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Abstract Agriculture and urbanisation, the two

forms of land use, represent serious threats to the

ecological status of aquatic ecosystems, especially in

the case of small streams at low altitudes. In this study,

75 Hungarian streams were analysed to explore the

effects of these land use types on the composition of

benthic diatom communities and their richness. In the

Carpathian region, species and trait composition, as

well as species richness, varied primarily according to

the local environmental variables followed by the

shared effects of the environmental factors and land

use types. At the same time, functional richness was

chiefly explained by the pure effects of land use.

However, the difference in trait composition between

areas dominated by forest (low profile guild, small cell

size) and agriculture (motile ecological guilds with

middle size, linear-lanceolate shape) was obvious.

Higher proportion of water and artificial surfaces

might support the spread of diatom species with

specific traits: low profile guild with a slightly

elongated outline. Nevertheless, no effect of urbani-

sation on the set of traits, species composition and

richness was detected at either local or catchment

scale, which might be due to the relatively small

portion of artificial surfaces in the watersheds as a

whole.

Keywords Diatoms � Traits � Richness � Catchment

properties

Introduction

Most of the world’s ecosystems are threatened in some

degree by anthropogenic disturbance and climate

change leading to a rapid, continuous decline in the

Earth’s biodiversity (e.g. Butchart et al., 2010) and a

previously unprecedented rate of species extinction

(Barnosky et al., 2011). Rivers and streams are most

affected by these disturbances (Dudgeon et al., 2006).

This situation gives rise to an urgent need to under-

stand and predict the consequences of anthropogenic

disturbance of ecosystems, which has guided recent
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scientific trends. The NAWQA [National Water

Quality Assessment program] (1991-) in the USA,

SASS (South Africa Scoring System, 1992-) in South

Africa and WFD (Water Framework Directive, 2000-)

in the European Union have already been supporting a

number of research projects which focus on the factors

determining ecological status of surfaces waters.

On regional scale (i.e. on the catchment basins and

ecoregion levels), climate, geology, hydrogeology and

anthropogenic activities collectively influence the

local variables of streams (e.g. current velocity, water

temperature and chemical parameters) (Stevenson

et al., 1996). Among the numerous anthropogenic

pressures, agricultural land use and urbanisation

(Allan, 2004) represent serious and cumulative threats

to the dynamics and status of aquatic ecosystems

worldwide (Richards et al., 1996; Grimm et al., 2008),

especially in the reduction of diversity (Li et al., 2020).

Catchment basins are degraded by the conversion of

forests and natural pasture lands to agricultural uses,

with the concomitant intensive application of pesti-

cides, herbicides and fertilizers, moreover, the regu-

lation of streams, rivers and the drainage of wetlands

causing water pollution, stream bed erosion, reduc-

tions in water quality and quantity and other environ-

mental and ecological problems (Hoorman et al.,

2008). High population density, inputs from industrial

and domestic sewage and a modified riparian zone of

streams are all characteristic of urban areas (Docile

et al., 2016), which can lead to the loss of diversity and

the homogenisation of aquatic communities (Barnum

et al., 2017). The global increase in urban settlements

(Seto et al., 2011) has resulted in a significant rise in

the extent of the area covered by impermeable surfaces

(e.g. roads, roofs, parking places) (Walsh et al., 2004)

in many catchment areas. The presence of such

surfaces accelerates runoff and, consequently, modi-

fies the hydrological cycle (Sterling et al., 2012).

Furthermore, increasingly unpredictable storms and

extreme weather events make it easier for toxic

substances and nutrients to reach surface waters

(Wang et al., 1997).

Rivers at lower altitudes with relatively longer

residence times are evenmore exposed to the effects of

intensive land use (Stoate et al., 2001). Small streams

with relatively large catchment areas are dispropor-

tionately affected by human activity making them

more vulnerable, as their small volume does not allow

the effective dilution of the various pollutants (Borics

et al., 2016). For these reasons, the analysis of such

catchments is a matter of urgency for researchers (Qu

et al., 2018).

Aquatic organisms (fish, macroinvertebrates, dia-

toms; e.g. Hering et al., 2006) indicate quite well the

characteristics and degradation level of the catchment

area (Walsh & Wepener, 2009). Diatoms are espe-

cially good indicators of catchment land use (Dahm

et al., 2013), and can serve as a proxy of the degree of

eutrophication (Bellinger et al., 2006), urbanisation

(Newall & Walsh, 2005) and inorganic pollution

(Dela-Cruz et al., 2006). A number of studies have

examined the effect of land use on different organ-

isms, such as fishes (e.g. Wang et al., 1997; Tóth et al.,

2019), macroinvertebrates (Sponseller et al., 2001;

Jonsson et al., 2017) and diatoms (e.g. Leland, 1995;

Walsh & Wepener, 2009; Teittinen et al., 2015;

Oeding et al., 2018), considering their integrated or

separated responses. Some of the comparative studies

(Dahm et al., 2013; Tolkkinen et al., 2016) revealed

the greater sensitivity and stronger response of diatom

communities (Mangadze et al., 2016). However, these

earlier diatomological studies focused on the tradi-

tional, species-based community analyses, and in spite

of their great number, the understanding of the

complex effect of land use on lotic ecosystems and

ecological processes remained a major challenge (Pan

et al., 2004; Allan, 2004). The development and test of

different ecological approaches may serve as a basis

for collecting knowledge about freshwater ecosystems

in order to protect, manage or restore them (Vör-

ösmarty et al., 2010.)

The functional, trait-based approach may also

represent a new way of revealing these processes, as

it possesses many advantages: easier and faster

identification of the different traits, and its use is

irrespective of ecoregions, thereby offering a more

robust, ecological meaningful knowledge (e.g. Dolé-

dec & Statzner, 2008; Flynn et al., 2011) as opposed to

species-based methods. The functional approach uses

different, ecologically important traits of several

species to provide a more accurate prediction of

ecosystem function and enhance the proportion of

variance in a community explained by environmental

variables (Abonyi et al., 2018; Stenger-Kovács et al.,

2020). In recent years, more studies have dealt with the

effect of land use from a functional perspective, as it is

reported for macroinvertebrates (Barnum et al., 2017)

and phytoplankton (Qu et al., 2018), where there is a
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longer tradition of this approach (e.g. Wallace &

Webster, 1996; Reynolds et al., 2002) when compared

to diatoms (e.g. Berthon et al., 2011; Novais et al.,

2014).

The main goal of the present study was to examine

the effects of the catchment scale land use forms and

related environmental variables on the diatom species

and trait composition. Furthermore, we aimed to

determine their relative contribution (pure and shared

effects) to the explained variation in community

structure regarding both species and trait composition,

as well as in species and functional richness. In further

analyses, we specified the relationships between land

use types and traits, and land use types and richness.

Beside the catchment scale effect of urbanisation, we

also highlighted its local effects; therefore, we com-

pared the benthic diatom communities, species and

functional richness within, below and far away from

the urban sites.

We hypothesized that there is a strong relationship

between the environmental variables and the land use

forms, and they firmly determine the diatom commu-

nities at catchment scale, resulting in a high proportion

of community variance explained by them. We

assumed that the variation in species and trait com-

position, as well as in species and functional richness,

is mostly associated to the shared effect of the

environmental and catchment variables. Furthermore,

more diatom traits should be identified as appropriate

indicators of the land use forms similar to functional

and species richness. We presume that the local effect

of urbanisation is more pronounced than its catchment

scale effect due to the pollutants concentrated in urban

sites.

Materials and methods

Sampling sites and land use properties

The sampling sites were selected according to their

position in the catchment.We regarded a site as ideal if

it was located at the end of a downstream section

within the catchment basin. Consequently, all of the

anthropogenic effects present in the whole catchment

basin were combined and represented at the given

sampling site (Fig. 1). The initial database contained

data from different projects: (i) the Ecosurv project

(226 stream sites); and (ii) research projects

undertaken by the University of Pannonia (46 stream

sites in 2004 and 64 in 2010) (Stenger-Kovács et al.,

2014). In the database of 334 stream sites, a total of 75

sites met the criterion detailed above, and were

therefore eligible for our further analyses (Fig. 2,

Appendix 1—Supplementary Material). A vector-

based digital map of Hungarian stream segments and

their corresponding catchments were used in this

study. Individual land use types and their extent in a

given catchment basin were determined with Quantum

GIS software (version 2.18.3) based on 2006 (for

samples from 2004 and 2005) and 2012 (for samples

from 2010) Corine digital maps (1:100,000) (‘‘Coper-

nicus 2020’’). The smallest cartographic unit was

25 ha, and the geometrical accuracy was\ 100 m.

Five different land use categories were employed: (1)

artificial surfaces, (2) agricultural areas, (3) forest and

seminatural areas, (4) wetlands and (5) water bodies.

Species- and trait-based diatomological analyses

Phytobenthos samples were oxygenized employing

the hot hydrogen peroxide method (CEN, 2003). One

drop of the treated and homogenised diatom sample

was then embedded in synthetic resin. The preparation

was examined using a light microscope (9 1000

magnification) and counting at least 400 diatom

valves. Species identification was based on the current

(at the time of sample processing) taxonomic guides.

However, recent nomenclature was subsequently

checked and updated, allowing the correction of the

Fig. 1 Ideal sampling point on the stream and its catchment

area (sampling site on Örvényesi-séd in 2010)
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taxonomic position of the various species (Algabase,

10 November 2019; Guiry & Guiry, 2019). In the next

step, the types of the traits to be employed in the study

were determined. These consisted of four diatom

ecological guilds (four ecological categories, Passy,

2007; Rimet & Bouchez, 2012), cell size (five

morphological categories; Rimet & Bouchez, 2012),

length–width cell ratio (six morphological categories;

Tapolczai et al., 2017) and their combination, known

as ecomorphological groups (48 categories, Béres

et al., 2016) (Table 1).

Water chemical analyses

The pH and conductivity were measured in the field

and 1.5 L water was collected and kept in darkness at

7�C for further laboratory analyses. The concentra-

tions of ammonium, nitrite, nitrate, chloride, sulphate,

TP (Total Phosphorus), SRSi (Soluble Reactive

Silica), HCO3
2- were determined following interna-

tional standards (APHA, 1998; Wetzel & Likens,

2000). Dissolved inorganic nitrogen (DIN) was cal-

culated as the sum of NO3
--N, NO2

--N, and NH4
?-N.

Statistical analyses

Principal component analysis (PCA) was run to reveal

patterns of local environmental variables measured at

the sampling sites and different land use forms

characteristic of the catchment basins. Redundancy

analyses were applied to evaluate the effect of the

environmental variables and land use types on the

diatom species (RDA1) and trait composition (RDA2).

Linear models were constructed to clarify the rela-

tionship between the traits and the land use forms, as

well as between the species and functional richness

and land use types. Functional richness (FRic) is the

major component of functional diversity defined as the

amount of functional niche space occupied by the

species within a community (Villéger et al., 2008).

Variance partitioning (Borcard et al., 1992) was run to

quantify the pure and shared effects of the environ-

mental variables and the land use forms on the species-

Fig. 2 The 75 stream sites in the Carpathian basin
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based and trait-based composition of the communities

(VarPart1, VarPart2), moreover, on the species and

functional richness (VarPart3, VarPart4). Prior to the

variance partitioning, the most important environmen-

tal variables and land use forms (p\ 0.05) in relation

to the species- and the trait-based community struc-

tures were selected using ANOVA of RDA models

with forward selection method. In the case of the

species and functional richness, the most decisive

variables were selected according to the Akaike

information criterion using forward method to develop

a linear model with smallest AIC value. In each case,

the selection procedures were conducted on the two

explanatory data matrices (environmental variables

and land use forms) separately. Significance level of

the testable fractions (the pure fractions) was deter-

mined applying ANOVA in the case of VarPart1,

VarPart2. The non-metric multidimensional scaling

(NMDS) method was used to examine the local effect

of urbanisation (towns and villages) on the species and

trait composition (NMDS1 and NMDS2): if the

sampling was conducted (i) actually in the town, (ii)

below the town, up to 1 km downstream, or (iii) far

away (more than 1 km) from the urban area. Calcu-

lations were based on the distance matrix of commu-

nities, applying the Bray–Curtis index. ANOSIM with

Bray–Curtis index was performed to test whether

diatom communities differ significantly according to

their closeness to an urban area. Furthermore,

Kruskal–Wallis test was performed to show any

differences or similarities in species and functional

richness at these three site types.

Prior to the analyses, the environmental data were

transformed (conductivity, SRSi: y0.333; bicarbonate:

y0.5; sulphate, nitrite, nitrate: y0.25; ammonium, TP:

y0.111, chloride: ln[y ? 1]) to obtain their normal

distribution; furthermore, as well as the land use data,

these distributions were also standardised (to a mean

of 0 and a SD of 1) to make them comparable on the

same scale. For the diatom abundance data, Hellinger

transformation was applied.

The statistical analyses were carried out using R

software (R Core Team, 2018) and R packages such as

‘vegan’ (Oksanen et al., 2018) and ‘MASS’ (Ripley

et al., 2013) using stepAIC function were employed

for multivariate analyses. For the calculation of

functional richness ‘FD’ package (Laliberté & Legen-

dre, 2010) with the ‘dbFD’ function was applied.

Results

Land use forms and related environmental

variables

In the PCA, the first two axes explained 47% of the

variance in environmental variables and land use

types. PC1 explained 35.5% of the total variance, and

the main environmental factors correlated with this

axis were: conductivity (r = 0.88), chloride

(r = 0.84), bicarbonate (r = 0.84) and nitrite

Table 1 The applied trait

categories in the Hungarian

small streams at low

(\ 350 m) altitudes

Applied traits Diatom ecological guilds High profile ecological guild (H)

Low profile ecological guild (L)

Motile ecological guild (M)

Planktic guild (P)

Cell biovolume (S) S1\ 100 lm3

100 lm3 B S2\ 300 lm3

300 lm3 B S3\ 600 lm3

600 lm3 B S4\ 1500 lm3

S5 B 1500 lm3

Length/width ratio (LW) LW1\ 2

2 B LW2\ 4

4 B LW3\ 6

6 B LW4\ 12

12 B LW5\ 20

LW6 C 20
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(r = 0.70). Among the land use forms, proportion (%)

of agricultural area displayed a strong positive corre-

lation (r = 0.78) with this axis, while forest showed a

strong negative correlation (r = - 0.80). PC2

explained 11.5% of the variance and correlated with

the artificial (r = - 0.63) and water (r = - 0.46)

surfaces as well as with pH (r = - 0.63) (Fig. 3).

Effect of the environmental variables and the land

use forms on diatoms

Species-based redundancy analyses

On the basis of the species composition along Axis 1

(explained variance: 7.1%), it proved easy to distin-

guish the water basins characterized predominantly by

agricultural areas and high bicarbonate and sulphate

content from those are dominated mainly by forest

(Fig. 4a). Along Axis 2 (explained variance: 5.8%),

the diatom community of the streams separated along

the SRSi gradient (Fig. 4). The full RDA model

containing 15 explanatory variables (environmental

and land use) was significant (p\ 0.001), but the

explained variance by the first two axes was quite low

(12.9%). A higher proportion of agricultural area and

higher nutrient and ion content were indicated by

Navicula lanceolata Ehrenberg [NLAN],

Gomphonema olivaceum (Hornemann) Ehrenberg

[GOLI], Planothidium lanceolatum (Brébisson ex

Kützing) Lange-Bertalot [PTLA], Surirella brebissoni

Krammer & Lange-Bertalot [SBRE] and Nitzschia

palea (Kützing) W.Smith [NPAL]. Gomphonema

micropus Kützing [GMIC] and Meridion circulare

(Greville) C.Agardh [MCIR] were unequivocal indi-

cators of high nitrate concentration (Fig. 4a).

Trait-based redundancy analyses

Based on the trait composition, along Axis 1 (ex-

plained variance: 10.5%), water basins dominated by

agricultural land use could easily be distinguished

from forest, wetland and water bodies land use types,

whereas along Axis 2 (explained variance: 7.1%), the

sampling sites were arranged around the relatively

high nitrate and SRSi content of the water (Fig. 4b).

The full RDA model was significant (p\ 0.001), but

the explained variance along the two first axes was

quite low (17.6%). A high proportion of forest and

wetland was indicated by low profile ecological guild

(L) and smaller species (S1), or their combination

(LS1). The LW3 trait was characteristic of increased

nitrate concentration. The HLW2 trait was character-

istic of high pH, while nitrite and ammonium were

primarily indicated by high and motile guilds, with

middle-sized (HS3) and larger (HS4, MS4) species.

Agricultural areas with elevated ion and TP concen-

trations were indicated by motile species with LW4

and S3 morphological traits. The LW1 trait was

definitely characteristic of high SRSi content

(Fig. 4b). Those species with a medium sized low

profile (LS3) and small LW ratio (LLW2) could be

found in areas dominated by water and artificial

surfaces.

Variation partitioning

After the forward selection of the environmental

variables, conductivity, pH, bicarbonate, sulphate,

nitrite, nitrate and SRSi were the most important

constraints (p\ 0.05) of the diatom species compo-

sition. Among the land use types only the proportion of

the agricultural area had significant effect (p\ 0.05)

on the species composition. The variation partitioning

revealed that the pure effect (7.5%) of the selected

environmental parameters was significant in contrast

to the pure effect of land use (0.6%). Their shared

Fig. 3 PCA biplot based on the environmental and land use

data of the studied streams (abbreviations: ammon ammonium,

nitra nitrate, nitri nitrite, agricul agricultural, bicarb bicarbon-

ate, chlor chloride, cond conductivity, sulph sulphate, SRSi

soluble reactive silica)
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effect was low (1.2%), one-sixth of the pure effect of

the environmental variables (Fig. 5a).

The results were similar in the case of the trait

composition, which was mainly related to the pure

effect (7.8%) of the selected, significant

Fig. 4 a RDA1: analysis of the diatom species composition,

environmental and land use data; b RDA2: Analysis of the

diatom trait composition, environmental and land use data

(abbreviations: ammon ammonium, nitra nitrate, nitri nitrite,

agricul agricultural, bicarb bicarbonate, chlor chloride, cond

conductivity, sulph sulphate, SRSi soluble reactive silica)

Fig. 5 Results of the variation partitioning conducted on

a species abundance; b trait abundance (***p\ 0.001);

c species richness and d functional richness data. Proportions

of the explained community variances are shown calculated

from the adjusted R2 values. Residuals indicate the unexplained

variance
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environmental variables such as conductivity, pH,

nitrite and SRSi. The pure effect of the land use,

specifically the proportion (%) of agricultural area

which was the only significant land use type, was

negligible in terms of explained variance, furthermore,

their shared effect was also relatively low

(2.2%), * one-third of the pure effect of the envi-

ronmental parameters (Fig. 5b).

Species richness was also primarily driven by the

pure effect of the selected, significant environmental

variables such as TP and ammonium (10.3%), whereas

the variance explained by the pure fraction of land use

forms (proportion of the wetland and forest area)

was\ 0. The shared fraction of the environmental

variables and land use forms explained a lower

proportion of variance (4.1%) compared to the envi-

ronmental variables alone (Fig. 5c).

In the case of the functional richness, variation

partitioning revealed the relatively high (13.1%) pure

effect of the land use forms (proportion of the

agricultural area and forest), and a lower proportion

of explained variance (4.1%) related to the shared

effect of the environmental variables and land use

forms (Fig. 5d).

Community and richness variation were only partly

explained by the groups of selected variables and,

consequently, the residuals were relatively high in

each model presented here (Figs. 4, 5).

Relationship between land use types, traits

and richness

For the selected traits defined by the RDA, the fitted

LMs revealed that the relative extent of agricultural

area (%) had significant effect on the traits M, LW4

and S3 (r = 0.32, p\ 0.01), and this relationship was

stronger with the use of these traits and their combi-

nations (M, LW4, S3, MLW4, MS3) (r = 0.38,

p\ 0.001). The correlation of the extent of forest

(%) with the simple indicator traits (L, S1; r = 0.25,

p\ 0.05) was slightly stronger than that of their

combination (L, S1, LS1; r = 0.23, p\ 0.05). The LM

based on the proportion of water and artificial surfaces

(%) and the LLW2 trait was also significant (r = 0.26,

p\ 0.05) (Table 2). On the basis of the fitted LMs, the

% agricultural area had a significant positive effect

(r = 0.26, p\ 0.05) on the functional richness, while

the % forest had a significant negative effect

(r = - 0.35, p\ 0.01) both on the species and

functional richness (Table 2).

Local effects of urbanisation

According to the NMDS analyses, the closeness of

sampling sites to settlements (situated within the town,

below the town at a distance of up to 1 km down-

stream, or far away from the urban area) did not

significantly affect the community composition, even

in the case of species abundance (ANOSIM

R = 0.044, p = 0.16; Fig. 6a) or trait abundance

(ANOSIM R = 0.048, p = 0.14; Fig. 6b) data. Krus-

kal–Wallis test also showed that species richness

(p = 0.19) and functional richness (p = 0.14) did not

differ between these sites (Fig. 7).

Discussion

General aspects

Catchment-level land use is basically determined by

sociological and ecological interactions, which are, in

turn, dependent on the level of economic development

and technological advances, while climate and

stochastic events (like floods and wildfires) also play

a role (Hughes et al., 2016). In Hungary, the intensi-

fication of agricultural and industrial development and

urbanisation date back to the middle of the twentieth

century, and these subsequently caused significant

deterioration in the ecological status of rivers (espe-

cially in the tributaries of the River Tisza) (Borics

et al., 2016). In the streams studied here, the catch-

ment-based approach of the WFD employed proved to

be effective in the assessment of the key direct

(environmental variables) and indirect (land use types)

constraints on diatom community composition in

these complex ecosystems. The most important vari-

ables (conductivity, pH, N forms, SRSi, % agriculture)

in relation to diatom species and trait composition

were similar. The species-based analyses highlighted

the further importance of bicarbonate and sulphate

concentration, but the explanatory power of the trait-

based method was slightly higher, as registered in

earlier studies (Abonyi et al., 2018; Stenger-Kovács

et al., 2020). Besides effects of natural origin such as

bedrock type (siliceous), land use also had significant

impact on surface waters (Pacheco & Fernandes,
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2016) through the modification of water quality: in this

study, a higher proportion of agricultural area, higher

conductivity (due mainly to higher chloride and

bicarbonate content) and nitrite concentration were

characteristic, and an opposite trend was observed in

the case of an increasing % of forests, as observed in

America in the 90 s (Leland, 1995), due to secondary

salinization and fertilization. Diatom species and trait

composition, as well as the species richness between

catchments, varied primarily according to the local

environmental variables, followed by the shared

effects of the environmental factors and the land use

types. This is in contrast to some previous findings for

lentic phytoplankton communities (Qu et al., 2018) or

boreal diatom stream communities (Teittinen et al.,

2015), where their joint contribution to the explained

variance of the communities was determinate. How-

ever, the differences in diatom species (Blinn &

Bailey, 2001, Teittinen et al., 2015) and trait compo-

sition (this study) between areas dominated by forests

and agriculture are clear. Moreover, the variance of the

functional richness was mostly explained by the pure

effects of land use, as one of the consequences of

human activity, and their ability to generate severe

social conflicts (Valera et al., 2016).

In this study, the explanatory power of the models

applied for diatom communities was obviously weak

and a huge proportion of variances remained

Table 2 Statistical parameters of the developed linear models between the diatom traits, species richness, functional richness and the

land use types

Explanatory land use types Response traits and functional diversity Estimate SE t r p

Agriculture M ? LW4 ? S3 0.034 0.011 2.97 0.32 \0.01

M ? LW4 ? S3 ? MLW4 ? MS3 0.059 0.017 3.47 0.38 \0.001

Functional richness 0.001 0.000 2.43 0.26 \0.05

Forest L ? S1 0.037 0.016 2.30 0.25 \0.05

L ? S1 ? LS1 0.053 0.024 2.18 0.23 \0.05

Functional richness - 0.001 0.000 - 3.26 - 0.35 \0.01

Species richness - 10.031 3.231 - 3.104 - 0.35 \0.01

Water ? artifical surfaces LLW2 0.042 0.018 2.38 0.26 \0.05

Fig. 6 NMDS analyses of benthic diatom samples based on the abundance data a of the diatom species (NMDS1: Bray–Curtis distance,

stress 0.24) and b of the diatom traits (NMDS2: Bray–Curtis distance, stress 0.21)
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unexplained, which is probably due to several other

processes, such as unmeasured environmental vari-

ables that have important role in the establishment of

communities (Leibold & Chase, 2018). Further con-

tributing factors might be the demographic stochas-

ticity (when changes in birth and death rates can lead

to the spatial and temporal drift in relative abundances

of individuals) and the patch stochasticity (when the

species has finite probability of colonizing unoccupied

patches and going extinct in any time period). In

addition, residual variance might consist of latent

variance owing to correlations among species which

can explain even 50% of the entire variance (Leibold

& Chase, 2018). However, the proportion in variances

of the species and functional richness explained by the

studied variables were higher, revealing their stronger

response to the environmental changes compared to

the species- (Heino et al., 2010) or trait-based

community structure.

Response of diatom functional traits

In natural, minimally disturbed watersheds dominated

by forests, streams are primarily heterotrophic due to

the shading provided by the extensive vegetation

cover (Uieda & Motta, 2007), which fundamentally

protects the health of these ecosystems (Bunn et al.,

1999). These healthy streams are characterised by low

profile diatom ecological guilds and small cell size

(\ 100 lm3). Small species dominance with a simple

community structure was also found in an experimen-

tal study of streams on afforested mountainsides

(Cibils-Martina et al., 2017). Furthermore, low profile

guild indicates low nutrient availability (Novais et al.,

2014) due to its position in the benthic layer (Passy,

2007).

With the reduction of forested areas and extension

of agricultural areas, the available light increases

parallel to enhanced ion and nutrient content due to

intensive irrigation and fertilization. Moreover, these

agricultural activities in a catchment basin increase the

turbidity and siltation in riverbeds (Bahls, 1993).

These complex changes in such streams support the

development of benthic layers dominated by the

motile ecological guild and diatom species of middle

size (300–600 lm3) and linear-lanceolate shape (like

Navicula and Nitzschia species). That is, higher light

intensity favours the larger species, which have a

competitive advantage in this environment (Lange

et al., 2011). Higher turbidity and siltation, however,

limit high light intensity; therefore, middle size and

linear-lanceolate outlines are characteristic. The effect

of agriculture in modifying body size can also be

observed among benthic insects (Krynak & Yates,

2020), even though its mechanism has not been

explored. Furthermore, this shape also serves as a

light trap, making the capture of the required amount

of sunshine possible (Stenger-Kovács et al., 2018), as

Fig. 7 Diatom species richness (SRich) and functional richness (FRich) in the town, below the town, up to 1 km downstream or far

away ([ 1 km) from the urban area
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well as the motility of the species in the selection of the

most suitable habitats (Passy, 2007) in turbid, nutrient

rich environments (Tapolczai et al., 2017, Soininen

et al., 2016). This environmental filtering supports the

homogenizing effect of agriculture, which has been

highlighted in the case of strongly alkaline rivers

(Pillsbury et al., 2019).

Low profile guild with LW2 length–width ratio

indicates the increased % of water and artificial

surfaces. Besides, the dominance of low profile guild

occurs primarily in nutrient reduced environments

(Stevenson et al., 2006), as the higher proportion of

water surface enables the increased spread of algal

species. Artificial (impermeable) surface areas may

further support this process by accelerating the runoff

(Sterling et al., 2012), as well as the reaching of the

local erosion base in very short time, which may, in

turn, open a new route for the spread of invasive

species. This primarily favours the diatom species

Amphora, Planothidium, Achnnanthidium, Reimeria

and Halamphora, whose shape and type of attachment

to the substratum enable their colonization in already

established benthic layers: diatom cells with a slightly

elongated outline attach apically, parallel or vertical to

the substratum. This strong attachment provides them

with a measure of resistance to high discharge (shear

stress) (Tapolczai et al., 2017).

Response of species and functional richness

Diatom functional richness increases in the agricul-

ture-dominated water basin similar to functional

richness of macroinvertebrates (Moore & Palmer,

2005) and both the species and functional richness

decrease with an increasing % of forests. In degraded

ecosystems, where a high proportion of agricultural

area is characteristic, higher nutrient concentration

can be responsible (Wang et al., 1997) for this

increment of functional richness. However, in forested

areas, forests can keep back the water, alluvium and

nutrients, and consequently, an upstream diatom

community with reduced diversity can be established

(Blinn & Bailey, 2001) in a controlled environment

characterised by shading and a stable water regime.

An increasingly agricultural setting will also result in a

considerably decrease in the species richness of fish,

due to the presence of homogenised and proliferate

macrovegetation in the stream bed (Tóth et al., 2019).

Local and catchment scale effects of urbanisation

On the catchment scale, the reduced RDA models

showed no significant effects owing to urbanisation

(quantified as a % artificial area) in either the case of

diatom species or trait composition. This may be due

to the relatively low intensity of urbanisation (average:

1.5%) compared to the agricultural area (average:

55.3%) in the studied catchments, which was probably

not enough to lead to the homogenisation of the urban

communities, which has been described worldwide

(e.g. McKinney, 2006). Any direct, local environmen-

tal filtering effect of urbanisation was also negligible:

it did not modify either species or trait composition.

Benthic diatoms may be less sensitive to artificial

surfaces (e.g. concrete in channelled streams), which

can provide a neutral surface similar to a natural one,

such as stones. This stands in contrast to the case of

macroinvertebrates (Barnum et al., 2017), whose

trophic structure can be modified by a channelled/nat-

ural stream bed through the provision of detritus of

different sizes (Docile et al., 2016). Diatom species

and functional richness did not respond to this local

anthropogenic effect, likewise the degree of species

richness found in a study of Australian streams, which

varied inconsistently along the urbanisation gradient,

indicating rather a situation of nutrient enrichment

(Sonneman et al., 2001).

Conclusion

Agriculture and urbanisation need to be regarded as

the most serious kinds of habitat alteration, affecting

freshwater ecosystems and functions to a considerable

extent. In Hungary, in the case of low order streams at

low altitudes, the effect of agriculture is more

pronounced than the effect of urbanisation at this

lower level, even on the local scale, as also on the

catchment scale. However, with the further spread of

urbanisation, the increasing significance of its influ-

ence may be predicted. Moreover, besides these

anthropogenic land modifications, climate change will

further threaten the good ecological status of such

environments. Therefore, the preservation of the

characteristic trait assemblages and richness of natu-

ral, undisturbed ecosystems is fundamental to the

conservation science and our future.
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CEN (Comité Européen de Normalisation), 2003.Water Quality

Guidance Standard for the Routine Sampling and Pre-

treatment of Benthic Diatoms from Rivers. EN

13946:2003. CEN, Geneva.

Cibils-Martina, L., R. E. Principe, J. A. Márquez, E. N. Gari &

R. J. Albariño, 2017. Succession of algal communities in

headwaters: a comparison of pine afforested and natural

grassland streams. Ecological Research 32: 423–434.

Copernicus, 2020. The current Corine Land Cover 2006 version

is v.20: https://land.copernicus.eu/pan-european/corine-

land-cover/clc-2006?tab=download.

Dahm, V., D. Hering, D. Nemitz, W. Graf, A. Schmidt-Kloiber,

P. Leitner & C. K. Feld, 2013. Effects of physico-chem-

istry, land use and hydromorphology on three riverine

organism groups: a comparative analysis with monitoring

data from Germany and Austria. Hydrobiologia 704:

389–415.

Dela-Cruz, J., T. I. M. Pritchard, G. Gordon & P. Ajani, 2006.

The use of periphytic diatoms as a means of assessing

impacts of point source inorganic nutrient pollution in

south-eastern Australia. Freshwater Biology 51: 951–972.

Docile, T., D. C. Rosa, R. Figueiró & J. Nessimian, 2016.
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& R. A. Sponseller, 2017. Land use influences macroin-

vertebrate community composition in boreal headwaters

through altered stream conditions. Ambio 46: 311–323.

Krynak, E. M. & A. G. Yates, 2020. Intensive agriculture alters

the biomass size spectrum and body-mass of benthic

insects: evidence from a reciprocal transfer experiment.

Hydrobiologia 847: 1221–1235.
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Korponai, 2020. Trait-based diatom functional diversity as

an appropriate tool for understanding the effects of envi-

ronmental changes in soda pans. Ecology and Evolution.

https://doi.org/10.1002/ece3.5897.

Sterling, S. M., A. Ducharne & J. Polcher, 2012. The impact of

global land-cover change on the terrestrial water cycle.

Nature Climate Change 3: 385–390.

Stevenson, R. J., M. L. Bothwell & R. L. Lowe (eds), 1996.

Algal Ecology: Freshwater Benthic Ecosystems. Academic

Press, San Diego.

Stevenson, R. J., S. T. Rier, C. M. Riseng, R. E. Schultz & M.

J. Wiley, 2006. Comparing effects of nutrients on algal

biomass in streams in two regions with different distur-

bance regimes and with applications for developing nutri-

ent criteria. Hydrobiology 561: 149–165.

Stoate, C., N. Boatman, R. Borralho, C. R. Carvalho, G. De Snoo

& P. Eden, 2001. Ecological impacts of arable intensifi-

cation in Europe. Journal of Environmental Management

63: 337–365.

Tapolczai, K., A. Bouchez, C. Stenger-Kovács, J. Padisák & F.
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