 4). In reed 
habitat all 28 indicator taxa were native, whereas 
the indicator taxa of the rip-rap habitat were all 
alien taxa.

Discussion

Our study reports drastic differences between the 
macroinvertebrate assemblages in natural and human-
modified shorelines of Lake Balaton. We observed 
that only 5% of the native taxa richness of natu-
ral reed was present in artificial rip-rap habitat. We 
found also that artificial rip-rap habitat harboured 
significantly more alien taxa. Finally, we observed 

Table 4  Indicator species 
(IndVal) and associated 
significance levels (p) for 
macroinvertebrate taxa in 
the two habitat types and 
their conservation status

Group Taxa IndVal P Status

Reed Asellus aquaticus (Linnaeus, 1758) 0.922 0.001 Native
Chironomidae 0.910 0.001 Native
Bathyomphalus contortus (Linnaeus, 1758) 0.866 0.001 Native
Bithynia tentaculata (Linnaeus, 1758) 0.866 0.001 Native
Ischnura elegans Schmidt, 1938 0.837 0.001 Native
Valvata cristata O. F. Müller, 1774 0.837 0.001 Native
Cloeon dipterum (Linnaeus, 1761) 0.775 0.002 Native
Plea minutissima Leach, 1817 0.775 0.001 Native
Anisus vorticulus (Troschel, 1834) 0.742 0.002 Protected
Caenis robusta Eaton, 1884 0.742 0.001 Native
Acroloxus lacustris (Linnaeus, 1758) 0.707 0.001 Native
Bithynia leachi (Sheppard, 1823) 0.707 0.002 Native
Helobdella stagnalis (Linnaeus, 1758) 0.707 0.003 Native
Physa fontinalis (Linnaeus, 1758) 0.707 0.002 Native
Niphargus valachicus Dobreanu & Manolache, 1933 0.671 0.001 Native
Oligochaeta 0.671 0.002 Native
Glossiphonia complanata (Linnaeus, 1758) 0.651 0.010 Native
Noterus crassicornis (O. F. Müller, 1776) 0.632 0.002 Native
Segmentina nitida (O. F. Müller, 1774) 0.632 0.004 Native
Erpobdella testacea (Savigny, 1822) 0.604 0.031 Native
Hesperocorixa linnaei (Fieber, 1848) 0.592 0.005 Native
Stagnicola fuscus (C. Pfeiffer, 1821) 0.592 0.012 Native
Synurella ambulans (F. Müller, 1846) 0.592 0.010 Native
Gyraulus albus (O. F. Müller, 1774) 0.590 0.017 Native
Coenagrion pulchellum (Vander Linden, 1825) 0.548 0.023 Native
Noterus clavicornis (De Geer, 1774) 0.250 0.045 Native
Piscicola geometra (Linnaeus, 1761) 0.250 0.040 Native
Tabanidae 0.500 0.049 Native

Rip-rap Dreissena polymorpha (Pallas, 1771) 0.999 0.001 Alien
Dreissena bugensis (Andrusov, 1897) 0.997 0.001 Alien
Dreissena sp. juv 1.000 0.001 Alien
Dikerogammarus villosus (Sowinsky, 1894) 0.946 0.001 Alien
Chelicorophium curvispinum (G.O. Sars, 1895) 0.944 0.001 Alien
Dikerogammarus haemobaphes (Eichwald, 1841) 0.923 0.001 Alien
Theodoxus fluviatilis (Linnaeus, 1758) 0.871 0.002 Alien
Jaera sp. 0.762 0.001 Alien
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compositional differences between the macroinverte-
brate assemblages of the two habitats. These results 
suggest that the transformation of natural shorelines 
into artificial rip-rap habitat decreases native richness 
and supports the spread of alien species.

We found that artificial habitat supported a lower 
richness of native macroinvertebrates compared to 
native habitats. This finding concurs with studies 
examining the effects of human shoreline modifica-
tion on littoral macroinvertebrates in lakes (Pätzig 
et  al., 2015, 2018; Porst et  al., 2019). Our study is, 
however, the first that reports such a drastic differ-
ence between the richness of macroinvertebrates in 
natural and human-modified shorelines of a lake: we 
observed that only 5% of the native taxa richness of 
reed was present in rip-rap habitat. A possible expla-
nation is that reed beds present a wide variety of abi-
otic and biotic variables and thus offer several diverse 
niches for macroinvertebrate taxa. Moreover, rip-rap 
habitat provides exclusively hard mineral substrate, 
a microhabitat that is not available in reed habitat. 
Thus, the reduction in native taxa richness can be 
explained by the differences in the conservation status 
of the two habitats (Grzybowski & Glińska-Lewczuk, 
2019), as well as by the interaction between habitat 
quality and alien species (Strayer, 2010). Our results 
disagree with the results of Brauns et al. (2007), who 
did not find a difference in macroinvertebrate richness 
between the natural and artificial rip-rap shorelines of 
seven German lowland lakes. This comparison sug-
gests that individual lakes might show considerable 
differences and thus further studies are needed to 
reveal the general impact of human-induced shoreline 
modification on biodiversity.

We observed that the richness of alien taxa was 
higher in the artificial habitat than in the natural reed 
habitat. This result concurs with other studies stating 
that artificial habitats are more susceptible to inva-
sions (Strayer & Findlay, 2010) and that invasive spe-
cies prefer artificial habitats (Schreiber et al., 2003). 
In agreement with this, some studies showed that the 
traits of native and invasive macroinvertebrate species 
differ (Stazner et  al., 2008), and this might explain 
the different adaptions to different habitats. Accord-
ing to our results, the proportion of alien taxa was 
16.7% in the natural habitat and 89.2% in the arti-
ficial habitat. These values suggest that alien taxa 
occupy a sizable proportion of the natural habitat and 
can have extreme dominance in the artificial habitat 

(Bozóki et  al., 2018). However, underlying mecha-
nisms explaining this pattern are unknown. A possi-
ble explanation is that rip-rap and reed habitats act as 
a source-sink relationship considering invasive spe-
cies. Unfortunately, studies focussing on the effect of 
lakeshore modification on littoral macroinvertebrates 
did not provide such information (Brauns et al., 2007; 
Pätzig et al., 2015, 2018; Porst et al., 2019).

We found that the macroinvertebrate composition 
of natural and artificial shorelines differed. Indicator 
species analysis identified exclusively native indi-
cator taxa for the natural reed-vegetated shoreline, 
and only alien indicator taxa for the artificial rip-rap 
habitat. The majority of these alien indicator taxa, 
such as Dreissena bugensis, Dreissena polymorpha, 
Dreissena sp. (juv), Chelicorophium curvispinum, 
Jaera sp., Dikerogammarus villosus, and Dikero-
gammarus haemobaphes (Eichwald, 1841) originate 
from the Ponto-Caspian region (Borza, 2012; Bódis 
et al., 2012), and cause serious problems world-wide 
by displacing native species. For instance, the inva-
sive species Dikerogammarus haemobaphes shows 
strong competition with native species for resources, 
and thus can replace native species (Guareschi et al., 
2021). It follows that low native diversity in rip-rap 
habitat might reflect the effect of habitat degrada-
tion, but might also reflect the effect of invasive spe-
cies (Schmidlin et al., 2012; Guareschi et al., 2021). 
It seems that further studies are needed to disentangle 
the separate effects of habitat degradation and alien 
species.

Seasonal differences are a well-known feature of 
freshwater macroinvertebrate communities (Beche 
et al., 2006; Hill et al., 2016). Our results showed sea-
sonal differences, mainly in the natural habitat (reed 
field). The species composition of the macroinver-
tebrate community of the rip-rap was constant and 
dominated by sessile Bivalvia and moderately mobile 
Amphipoda taxa. This finding is in line with Pätzig 
et  al. (2015) suggesting that a single seasonal sam-
pling event is sufficient to capture the compositional 
differences of macroinvertebrate communities associ-
ated with human lakeshore modifications.

From a conservation standpoint, our study showed 
that the natural reed-vegetated shoreline of Lake Bal-
aton supports a rich and valuable macroinvertebrate 
fauna, which is threatened by habitat modification. 
Our study presents clear evidence that the transfor-
mation of the natural reed-vegetated shoreline to 
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artificial rip-rap habitat alone, or together with the 
spread of alien taxa, caused a significant and drastic 
loss in native taxa richness. The loss together with 
compositional changes suggests that the altered envi-
ronmental conditions in rip-rap habitats lead to the 
creation of novel ecosystems for almost completely 
new macroinvertebrate communities. Our docu-
mented change in native richness calls the attention 
to management decision plans to reverse global fresh-
water biodiversity loss (Tickner et al., 2020).

Conclusion

Although there is a clear human need for transform-
ing the natural shoreline of lakes to artificial habi-
tat, we have limited information on how this action 
influences biodiversity. To fill this knowledge gap, 
we compared macroinvertebrate assemblages in natu-
ral reed and artificial rip-rap habitats in Lake Bala-
ton, Hungary. We found that the native taxa richness 
of rip-rap habitat is one eighth of that of natural reed 
habitat, and the proportion of alien taxa can be as 
high as 89%. We found also that in reed habitat all 28 
indicator taxa were native, whereas in the rip-rap all 8 
indicator taxa habitat were alien—all these alien indi-
cator species are of Ponto-Caspian origin.

These findings suggest that shoreline alteration 
decreases native richness and supports alien species. 
Our results imply that shoreline management deci-
sions should consider not only social and economic 
benefits, but also the environmental costs of such 
habitat transformation including biodiversity loss.

Our findings have several implications for deci-
sion-making. First of all, the transformation of reed-
vegetated shoreline to artificial rip-rap habitat needs 
to be prevented, especially where it is not an absolute 
necessity for human activities. Once widely-distrib-
uted reed areas of Lake Balaton are now fragmented 
with a total area of only 11  km2 (Tóth & Szabó, 
2012). Management actions have to be undertaken 
to support existing reed-vegetated shoreline, and 
action plans should be implemented to restore arti-
ficial rip-rap habitats to natural shoreline habitats 
where possible. Our results suggest that these actions 
may mitigate the spread and impact of alien species, 
thereby preventing further losses of native freshwater 
biodiversity.
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