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Abstract Urbanization is one of the most serious 
threats to stream ecosystems worldwide. It is cru-
cial to understand its effects on stream organisms as 
a prerequisite for the mitigation of urban degrada-
tion. Our aim was to investigate the general effects 
of urbanization in a moderately urbanized landscape 
and to assess the relationship between local environ-
mental variables and biotic attributes of macroin-
vertebrate assemblages. Multiple sites at low-order 
streams flowing from natural forested areas to moder-
ately urbanized landscapes were surveyed. We found 
that local habitat properties presented degraded con-
ditions at urban sites. Urbanization had a negative 

effect on the richness and Shannon diversity of mac-
roinvertebrate assemblages, and altered assemblage 
composition. Biotic assemblage parameters showed 
negative, neutral or positive relationships with local 
physical parameters. Concrete cover was one of the 
most important variables, which explained a decreas-
ing richness and diversity of macroinvertebrates. In 
natural conditions, microhabitat-level environmental 
variables significantly impacted community varia-
tion, while in degraded conditions microhabitat and 
site-level environmental variables had a substantial 
impact together. Individual streams showed consid-
erable variability under natural conditions, as well as 
in their response to urban effects. Subsequently, the 
mitigation of the effects of urbanization might also 
need considerable variability in the type of actions 
required.
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Introduction

The human population is growing annually with 
the total number of people living on Earth reaching 
eight billion (UN DESA, 2022), which draws greater 
attention to the effects of urbanization on the natural 
world. Urbanization is the movement of people from 
rural to urban areas and the conversion of rural envi-
ronment to urban leading to increased population 
size in cities, the expansion of urban land area, and 
growing number of settlements (UN DESA, 2019). 
In 1950 only 30% of the world’s population lived in 
cities while today it is 55% and expected to increase 
68% by 2050 (UN DESA, 2019). Locally, urbaniza-
tion is a complex environmental process with changes 
causing detrimental effects including alteration of the 
local climate, pollution, removal of vegetation, drain-
age and extraction of freshwater, habitat loss and 
fragmentation which result in damaged and degraded 
ecosystems (Grimm et  al., 2008). Urbanization is 
considered as a major driving force of biodiversity 
and species loss (Savard et  al., 2000; McKinney, 
2002; Pauchard et al., 2006; Simkin et al., 2022), and 
urban development causes some of the largest local 
extinctions among native species (Kowarik, 1995; 
McKinney, 2002).

Urbanization has become a major interest of 
stream ecology because many of the rivers and 
streams flowing through populated areas experience 
increased pressures from anthropogenic sources. The 
‘urban stream syndrome’ (Meyer et al., 2005; Walsh 
et  al., 2005) presents a complex biological, physical 
and chemical impact system on streams affected by 
urbanization. The symptoms include changes in flow 
velocity, more frequent flash floods, elevated concen-
trations of nutrients and contaminants, altered chan-
nel morphology and stability. These changes have 
a strong impact on stream-living animals leading 
to reduction in biotic richness and increased domi-
nance of tolerant and often non-native taxa. One of 
the most affected groups are aquatic macroinverte-
brates, which play an important role in stream eco-
systems by feeding on algae, coarse detritus, fine 
particulate organic matter and other aquatic organ-
isms as predators (Cummins, 1974), by engineering 

(Mermillod-Blondin, 2011; Statzner, 2012) and by 
providing food for animals at higher trophic levels, 
such as amphibians (Nery & Schmera, 2016) or fish 
(Covich et  al., 1999). The syndrome causes altera-
tions in species composition, resulting in sensitive 
groups (e.g. Ephemeroptera, Plecoptera, Trichop-
tera) becoming less abundant or even absent in urban 
stream sections, while tolerant taxa, for example 
Oligochaeta and Diptera (mainly Chironomidae), 
become dominant (Walsh et al., 2005). Urbanization 
has an overall negative effect on the species diversity 
of freshwater macroinvertebrates (Gál et al., 2019).

There has been a general need to understand that 
what level of urban degradation causes detectable 
alterations in stream assemblages. For instance, fish 
communities showed fast degradation as impervi-
ous surface cover of the catchment exceeded 10–15% 
(Klein, 1979; Wang et al., 2000, 2001). However, Utz 
et al. (2010) suggested that even the lowest levels of 
urban degradation may cause fish biodiversity loss 
and the sensitivity to urbanization can vary depend-
ing on the species and also on the biogeographic 
region. For macroinvertebrates, Walsh et  al. (2001) 
suggested significantly lower values in taxon rich-
ness once connected catchment imperviousness was 
above 10%. Later, Schueler et al. (2009) and Fitzger-
ald et al. (2012) suggested that this limit should be as 
low as 5%, while Cuffney et al. (2010) indicated that 
any level of impervious surface cover can cause con-
siderable degradation and limits of 10% or 5% do not 
provide a significant safeguard for protection. On the 
other hand, local-scale characteristics have proven to 
be the most important determinants for macroinver-
tebrate assemblages over different spatial scales (Luo 
et  al., 2018), while Gál et  al. (2020) demonstrated 
that local human-made structures, such as road cross-
ings or culverts, can cause a rapid degradation of 
native macroinvertebrate communities. Relatively 
short generation times and presence in a wide range 
of trophic positions mean that stream macroinverte-
brates can react rapidly to environmental alterations 
and even small changes in local habitat properties can 
affect their presence or abundance (Collier & Cle-
ments, 2011).

Urbanization, therefore, involves not only land-
use alterations, but also changes in local physical 
parameters. These changes include microhabitat-
level (i.e. substrate-related) changes, as well as site-
level changes in hydromorphology and in riparian 
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vegetation. Microhabitat complexity is essential in 
the structuring and functioning of freshwater assem-
blages (Taniguchi & Tokeshi, 2004; Willis et  al., 
2005). According to the ‘habitat heterogeneity 
hypotheses’, high variety of habitats leads to high spe-
cies diversity (MacArthur & MacArthur, 1961). Indi-
vidual species of benthic macroinvertebrates are often 
associated with particular microhabitat types (Giller 
& Malmqvist, 1998; Leitner et  al., 2015; Vilenica 
et  al., 2018), and their selection is determined by 
the characteristics of the streambed substrate (Rem-
pel et al., 2000; Vilenica et al., 2018; Doretto et al., 
2022). The quality and heterogeneity of mineral and 
organic substrate define the number of microhabitats; 
therefore, substrate is the primary physical variable 
affecting macroinvertebrate richness and abundance 
(Erman & Erman, 1984; Duan et al., 2008). In urban 
areas, a sudden degradation of the streambed often 
occurs, resulting in poor quality substrates conse-
quently microhabitat and heterogeneity loss.

In terms of site-level changes, urbanization is 
often associated with concrete channelization, includ-
ing straightening and streambank fixation, which 
increases surface imperviousness (Paul & Meyer, 
2001; Walsh et al., 2005). These channels suffer from 
extreme high-flow events with fast periodic ascend-
ing and descending phases (Walsh et al., 2005) with 
increasing the chance of macroinvertebrates drift-
ing downstream or causing direct mortality (Konrad 
& Booth, 2005). A concrete stream bottom prevents 
the connection of surface water to groundwater, 
hence causing a general degradation of the hypor-
heic zone. The interstitial spaces of the hyporheic 
zone are important for their unique fauna (Williams 
& Hynes, 1974) as well as for other macroinverte-
brates in early development stages (Williams, 1984; 
Stubbington, 2012). Interstitial spaces are also crucial 
during high storm events or desiccation by provid-
ing refuge for individuals and by aiding the recolo-
nization process (Stubbington, 2012; Lewandowski 
et al., 2019). The hyporheic zone plays an important 
role in nutrient cycling of streams and also in miti-
gating contamination (Hancock, 2002; Lewandowski 
et al., 2019). Another important change for macroin-
vertebrates is the complete removal or thinning of the 
riparian vegetation along urban stream sections (Paul 
& Meyer, 2001). Riparian vegetation forms an inter-
face between stream and terrestrial ecosystems and 
has an essential role by providing food and refuge for 

stream macro-fauna and by buffering temperature, 
solar radiation and flow regimes (Pusey & Arthing-
ton, 2003; Sargac et al., 2021). Under natural condi-
tions, riparian vegetation has an important effect on 
microhabitat heterogeneity and hydromorphology. It 
decreases riparian erosion, prevents the accumula-
tion of fine sediment in the streambed, determines the 
proportion of different grain sizes and regulates chan-
nel width and water depth. Conversely, it allows the 
accumulation of leaf litter and woody debris, thereby 
increasing microhabitat complexity and regulating 
current velocity.

The Pannon Biogeographic Region, Central 
Europe, has a dense network of flowing surface waters 
with a diverse stream invertebrate fauna including 
endemic species, while it has been experiencing rapid 
urban sprawl (Kovács et  al., 2019; Lennert et  al., 
2020). Recent studies (Bozóki et  al., 2018; Szita 
et al., 2019; Tóth et al., 2019; Czeglédi et al., 2020; 
Erős et al., 2020; Gál et al., 2020) found ambiguous 
results, and thus, further studies were recommended 
to better understand the effects of urban development 
and degradation on stream ecology in this region. The 
Balaton Uplands (Hungary, Central Europe), which is 
located in the region, is part of a National Park with a 
wide range of valuable aquatic ecosystems. It is char-
acterized by small settlements and an associated low 
level of urban development and impervious surfaces 
(e.g. roads). Most of the settlements in the area are 
concentrated along the shore of Lake Balaton, one of 
the main destinations for tourism in Hungary. This 
indicates periodically increasing urban stress during 
the tourist season on influent streams. Furthermore, 
according to projections, Balaton Uplands is one of 
the few areas in the country where population growth 
(due to population reallocation) is expected in the 
near future (Lennert, 2019). Hence, it is crucial to 
understand the effects of urbanization in this area to 
estimate the changes on biodiversity due to increasing 
urban stress and to recommend actions to mitigate the 
impacts on stream ecosystems.

The objective of this study was to examine the 
effect of urbanization on low-order streams in the 
Pannon Biogeographic Region. To achieve this, 
we compared the abiotic and biotic parameters of 
streams flowing from natural areas through a mod-
erately urbanized landscape and examined how local 
environmental variables explained biotic changes. 
Particularly, we were interested in the following 
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questions: (1) Which environmental variables are 
altered in urban streams when comparing with natural 
ones in the Pannon Ecoregion? (2) Does urbanization 
affect macroinvertebrate community attributes such 
as taxa richness and Shannon diversity, as well as 
abundance and assemblage composition? (3) Which 
environmental variables explain changes in commu-
nity attributes? (4) Which group of environmental 
variables explain the highest amount of community 
variation?

Materials and methods

Study area and sites

The study area was located in the Balaton Uplands, 
Hungary (Suppl. Table  1). The climate of this area 
is continental with a slight Mediterranean aspect. 
The annual mean temperature is around 10  °C, and 
the typical annual precipitation is between 600 and 
700 mm. Balaton Uplands area is covered mostly by 
natural deciduous forests, vineyards and agricultural 

areas. There are small (wetted width < 5 m) low-order 
streams flowing through small towns and villages 
towards Lake Balaton, which is the largest lake in 
Central Europe and plays a significant role in provid-
ing ecosystem services such as recreation (tourism, 
fishing, bathing, sailing), food and water supply, and 
regulation of climate. These streams are mostly short 
in length and characterized by a small catchment area 
and low level of catchment urbanization (urban land 
cover is under 10%). Five streams (Aszófői, Burnót, 
Cserkúti, Koloska, Örvényesi) were selected based 
on the criteria of having both natural and urban sec-
tions along their course (Fig.  1). Along streams, six 
sites were selected in natural sections and six sites in 
urban sections, respectively. The length of sampled 
sites varied between 20 and 50  m (usually shorter 
in urban areas), and the distance between sites was 
at least 20  m. The average spatial distance between 
urban and natural sampling sites within streams was 
1.50 km (min. in Örvényesi: 0.57 km, max. in Kolo-
ska: 3.59 km). Hence, based on this sampling design 
we used 5 [streams] × 2 [land use type: natural and 
urban] × 6 [sites] = 60 samples.

Fig. 1  a Hungary in Central Europe with the position of Lake 
Balaton, b Lake Balaton and the studied streams (1: Burnót, 2: 
Cserkúti, 3: Örvényesi, 4: Aszófői, 5: Koloska), c Schematic 
representation of the study design showing Aszófői stream as 
an example. Land cover types based on the Ecosystem Base 
Map of Hungary (Ministry of Agriculture, 2019). Urban: any 

type of buildings, roads, railways, including green areas within 
human settlements; Rural: any tape of agricultural area, Grass-
land: all grassland, Forest: all forest type. Map was made using 
QGIS software with version 3.8.3—Zanzibar (QGIS Develop-
ment Team, 2019)
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Environmental variables

The Stream Visual Habitat Assessment (SVHA) pro-
tocol was used for evaluating abiotic parameters at 
each site. Wetted width at three cross-sections was 
recorded. Physical habitat parameters at three ran-
domly selected points were measured [water depth 
and water velocity (using Valeport Model 801 (Flat) 
EM Flow Meter)] and the streambed material [bed-
rock, boulder (> 25.6  cm), cobble (6.4–25.6  cm), 
pebble (1.6–6.4  cm), gravel (0.2–1.6  cm), sand 
(0.0125–0.2  cm), silt (< 0.0125  cm) and concrete] 
and organic [algae, particulate organic matter (POM), 
wood, macrophytes, terrestrial plants] substrate com-
position was assessed as percentage. To assess the 
different components of riparian vegetation, the pres-
ence of trees, shrubs and grasses at both sides of the 
stream was recorded. Then, we summed the pres-
ence of the six riparian vegetation components into 
a riparian condition index (RCI, ranging between 0 
and 6). Canopy coverage of the sites was assessed 
at the peak of the growing season in mid-summer, 
estimated as percentage of covering. To consider the 
human impact of the sites, we assessed the presence 
of stagnation, bank fixation (left, right, bed), litter, 
sedimentation, pollution, straightening and transverse 
concrete structures at each site. In order to quan-
tify the human impact, we summed the nine human 
impact components into a human impact index (HII, 
ranging between 0 and 9). Environmental variables 
were divided into two groups according to micro-
habitat level (mineral and organic substrate: propor-
tion of bedrock, boulder, cobble, pebble, gravel, sand, 
silt, concrete, algae, POM, wood, macrophytes, ter-
restrial plants) and site level including variables of 
hydromorphology (wetted width, water depth, current 
velocity), riparian vegetation (canopy cover and RCI), 
and human impact index (HII).

Sampling and identification of macroinvertebrates

Aquatic macroinvertebrates were collected in April 
2018. A multihabitat sampling method and “kick and 
sweep” technique with a 500-μm mesh size hand-net 
was used (AQEM Consortium, 2002). At each site, 
ten subsamples were taken, by disturbing an area of 
0.25 × 0.25  m. Subsamples were pooled in the field 
and taken into consideration as a composite sample. 
Collected animals were preserved in alcohol (70% 

ethanol and  Patosolv©) and transported to the labora-
tory for identification. Macroinvertebrates were iden-
tified under stereomicroscope to the lowest possible 
taxonomic level (usually species) by experts using the 
EUTAXA software (Lechthaler & Stockinger, 2005; 
Lechthaler, 2009; Bauernfeind & Lechthaler, 2014) 
and relevant identification keys (Hynes, 1977; Sav-
age, 1989; Bass, 1998; Disney, 1999; Csabai, 2000; 
Bauernfeind & Humpesch, 2001; Csabai et al., 2002; 
Askew, 2004; Waringer & Graf, 2011; Ambrus et al., 
2018). Protected taxa are listed in the valid 100/2012. 
(IX.28.) decree of Ministry of Rural Development, 
while species classified as non-native based on DAI-
SIE—Delivering Alien Invasive Species Inventories 
for Europe (DAISIE, 2009).

Statistical analyses

Spearman’s rank correlation tests were used to ana-
lyse the relationships between environmental vari-
ables. Standardized principal component analysis 
[PCA; (Podani, 2000)] and permutational multivari-
ate analysis of variance using distance matrices (PER-
MANOVA or ADONIS in R, hereafter ADONIS) 
(Anderson, 2001) with Euclidean distance were 
used to assess differences in environmental variables 
between urban and natural sites.

Linear mixed-effects models (LME models) were 
used to test the effect of urbanization on the num-
ber of taxa (taxa richness), Shannon diversity and 
the number of individuals (abundance, log-trans-
formed) for the whole macroinvertebrate and EPT 
(Ephemeroptera, Plecoptera and Trichoptera) com-
munities. Taxa richness, Shannon diversity and 
macroinvertebrate abundance were used as response 
variables, stream section  (2 levels: natural, urban; 
and 30 replicates per level) was a fixed factor, and 
stream identity (5 levels: Aszófői, Burnót, Cserkúti, 
Koloska, Örvényesi; and 12 replicates per level) 
was a random factor, while the number of samples 
was 60 (N = 60). EPT abundances were dominated 
by a single taxon; thus, the analysis of abundance 
of EPT was conducted without Baetis rhodani 
(Pictet, 1843). Therefore, the abundance of EPT 
was marked as Abu-EPT-Br (-Br subindex refers to 
assemblage without B. rhodani). The percentage 
of EPT species from all macroinvertebrate spe-
cies (relative richness, EPT%) was determined for 
each site, and an LME model was used to test how 
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urbanization affected the relative richness of EPT 
species. LME models were used to test the effect of 
urbanization on each dominant taxon. Abundances 
of B. rhodani, Electrogena ujhelyii (Sowa, 1981) 
and Chironomidae were log(x + 1)-transformed, 
while abundances of Gammarus roeselii Gervais, 
1835 and G. fossarum Koch, 1836 were square-
root-transformed to better meet the assumptions of 
normality. Similar to previous analyses, abundance 
was used as a response variable, while stream sec-
tion (natural, urban) was used as a fixed factor. We 
included stream identity (Aszófői, Burnót, Cserkúti, 
Koloska, Örvényesi) in the models as a random 
factor.

Non-metric multidimensional scaling (NMDS, 
Kruskal, 1964) and ADONIS (Anderson, 2001) with 
Bray–Curtis distance was used to test the commu-
nity-based separation of natural (N = 30) and urban 
(N = 30) sections. We used all macroinvertebrate 
taxa, as well as only EPT taxa in a separate analy-
sis as dependent variables, while stream section and 
identity were independent variables. Spearman’s rank 
correlation tests were used to evaluate relationships 
between environmental variables and macroinverte-
brate taxa richness, abundance and Shannon diversity 
for the entire macroinvertebrate and separately for 
EPT assemblages. The response of the most abundant 
taxa was also analysed.

Variance partitioning (VP; Borcard et  al., 1992) 
with redundancy analysis (RDA) was used to examine 
how microhabitat-level as well as site-level param-
eters explained assemblage variation of the entire 
macroinvertebrate assemblage, and EPT separately. 
We examined natural and urban sections separately. 
Negative variances were considered as zero vari-
ances (Legendre, 2008). The following variables were 
excluded from variance partitioning analyses due to 
their zero variance: the proportion of terrestrial plants 
and concrete in natural sections, and the proportion 
of bedrock, boulder and wood in urban sections. 
Stepwise (both forward and backward) model selec-
tion methods were used to derive the best fit model 
for both microhabitat level and site level (Blanchet 
et al., 2008). An analysis of variance (ANOVA)-like 
permutation test for redundancy analysis was used to 
test the significance of the different partitions such as 
the RDA models of microhabitat-level and site-level 
parameters. Statistical analyses were performed in R 
(R Development Core Team, 2020) using packages 

‘vegan’ (Oksanen et  al., 2019), ‘lmerTest’ (Kuznet-
sova et al., 2020) and ‘PerformanceAnalytics’ (Peter-
son et al., 2020).

Results

Habitat properties

Spearman correlations showed that the proportion 
of algae was highly (ρ > 0.75) correlated with the 
proportion of concrete, current velocity and the HII 
index, while the proportion of concrete and the HII 
index were highly correlated. The HII index showed 
highly negative correlations with the proportion of 
sand and canopy cover (Suppl. Table  2). The PCA 
showed a marked separation of urban and natural 
sites (Fig. 2). Natural sites are positioned at the posi-
tive values of the first PCA axis, while urban sites at 
the negative values of the first PCA axis. Urban sites 
were characterized by a high proportion of concrete, 
algae, plants and higher current velocity. Natural sites 
showed considerable variability. Some sites showed a 
high proportion of particulate organic matter (POM) 
and wood (negative values of the second PCA axis), 
while other natural sites were wider with cobble and 
boulder substrates (positive values of the second PCA 

Fig. 2  Standardized PCA of the sites based on the environ-
mental variables of the studied sections (natural: green sym-
bols, urban: dark grey symbols; ordination hulls: N: natural, U: 
urban), showing the five examined streams
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axis). A higher proportion of canopy cover and bet-
ter condition of riparian vegetation also character-
ized natural sites. Individual streams offered unique 
habitats for macroinvertebrates. ADONIS showed 
a significant difference between natural and urban 
sites (df = 1, SS = 202,389, R2 = 0.297, F = 24.533, 
P < 0.001) and between streams (df = 4, SS = 195,821, 
 R2 = 0.288, F = 5.551, P < 0.001). Section and stream 
identity explained very similar amounts of variation 
of environmental variables.

General effect of urbanization

Altogether 108 taxa were identified from the col-
lected 29,691 individuals (Suppl. Table 3). The most 
abundant (> 1,000 individuals) taxa were Gammarus 
roeselii (11,267 individuals), Baetis rhodani (6,067 
individuals), Gammarus fossarum (4,408 individu-
als), Chironomidae (2,032 individuals) and Electro-
gena ujhelyii (1,136 individuals). We identified 3 pro-
tected [Astacus astacus (Linnaeus, 1758), Calopteryx 
virgo Linnaeus, 1758, Orthetrum brunneum Fons-
colombe, 1837] and one non-native, invasive [Pota-
mopyrgus antipodarum (Gray, 1843)] taxa. The inva-
sive snail was present only in one stream with low 
abundance (40 individuals). Trichoptera was repre-
sented by the highest number of taxa (33), while there 
was only one species of Decapoda [Astacus astacus 

(Linnaeus, 1758)] and Megaloptera (Sialis fuliginosa 
Pictet, 1836).

Taxa richness of macroinvertebrate community 
ranged between 6 and 28 taxa per site. Taxa richness 
was higher for natural sites (natural: mean = 16.400, 
sd. = 4.731, N = 30; urban: mean = 12.733, 
sd. = 4.394, N = 30). The LME model for taxa rich-
ness showed that urbanization had a negative effect 
on the number of taxa (Welch–Satterthwaite t-test: 
urban section estimate = −  3.667, s.e. = 1.039, 
df = 54, t =  −  3.529, P < 0.001) and stream iden-
tity as a random factor explained 26% of the total 
variance. Streams showed considerable variability 
around the effect of urbanization (Fig.  3). Shannon 
diversity indices ranged between 0.666 and 2.289 
(natural: mean = 1.499, sd. = 0.350, N = 30; urban: 
mean = 1.297, sd. = 0.247, N = 30). The LME model 
showed that local urbanization had a negative effect 
on Shannon diversity (Welch–Satterthwaite t-test: 
urban section estimate = − 0.203, s.e. = 0.062, df = 54, 
t = − 3.246, P = 0.002). Stream identity as a random 
factor explained 41% of the total variance. Shannon 
diversity also showed substantial heterogeneity in 
different streams (Fig. 4). The number of individuals 
ranged between 78 and 1,818 per site and was higher 
in urban sites (natural: mean = 391.733, sd. = 178.093, 
N = 30; urban: mean = 597.967, sd. = 425.908, 
N = 30). The statistical model for abundance data 
showed that local urbanization had no effect on the 

Fig. 3  The mean (bar) and 
standard error (whiskers) 
of the taxa richness of mac-
roinvertebrate assemblage 
in natural (green) and urban 
(dark grey) sections of the 
studied streams
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number of individuals (Welch–Satterthwaite t-test: 
urban section estimate = 0.266, s.e. = 0.157, df = 54, 
t = 1.690, P = 0.097). Stream identity as a random fac-
tor explained 25% of the total variance. Abundances 
varied in different streams (Fig. 5).

Ephemeroptera, Plecoptera and Trichoptera (EPT) 
were present with 44 taxa and 9,562 individuals. EPT 
richness ranged between 1 and 13 species per site 
(natural: mean = 7.300, sd. = 2.706, N = 30; urban: 
mean = 5.100, sd. = 2.496, N = 30). The LME mod-
els showed that urbanization had a negative effect on 

the richness (Rich-EPT), as well as on the number 
of individuals (Abu-EPT-Br) and the Shannon diver-
sity of EPT (Sha-EPT), while the relative richness of 
EPT (EPT%) showed no relationship with urbaniza-
tion (Table 1). Among the dominant species, urbani-
zation showed negative (Electrogena ujhelyii), neutral 
(Gammarus fossarum, Chironomidae) and positive 
(Baetis rhodani, Gammarus roeselii) effects on the 
number of collected individuals (Table 1).

NMDS (Fig.  6) showed a clear separation of the 
samples among the macroinvertebrate assemblages 

Fig. 4  The mean (bar) and 
standard error (whiskers) 
of the Shannon diversity 
of macroinvertebrate assem-
blages in natural (green) 
and urban (dark grey) sec-
tions of the studied streams

Fig. 5  The mean (bar) and 
standard error (whiskers) of 
the number of individuals 
of macroinvertebrate assem-
blages in natural (green) 
and urban (dark grey) sec-
tions of the studied streams
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collected at natural and urban sites. Natural sites 
were mainly associated with negative values of the 
second NMDS axis, while urban sites were associ-
ated with positive values of the second NMDS axis. 
ADONIS showed that stream identity had a greater 
ability to partition sites than stream section (Table 2). 
It appeared that streams possessed unique community 

members, which were present only in a given stream, 
and however, ordination hulls showed that sites were 
also separated according to section within streams. 
According to the NMDS plot, the assemblages of cer-
tain streams were more similar; for example, Cserkúti 
and Örvényesi or Koloska and Aszófői stream, while 
Burnót stream was distinctly separated from the other 
streams. The urban sites were more clustered within 
and more separated between streams, while natu-
ral sites were more scattered and less separated. The 
NMDS performed exclusively on EPT assemblages 
showed a somewhat different result (Suppl. Fig.  1, 
Suppl. Table  4). Natural and urban sites were sepa-
rated mostly along the first NMDS axis. Contrary 
to the results of the entire macroinvertebrate assem-
blages, streams were not well separated.

Relationship between local environmental 
variables and biotic attributes of macroinvertebrate 
assemblages

Taxa richness of the entire macroinvertebrate assem-
blage (Rich-Ent) was negatively correlated with the 
proportion of concrete and algae (Table 3) at micro-
habitat level, while it was positively correlated with 
wetted width at site level. The abundance of the entire 
macroinvertebrate assemblage (Abu-Ent) did not cor-
relate strongly with the any of environmental vari-
ables (Table 3). Shannon diversity (Sha-Ent) showed 
a strong positive correlation with wetted width 
(Table 3).

Considering only EPT, taxa richness (Rich-EPT) 
showed a positive correlation with POM, wood 
and canopy cover, and negative correlation with 
the proportion of concrete, algae and current veloc-
ity (Table 3). The abundance of EPT without Baetis 

Table 1  The output of 
LME models explaining 
the effect of urbanization 
(Estimate) on the 
community attributes 
of EPT (Rich-EPT: taxa 
richness of EPT, Abu-
EPT-Br: abundance of EPT 
without Baetis rhodani, 
Sha-EPT: Shannon diversity 
of EPT, EPT%: relative 
richness of EPT) and on the 
dominant taxa

Attribute/Taxa Transformation Estimate Std. error df t value P value

Rich-EPT – − 2.233 0.583 54 − 3.829  < 0.001
Abu-EPT-Br Log − 0.804 0.198 54 − 4.062  < 0.001
Sha-EPT – − 0.796 0.072 54 − 11.08  < 0.001
EPT% – − 5.026 2.873 54 − 1.749 0.086
Gammarus roeselii Square root 3.506 1.717 54 2.042 0.046
Baetis rhodani Log 1.639 0.258 54 6.340  < 0.001
Gammarus fossarum Square root − 0.596 0.725 54 − 0.821 0.415
Chironomidae Log 0.148 0.242 54 0.614 0.542
Electrogena ujhelyii Log − 2.257 0.246 54 − 9.193  < 0.001

Fig. 6  NMDS plot of sites based on the identified taxa show-
ing the separation according to section (green symbols: natu-
ral, dark grey symbols: urban; ordination hulls: N: natural, U: 
urban) and stream

Table 2  Summary of the PERMANOVA (ADONIS) testing 
the effect of section and stream identity on the identified taxa 
(number of permutations: 999)

Factor df SS R2 F P

Section 1 1.542 0.098 11.268 0.001
Stream id 4 6.736 0.430 12.303 0.001
Residuals 54 7.391 0.472
Total 59 15.669 1.000
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rhodani (Abu-EPT-Br) was positively correlated with 
the proportion of gravel, wetted width and water 
depth, while negatively correlated with the proportion 
of concrete. Shannon diversity (Sha-EPT) showed a 
strong positive correlation with the proportion of cob-
ble, gravel, sand, POM, wood, wetted width and can-
opy cover. Sha-EPT was negatively correlated with 
the proportion of concrete, the proportion of algae, 
current velocity and the HII index. The proportion of 
EPT within the entire macroinvertebrate assemblage 
(EPT%) did not show strong correlations (Table 3).

The abundance of Baetis rhodani was strongly 
negatively correlated with the proportion of gravel, 
sand and wetted width, and strongly positively cor-
related with the proportion of concrete. It was posi-
tively correlated with the HII index. The abundance 
of Electrogena ujhelyii was strongly positively corre-
lated with the proportion of boulder, cobble, pebble, 
gravel, sand and the proportion of POM and canopy 
cover. It was strongly negatively correlated with the 
proportion of concrete, the proportion of algae, cur-
rent velocity and the HII index. E. ujhelyii abundance 
was positively correlated with the proportion of wood 
and wetted width. The abundance of Gammarus 
roeselii was strongly negatively correlated with the 
RCI index and negatively correlated with the propor-
tion of pebble and silt. It was positively correlated 
with the proportion of macrophytes and wood, and 
water depth. The abundance of G. fossarum showed 
a similar pattern but in the opposite direction: posi-
tively correlated with the proportion of pebble, while 
negatively correlated with the proportion of wood and 
water depth. The abundance of Chironomidae was 
strongly negatively correlated with wetted width and 
water depth and showed a positive correlation with 
the proportion of silt and the RCI index (Table 3).

Community variation

Regarding the entire macroinvertebrate assemblage 
of natural sections, variance partitioning showed 
that microhabitat level explained the highest pure 
variation (21%), while site-level parameters had 
limited pure explanation power (1%, Table  4). The 
shared effect of microhabitat- and site-level param-
eters explained 17% of total variance. The total 
explained variance was 39%. When the assemblages 
of urban sections were analysed, variance partition-
ing showed that both microhabitat and site-level 

parameters explained purely a large variation (35% 
and 26%, respectively), followed by a shared effect 
(9%, Table 4). The total explained variance was 70%, 
resulting in remarkably less residual variance than in 
natural section. All RDA models were significant.

Microhabitat-level variables explained the high-
est variation (27%) within the EPT assemblages of 
natural sections, followed by a shared effect of micro-
habitat- and site-level parameters (3%) and a pure 
effect of site-level parameters (2%, Table 4). The total 
explained variance was 32%. When the assemblages 
of urban sections were analysed, site-level parameters 
explained the largest amount of community variation 
(25%). The shared effect of microhabitat- and site-
level variables explained 36%, while microhabitat-
level variables had a limited explanatory power (4%, 
Table 4). The total explained variance was 65%. All 
RDA models were significant.

Discussion

The ecological consequences of urban development 
are not fully understood. Scientific evidence suggests 
that even a moderate degree of urbanization might 
have a negative effect on the diversity and composi-
tion of stream organisms (Cuffney et al., 2010; Collier 
& Clements, 2011; Richardson, 2019). It is not clear, 
however, whether and how the urbanization-related 
alterations caused by the local physical habitat deg-
radation drive these changes. We found that low-order 
streams suffer from considerable local degradation 
while flowing from natural forested areas to moder-
ately urbanized landscapes. The habitat of natural and 

Table 4  Results of the variance partitioning (explained vari-
ance in %) of the entire macroinvertebrate assemblage and the 
EPT assemblage collected from natural and urban stream sec-
tions separately

Explained variables proved to be significant by RDA
Micro microhabitat-level variables, site site-level variables

Section Micro Site Micro + Site Residuals

All macroinvertebrates
 Natural 21 1 17 61
 Urban 35 26 9 30

EPT
 Natural 27 2 3 68
 Urban 4 25 36 35
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urban stream sections differed regarding microhabi-
tat- and site-level parameters. These differences in 
habitat parameters contributed to a reduced richness 
and an altered composition of macroinvertebrates. 
Our analyses revealed that stream identity explained 
a remarkable amount of community variation. This 
finding suggests that more attention needs to be paid 
to the individual response of streams to urbanization.

In our study, urban and natural sections were dif-
ferent in terms of local environmental variables. 
Substrate heterogeneity displayed a shift in response 
to urbanization. Urban sites were characterized by 
a straight stream channel, less variable mineral sub-
strate and by the dominance of concrete surface. 
Furthermore, streams were narrower, shallower and 
flowing faster in these sites, which is common in 
urban streams because of the channelization and con-
crete lining of the streambed (Paul & Meyer, 2001; 
Walsh et  al., 2005). Riparian vegetation was gener-
ally reduced along the urban sites, which allowed 
the growth of herbaceous plants and algae due to the 
lack of light limitation by the canopy (Taylor et  al., 
2004; Sargac et  al., 2021). This growth might also 
indicate nutrient-limited conditions in natural sites, 
while the urban sites receive a higher nutrient load 
(Taylor et  al., 2004; Walsh et  al., 2005). Leaf litter 
and other allochthonous organic matter input were 
limited in urban sites similar to the findings of Sar-
gac et al. (2021). In our case, urbanization influenced 
each local stream environment similarly, implying a 
direct link with habitat degradation. This contradicts 
with results by Czeglédi et al. (2020) who did not find 
any relationship between urbanization-related vari-
ables and local stream environmental variables in the 
same ecoregion.

The macroinvertebrate community differed signifi-
cantly between the urban and natural sites, but each 
stream had unique communities even in the urban 
sections. It seems that the effect of local (individual 
stream) species pools cannot be overridden by the 
effect of urbanization. This was previously shown on 
fish assemblages (Stoll et  al., 2014; Czeglédi et  al., 
2020) and in tropical macroinvertebrate communities 
(Al-Shami et al., 2014). The well-documented nega-
tive effects of urbanization, such as biotic homogeni-
zation, were less apparent in our study. Similarly, Utz 
et  al. (2010) showed substantial differences regard-
ing the effects of urbanization depending on the geo-
graphic region, regional species pool, and moreover, 

the local species composition. We postulate that the 
lack of a uniform response by local species pools 
could be due to the relatively low level of urbaniza-
tion in our study area. Presumably, when urban deg-
radation is more intense (i.e. the amount of artifi-
cial surface cover is higher, pollution is greater and 
hydromorphology is even more altered), the effect of 
urbanization may be greater than the effect of stream 
identity. Communities under such conditions may be 
less resilient, and the original species pool would be 
less determining. Szita et  al. (2019), however, did 
not find significant separation of assemblage struc-
ture between urban and reference sites in the same 
region, though their study area included a larger city. 
One of the reasons could be that their studied com-
munities were already more degraded than those in 
this study. Alternatively, it could be because they 
compared sites upstream and downstream of the city, 
which implies that the community might regenerated 
after urban effect. For instance, the study of Gál et al. 
(2020) indicated that macroinvertebrates can recover 
relatively quickly after alteration. On the other hand, 
we found weaker responses of EPT assemblages to 
urbanization compared with the entire macroinverte-
brate assemblage. Moreover, EPT compositions were 
comparatively similar in different streams. Differ-
ent taxonomic groups of EPT respond differently to 
human alterations and even responses on a species 
level can affect the results greatly. The level of urban 
degradation in our sites may favour tolerant taxa, but 
it might not have reached the threshold to filter the 
more sensitive taxa.

Taxa richness and Shannon diversity were signifi-
cantly lower in urban sites than in natural sites. This 
finding is similar to other studies reporting a negative 
relationship of richness and diversity with urbani-
zation (Walsh et  al., 2005; Stepenuck et  al., 2008; 
Cuffney et  al., 2010; Wang et  al., 2012; Gál et  al., 
2019; Gao et al., 2022), though another study in the 
Pannon Biogeographic Region found a positive cor-
relation between Shannon diversity and urbanization 
level at the landscape scale (Bozóki et  al., 2018). 
Similar to the results of Gál et al. (2019), we observed 
that stream identity explained a large amount of vari-
ance, indicating high heterogeneity in the effect of 
urbanization on macroinvertebrate diversity between 
streams.

While richness and diversity showed a decrease 
due to urbanization, we did not find a significant 
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difference between the abundance of macroinver-
tebrates in natural and urban sites. Other studies 
showed that macroinvertebrate abundance can signifi-
cantly increase downstream along the urban gradient 
as pollution increases (Álvarez-Cabria et  al., 2011), 
especially in tropical areas where carbon sources are 
mostly autochthonous (Lau et  al., 2009; Wiederkehr 
et  al., 2020; Gao et  al., 2022), whereas at temper-
ate climates abundance decreases downstream (Paul 
& Meyer, 2001). At higher levels of urbanization, 
increased abundance can be caused by high numbers 
of Chironomidae and Oligochaeta (Paul & Meyer, 
2001; Walsh et  al., 2005). However, in our study 
Chironomidae abundance showed no significant dif-
ference between natural and urban sites, whereas the 
abundance of Oligochaeta was negligible at all sites. 
The high number of individuals in urban sites was 
explained by Gammarus roeselii and Baetis rhodani. 
Although Gammarus species tend to be generalists 
in European streams and have a wide dietary breadth 
while Baetis rhodani is one of the most widespread 
mayfly species, they are far less tolerant than Oli-
gochaeta or Chironomidae (Gabriels et al., 2010).

Though tolerant macroinvertebrate taxa tend to 
increase in number due to urbanization, EPT taxa 
usually appear to be more sensitive. Because of this, 
they are often used in water quality assessments as 
indicators of pollution-free, well-oxygenated waters 
(Lenat, 1988; Hamid & Rawi, 2017). Hence, our 
finding of significantly lower species richness, Shan-
non diversity and abundance in the urbanized sites is 
in accord with previous studies (Walsh et  al., 2007; 
Cuffney et al., 2010; Álvarez-Cabria et al., 2011; Col-
lier & Clements, 2011; Wang et al., 2012; Luo et al., 
2018). However, the relative richness of EPT did not 
change between urban and natural sites, remaining 
around 40% in both types of sections. This could be 
due to some of the more tolerant EPT taxa remain-
ing in the community, while other, non-EPT taxa 
decreased in richness at the urban sites.

The analysis on individual taxa indicated dif-
ferences in their abundances between natural and 
urban sites. An example for this could be the may-
flies Baetis rhodani and Electrogena ujhelyii. Both 
species belong to the functional feeding group of 
scrapers (Cummins & Klug, 1979) grazing on peri-
phytic algae as their main food source (Schmedtje 
& Colling, 1996; Tachet et  al., 2000). As Bae-
tis rhodani showed a higher abundance in urban 

sections, Electrogena ujhelyii was more abundant in 
natural sections, which might indicate the replace-
ment of one species by the other depending on the 
level of urbanization. For instance, Baetis rhodani is 
tolerant against potential urban effects, such as heavy 
metal pollution (Rehfeldt & Söchtig, 1991). Gál et al. 
(2020) also found that B. rhodani is a tolerant species 
when studying the effect of road crossings on mac-
roinvertebrate diversity, while Vilenica et  al. (2018) 
noted that B. rhodani can be found on a wide range 
of substrates and prefers high water velocity, which 
is common in urban streams. In our study, B. rhodani 
showed a negative correlation with natural mineral 
substrate, but a positive correlation with concrete 
cover. The heptageniidaean Electrogena ujhelyii pre-
ferred natural substrate, while its abundance showed 
a negative correlation with concrete cover and cur-
rent velocity. The body size of the final instar larvae 
of Baetis is smaller than those of Electrogena and 
small size may be advantageous in urban stream sites 
(Edegbene et al., 2020). Although Baetis rhodani was 
common in most streams, it was largely absent in the 
Burnót stream. Moreover, other species of the Baetis 
genus (B. vernus Curtis, 1834, B. muticus (Linnaeus, 
1758), B. pentaphlebodes Ujhelyi, 1966) were absent 
in Burnót stream, while present in other streams. It 
is interesting to note that the invasive New Zealand 
mudsnail (Potamopyrgus antipodarum) was present 
only in this stream. Although we detected this snail 
with low abundance, it is known that the population 
of P. antipodarum can strongly fluctuate seasonally 
and annually in European and North American fresh-
waters (Extence, 1981; Moffitt & James, 2012; Moore 
et al., 2012; Gérard et al., 2018). As the diets of the 
snail and Baetis species partially overlap [both taxa 
graze on periphyton, but the diet of Potamopyrgus 
antipodarum includes organic detritus and macro-
phytes as well (Alonso & Castro-Díez, 2008)], inter-
specific competition could be the explanation. The 
negative effect of P. antipodarum on native grazer 
taxa has been demonstrated (Moore et al., 2012). On 
the other hand, as Burnót is the largest of our studied 
streams, it may support the presence of fish which can 
exert predatory pressure explaining the rather unique 
macroinvertebrate community.

We detected two gammarid species (Gammarus 
roeselii and G. fossarum) whose niche segregation 
is known (Mauchart et  al., 2014). In our study, G. 
roeselii showed a preference for urban sites and the 
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two species showed opposite correlations with some 
of the environmental variables. Mauchart et al. (2014) 
demonstrated that G. roeselii can adapt to degraded 
conditions, but G. fossarum is usually a superior 
competitor. In addition, Krasznai et al. (2016) found 
that G. roeselii prefers lower altitudes, higher conduc-
tivity, higher temperature, fine bed substrate and plant 
coverage, all typical characteristics of urban streams, 
while G. fossarum showed a preference for higher 
altitudes, coarse bed substrate and lower temperature, 
which indicate close-to-natural conditions.

Macroinvertebrate richness and diversity were 
positively related to natural environmental conditions 
both on a microhabitat and site level. In contrast, 
urban-related changes, such as high proportion of 
concrete or high current velocity, negatively affected 
richness and diversity. The human impact index (HII) 
seemed to be a good predictor for local habitat degra-
dation and linked well to microhabitat-level degrada-
tion indicators. Considering the riparian parameters, 
canopy coverage was evidently a better indicator of 
natural conditions than the riparian condition index 
(RCI). The reason for this may be that RCI assessed 
not only trees, but also shrubs and grasses that have 
far less significance than trees, which have direct 
effects on stream fauna by providing organic mat-
ter and shading. Riparian tree cover was negatively 
related to the presence of shrubs and mainly grasses, 
which were often absent on natural stream sites where 
canopy cover was very high, while the deforested 
urban sites provided unshaded opportunities for these 
plants. Canopy cover was an important indicator for 
EPT assemblage attributes, while Baetis rhodani was 
negatively related to both riparian canopy cover and 
RCI, similar to the findings by Forio et al. (2020).

Variance partitioning showed that under natural 
conditions microhabitat-level environmental variables 
had a more decisive role in structuring macroinverte-
brate assemblages than site-level parameters. In urban 
sections, site-level became more important and for 
sensitive taxa (EPT) it played a larger role than micro-
habitat. This finding indicates that under urban con-
ditions not only microhabitat heterogeneity but also 
larger-scale effects could determine assemblage com-
position. Environmental factors appeared to explain 
a higher amount of community variation in urban 
compared to natural sections. The larger amount of 
unexplained variance in the natural sections could be 
due to the biotic interactions or natural stochasticity. 

Turrini et  al. (2016) demonstrated that urbanization 
can decrease direct and indirect trophic interactions, 
such as top-down control by predators. This indicates 
that in urban streams environmental conditions might 
become more important, while biological interactions 
may be less prevalent in shaping local compositions. 
However, urban-related environmental degradation 
was similar in every stream, and the biotic attributes 
showed remarkably high variation between streams. 
This evidence may highlight the relevance of the local 
(stream) species pool in determining the biological 
response to urbanization. Alternatively, it could also 
mean that moderate differences in the degree of local 
habitat degradation or larger scale differences (e.g. 
different settlement size, closeness to Lake Balaton) 
may trigger distinct responses by macroinvertebrates.

Conclusions

This study indicated that low levels of urbanization 
can degrade stream macroinvertebrate assemblages. 
According to the results, low levels of urbanized 
conditions caused a shift from highly sensitive com-
munities to more tolerant communities. We showed 
a significant effect of both microhabitat- and site-
level environmental parameters on macroinvertebrate 
assemblages. This finding supports the notion that 
recovery of microhabitat heterogeneity without site-
level or a larger-scale approach may not be enough 
for the effective rehabilitation of macroinverte-
brate communities in urbanization-affected streams 
(Palmer et al., 2010; Verdonschot et al., 2016; Zerega 
et al., 2021). Conversely, stream identity had a large 
impact on macroinvertebrate variation, indicating 
that the urban degradation of assemblages is strongly 
dependent on the composition of individual streams. 
These individual responses of streams to urban stress 
imply that individual-site management is required 
in the prevention, mitigation and recovery processes 
and suggests that there are likely to be no general 
treatments to mitigate the effects of urbanization in 
streams. Low-order streams are essential parts of the 
river network, and their biota are critical for fresh-
water biodiversity (Meyer et  al., 2007; Richardson, 
2019). Our sites were not highly urbanized, similar 
to other studies in the region (Czeglédi et  al., 2020; 
Gál et  al., 2020), yet the negative effects of urbani-
zation on macroinvertebrate assemblages were clear. 
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However, further research is needed to have bet-
ter knowledge of the effects of urbanization in this 
region, supplementing taxonomical data with func-
tional responses.
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