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SUMMARY

1. Quantifying how biological diversity is distributed in the landscape is one of the central

themes of conservation ecology. For this purpose, landscape classifications are being

intensively used in conservation planning and biodiversity management, although there is

still little information about their efficacy.

2. I used data from 158 running water sites in Hungary to examine the contribution of six a

priori established habitat types to regional level diversity of fish assemblages. Three

community measures [species richness, diversity (Shannon, Simpson indices), assemblage

composition] were examined at two assemblage levels (entire assemblage, the native

assemblage). The relative role of non-native species was quantified to examine their

contribution to patterns in diversity in this strongly human influenced landscape.

3. Additive diversity partitioning revealed the primary importance of beta diversity (i.e.

among-site factors) to patterns in species richness. Landscape-scale patterns in species

richness were best explained by between-habitat type (beta2: 41.2%), followed by within-

habitat type (beta1: 37.7%) and finally within-site (alpha: 21.1%) diversity. Diversity

indices showed patterns different from species richness, indicating the importance of

relative abundance distributions on the results. Exclusion of non-natives from the analysis

gave similar results to the entire-assemblage level analysis.

4. Canonical analysis of principal coordinates, complemented with indicator species

analysis justified the separation of fish assemblages among the habitat types, although

classification error was high. Multivariate dispersion, a measure of compositional beta

diversity, showed significant differences among the habitat types. Contrary to species

diversity (i.e. richness, diversity indices), patterns in compositional diversity were strongly

influenced by the exclusion of non-natives from the analyses.

5. This study is the first to quantify how running water habitat types contribute to fish

diversity at the landscape scale and how non-native species influence this pattern. These

results on riverine fish assemblages support the hypothesis that environmental variability

(i.e. the diversity of habitat types) is an indication of biodiversity and can be used in large-

scale conservation designs. The study emphasises the joint application of additive

diversity partitioning and multivariate statistics when exploring the contribution of

landscape components to the overall biodiversity of the landscape mosaic.

Keywords: additive partitioning, aquatic biodiversity and conservation, fish assemblages, landscape
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Introduction

Freshwater biodiversity is declining at an alarming

rate, far greater than that which has been noted for

Correspondence: Tibor Er}os, Balaton Limnological Research

Institute of the Hungarian Academy of Sciences, Klebelsberg

K. u. 3., H-8237 Tihany, Hungary. E-mail: ertib@tres.blki.hu

Freshwater Biology (2007) 52, 1400–1415 doi:10.1111/j.1365-2427.2007.01777.x

1400 � 2007 The Author, Journal compilation � 2007 Blackwell Publishing Ltd



even the most affected terrestrial systems (Dudgeon

et al., 2006). In order to develop and test hypotheses

about processes responsible for this decline and to set

conservation priorities, it is essential to understand

spatial variation in diversity (Angermeier & Winston,

1999; Underwood, Chapman & Conell, 2000; Ander-

son et al., 2005). For this purpose, landscape classifi-

cations are now being increasingly used in

conservation planning and biodiversity management

(e.g. Higgins et al., 2004), although there is still little

understanding about their practical utility (Hawkins

et al., 2000; Araújo et al., 2001; Oliver et al., 2004;

Heino & Mykrä, 2006).

One of the most influential approaches for assessing

the contribution of different habitat types to overall

landscape diversity, and thereby linking patterns in

biological diversity to landscape level environmental

heterogeneity, involves the additive partitioning of

species diversity (Wagner, Wildi & Ewald, 2000;

Veech et al., 2002; Beever, Swihart & Bestelmeyer,

2006). The approach has proved to be especially

fruitful in determining the contribution of different

spatial scales (e.g. Lande, 1996; Gering, Crist & Veech,

2003; Stendera & Johnson, 2005) and habitat types

(Tylianakis, Klein & Tscharntke, 2005) for overall

biodiversity. Briefly, additive diversity partitioning

allows the decomposition of total (gamma) diversity

into its local, within-habitat/community (alpha) and

between-habitat/community (beta) components at a

hierarchy of scales and for a variety of measures of

species diversity (e.g. number of species, Shannon

diversity). Alpha diversity is usually calculated as the

average amount of diversity among samples, whereas

beta diversity is estimated as the difference between

total (gamma) diversity and alpha diversity (e.g.

Lande, 1996; Veech et al., 2002).

Additive diversity partitioning may also have con-

tributed to a recent shift in diversity research, with

recent focus on the importance of beta diversity for

understanding landscape/regional scale patterns of

species diversity (e.g. Koleff, Gaston & Lennon, 2003;

Mac Nally et al., 2004; Legendre, Borcard & Peres-

Neto, 2005; Anderson, Ellingsen & McArdle, 2006).

Understanding patterns in beta diversity may be

particularly important for human-dominated land-

scapes, where habitat modification and the introduc-

tion of non-native species (i.e. exotic, non-indigenous

species see Copp et al., 2005 for a recent review) can

lead to both homogenisation or differentiation of

ecological communities and can either decrease or

increase species diversity, depending on the spatial

scale studied (see Marchetti, Lockwood & Light, 2006;

Olden, Poff & McKinney, 2006a and references here-

in). This is certainly the case with European running

water habitats, where practically all major river

drainages are affected by various forms of human

modifications (e.g. Malmqvist & Rundle, 2002; Nils-

son et al., 2005). It is an urgent task, therefore, to

explore large-scale spatial patterns of biodiversity of

European running waters, which can aid in imple-

menting more effective conservation schemes, or can

help the work of existing continental scale conserva-

tion and monitoring programs, such as the NATURANATURA

2000 network in the European Union (http://ec.

europa.eu/environment/nature/home.htm [accessed

on 9 April 2007]). However, at present, there are no

studies that simultaneously examine the habitat type-

dependent contribution of alpha and beta diversity

components to running water fish diversity. Such

studies may have the potential to help in optimising

conservation efforts at the regional scale.

In this paper, I examine the contribution of different

running water habitat types to regional-level fish

diversity in the Hungarian Lowland Ecoregion, using

the approach of additive diversity partitioning. My

specific questions were: (1) Does a habitat classifica-

tion scheme reflect the diversity of running water fish

in this region? (2) How do different measures of

species diversity (i.e. number of species, diversity

indices) and compositional diversity (i.e. diversity of

assemblage composition) vary within and between

landscape components at two assemblage levels, (i)

that of the entire assemblage and (ii) the native

assemblage (excluding non-native species from the

analysis)? (3) In the light of these results, what are the

most valuable habitat types for conserving fish diver-

sity in the region?

As increasing species diversity longitudinally along

a river forms one of the ‘general laws’ of stream fish

ecology (e.g. Schlosser, 1991; Matthews, 1998), my

prediction for the first question was that a habitat

classification scheme may be a useful approach when

mapping stream fish diversity, especially if it embraces

long ecological gradients. Nevertheless, this ‘general

law’ (sensu Lawton, 1999) of stream fish ecology

makes predictions of local changes of diversity only

(i.e. within a certain river continuum). Consequently,

if beta diversity has an overriding importance at the
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regional scale, an alternative hypothesis is that unpre-

dictable patterns may emerge. For example, the spa-

tially and ecologically diverse headwater streams may

have a more diverse ‘total’ fish fauna than larger rivers

at the landscape scale. Further, as different landscape

components may be affected differently by human

disturbance, and therefore be differently exposed to

the successful establishment and invasion of non-

natives (e.g. Marchetti et al., 2004), I hypothesised that

different spatial patterns in within- and between-

habitat type diversity will be observed between the

two assemblage levels. Specifically, I predicted

increasing differences between the results of the two

analyses along two ecological gradients: (i) with

altitude and (ii) from small streams to large streams/

rivers (i.e. longitudinally). As high altitude sites are

generally hydrologically more variable, have a more or

less natural flow regime and less affected by human

alteration, they may be less prone to the settlement and

proliferation of non-native species (e.g. Moyle & Light,

1996; Marchetti & Moyle, 2001) than lowland sites,

where altered flow regime and more benign environ-

mental conditions may favour the proliferation of non-

natives (Marchetti et al., 2004; Er}os, 2005). In addition,

as large rivers may function as highways in river

networks, they may be more intensively used by non-

indigenous species than headwaters, which are relat-

ively remote and are only locally affected by the

invasion of non-natives. As an alternative hypothesis

one could predict that no such patterns will be

observed, which may raise difficulties in our predic-

tive ability regarding non-indigenous invasions.

Methods

Study area

Surrounded by two mountain ranges, the Alps from

the west and the Carpatians from the north and east,

Hungary has a well-characterised aquatic fauna which

is referred to as the Hungarian Lowland Ecoregion

(Illies, 1978). All streams and rivers are tributaries to the

River Danube, the second largest river in Europe

(catchment area 796 250 km2; length 2847 km). Two-

thirds of the country’s 93 000 km2 is lowlands (i.e.

plains, up to 200 m.a.s.l.), and the remaining area is

mainly composed of highlands (200–500 m), with only

a small proportion being located in submontane

regions (highest mountain peak is 1014 m).

Large-scale river regulations starting from the

second half of the 19th century, and paralleled by

massive agricultural industrialisation, have substan-

tially changed the landscape in the Hungarian low-

lands which formerly functioned as the floodplain

area of the River Tisza (the second largest tributary of

the Danube). Water flows in the highlands were,

however, mainly locally affected by small-scale canal-

isation, reservoir construction and, in the past, indus-

trial activities. Submontane streams (SMS) remained

relatively unimpacted (Er}os & Grossman, 2003, 2005),

although some of them are now exposed to local

influences, such as intensive tourism, forestry and

organic pollution from villages. Consequently, the

landscape is largely affected by human perturbations,

which may have contributed to the successful estab-

lishment and recent proliferation of non-native fishes

and the decline of native fish populations in this

region (see Er}os, 2005 for the species pool of native

and non-native fishes).

Landscape classifications

A running water classification scheme should be

simple enough to interpret, yet efficient enough to

portray variability in biodiversity (Karr & Chu, 1999;

Heino & Mykrä, 2006). The Hungarian typological

system for surface waters consists of 25 running water

(habitat) types. It is based on a semi-hierarchical

classification scheme, depending on the following

variables/metrics: (i) altitude (three categories: sub-

montane, highland, lowland); (ii) type of the bed

material (three categories: siliceous, calcaraeous,

organic); (iii) the size of the catchment (four categor-

ies: small, medium, large, very large); (iv) within some

types (i.e. highland and lowland waters) the dominant

substrate material (two categories: rough, medium-

fine sediment); (v) within some types, the stream

gradient (i.e. slope) and (vi) different segments of the

River Danube.

In addition to the criteria outlined by Heino &

Mykrä (2006), it was possible to simplify this

typology. First, many components/types were repre-

sented very sporadically so they could not be

evaluated statistically. Secondly, preliminary match-

ing of fish assemblage composition with the habitat

types using multivariate statistics indicated ambigu-

ous separations for many types (i.e. within-type

variations were comparable or even higher than

1402 T. Er}os

� 2007 The Author, Journal compilation � 2007 Blackwell Publishing Ltd, Freshwater Biology, 52, 1400–1415



between-type variations). Therefore, to obtain an

interpretable landscape-level classification scheme,

which is also easily comparable with other regions,

six habitat types were selected: (i) submontane, small

to medium-sized streams; (ii) highland, small to

medium-sized streams; (iii) lowland, small to med-

ium-sized streams; (iv) highland, large to very large

streams; (v) lowland, large to very large streams and

(vi) main channel of the Danube. Small to medium-

sized streams (i.e. headwaters and small rivers,

hereafter streams) were wadeable, had an average

width of not more than 10 m and a catchment area of

always <1000 km2. In contrast, large to very large

streams (i.e. medium and large rivers, hereafter rivers)

were not wadeable, had a width of more than 10 m

and a catchment area of more than 1000 km2.

Although the Danube is a very large lowland river

(LLR), it was treated separately from type (v) rivers

because of its particularly large size, landscape char-

acteristics and the methodological challenges in

sampling its biota.

Fish data

Fish data were taken from the EcoSurv Project

(http://www.eu-wfd.info/ecosurv [accessed on 9

April 2007]). This project provided a comprehensive,

country-wide survey of aquatic habitats for four

biological elements (algae, macrophytes, macroinver-

tebrates and fish) for the first time in Hungary. In this

project, a total of 194 running water sites were

selected for fish surveys that were based on a

stratified site selection protocol. Both the representa-

tiveness of major geographical areas and the ratio (i.e.

coverage) of the habitat types were considered at the

ecoregion scale with the help of a Geographic Infor-

mation System (GIS). Within each habitat type-geo-

graphical area combination, the a priori calculated

number of sites were randomly selected, with some

exceptions. In order to cover the entire range of

habitat conditions/states within each type, some sites

were selected based on expert knowledge.

As a filter on the database, I did not include sites

that contained fewer than 30 individuals (FAME

methodological suggestion, for details see http://

fame.boku.ac.at). Next, I also deleted some sites

because of unclear correspondence between the ori-

ginal GIS-based habitat data and the fish database.

Finally, I did not use data from the side-arms of the

river Danube, because of their low representativeness

in the sample. The final data set used in this paper

contained fish data (62 fish taxa, 62 435 specimens)

from 158 sites that were distributed among the six

habitat types as follows: 10 SMS, 45 highland streams

(HLS), 42 lowland streams (LLS), 15 highland rivers,

38 lowland rivers (LLR) and 8 main channel sites of

the Danube. This comprehensive data set was

assumed to represent the range of landscape-level

running water habitat types in the Hungarian Low-

land Ecoregion (Fig. 1).

Fish collections

In the EcoSurv Project, fish were collected during the

relatively low-flow periods in 2005 with two types of

electrofishing methods (e.g. Oberdorff et al., 2001;

Pont et al., 2006). For habitat types 1–3 (wadeable

streams), a battery-powered electrofishing device was

used (Hans-Grassl IG 200/2B device, PDC Hans-

Grassl GmbH, Schönau am Königssee, Germany). The

crew sampled a 150-m long reach, slowly walking

upstream and with single pass fishing of the whole

stream width. For habitat types 4–6 (non-wadeable

rivers) boat electrofishing was applied with a gener-

ator driven device (Hans-Grassl EL64 II GI device,

max 7000 W, DC), slowly moving downstream and

electrofishing close to near shore areas. Here, samp-

ling length varied between 500 and 1000 m in total per

site for type 4–5, and was 5 · 500 m (i.e. 2500 m in

total per site) for the Danubian sampling sites. This

division was necessary to optimise sampling effort

and to sample fish assemblages representatively and

proportionally to the size of the water body. After

identification and counting, fish were released into the

water at the site of capture.

Although care was taken to sample habitats as

representatively as possible, sample representative-

ness was not the same between habitats (i.e. between

wadeable streams and rivers) because of methodolo-

gical difficulties in sampling rivers (e.g. Simon, 1999

and references herein). This may have caused samp-

ling bias in estimating alpha diversity for large rivers,

especially for the variable ‘number of species’

(Angermeier & Smogor, 1995; Er}os et al., submitted).

Therefore, I also used species richness estimation

methods to account for the differences in sampling

schemes across habitat types and test the behaviour of

the data set (see Statistical methods).
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Statistical methods

I used a variety of species richness estimation meth-

ods available in the program ESTIMATESESTIMATES 7.5 (Colwell,

2005) to compare observed and estimated species

richness (i.e. total number of species) at both the reach

(site) and the habitat type levels. For brevity, I present

three components of the results here. First, I give a

summary table of the estimated number of species at

the highest sample size at the habitat type level.

Analyses were carried out both with and without

replacement (see Colwell, 2005), although only the

latter are presented to show the maximum deviation

from the observed richness. Nevertheless, species

richness estimation is always a difficult task (Mao &

Colwell, 2005; O’Hara, 2005), and therefore I also

added my own guesstimate (i.e. expert extrapolation)

to determine the approximate total number of species

for each habitat type (Hortal, Borges & Gaspar, 2006).

This was based on the knowledge of species pool from

other fish surveys in the region (e.g. Harka & Sallai,

2004). Secondly, I show how the estimated number of

species changes at the habitat type level as a function

of sampling effort, using the Chao 1 estimator (Chao,

1984, 2005), which is one of the most commonly used

species richness estimators (e.g. Irz, Argillier &

Oberdorff, 2004). Consistent patterns were obtained

with the other eight estimators available in ESTIMATESESTIMATES

(i.e. ACE, ICE, Chao 2, Jacknife 1, Jacknife 2, Boot-

strap, MMRuns, MMMeans, for definitions, see

Colwell, 2005). Because sampling effort (i.e. length of

the reach sampled and type of the device used) varied

between habitat types, the results are shown as a

function of the number of individuals collected (see

Colwell, 2005 for more details). Although non-para-

metric estimators, such as Chao 1, give only a lower

bound to species richness (O’Hara, 2005), they gener-

ally perform better than other estimators (Cam et al.,

2002; Walther & Moore, 2005). Thirdly, I compare the

mean of the Chao 1 estimated species richness pooled

over each site within each habitat type (i.e. estimated

alpha diversity) with the observed values. This check

is disregarded in most papers on additive diversity

partitioning, although it is important to test how

accurate the estimation of alpha diversity is if one

wants to compare the relative role of alpha and beta

components for species diversity patterns (e.g. Crist &

Veech, 2006).

km

Fig. 1 Map of the study area, showing the 158 sampling sites distributed among the habitat types in the Hungarian Lowland

Ecoregion. Abbreviations of habitat types are as follows: SMS, submontane streams; HLS, highland streams; LLS, lowland streams;

HLR, highland rivers, LLR, lowland rivers; Danube, the River Danube.
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I used the recently proposed approach of additive

partitioning (e.g. Loreau, 2000; Wagner et al., 2000;

Veech et al., 2002; Gering et al., 2003; Stendera &

Johnson, 2005) to examine the contribution of running

water habitat types to ecoregion level species diver-

sity. Diversity calculations were made: (i) at the reach

scale within a habitat type (i.e. alpha diversity); (ii)

between reaches within a habitat type (i.e. beta1

diversity); (iii) between habitat types within the

ecoregion (i.e. beta2 diversity) and (iv) for the whole

ecoregion (i.e. total or gamma diversity). To consider a

wide variety of species diversity indices, ranging from

those that put more weight to species richness (i.e.

number of species) to those that emphasise abundance

ratios (dominant versus rare species), three diversity

measures were used: (i) the number of species; (ii)

Shannon diversity (dominant and rare species are

weighted equally) and (iii) Simpson diversity (weigh-

ted toward abundant species). Shannon diversity (H)

was calculated as: [RPi (lnPi)] where Pi is the propor-

tional abundance of the i-th species in the sample. The

Simpson index was calculated as 1-RP2
i . Diversity

partitions were made using the program PARTITIONPARTITION

(Veech & Crist, 2006) at two assemblage levels: (i)

whole-fish assemblage and (ii) assemblage without

non-native species.

I used canonical analysis of principal coordinates

(CAP), a recently developed constrained ordination

technique (Anderson & Robinson, 2003; Anderson &

Willis, 2003), to test the null hypothesis of no

differences in fish assemblage composition between

the a priori established habitat types. I used a set of

distance measures which either considered species

presence–absence or relative abundance data. For

brevity, the results are shown using Jaccard coefficient

(JC) for presence–absence data and Hellinger distance

(DHellinger) for abundance data.

JC¼ a

aþbþc
;DHellingerðx1;x2Þ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXp

j¼1

� ffiffiffiffiffiffiffi
y1j

y1þ

r
�

ffiffiffiffiffiffiffi
y2j

y2þ

r �2
vuut

where a is the number of species present in both

samples, b is the number of species present only in the

first sample, c is the number of species present only in

the second sample; x1 and x2 are two sites, yij are the

data in the data table with sites (rows) i ¼ 1…n and

species (columns) j ¼ 1…p; the row sums are noted yi+

and the column sums y+j, the overall sum is y++. (e.g.

Legendre & Gallagher, 2001). To increase sensitivity,

very rare species were not considered in the CAP

analysis (i.e. species with an overall relative abundance

of <0.05%). After completing the CAP analyses, all

samples (i.e. axis values) within each habitat type were

pooled to obtain an average for each habitat for

graphical presentation and comparisons (see Fig. 4).

Where the CAP analysis indicated significant differ-

ences between habitat types, additional ANOVAANOVAs and

pairwise comparisons were made for the first two axes,

using the Tukey-Kramer test for the post hoc compar-

isons. The CAP analyses were carried out with the

program CAPCAP (Anderson, 2004a), whereas ANOVAANOVAs

and the associated post hoc comparisons with the

program STATISTICASTATISTICA. All calculations were made for

the two assemblage levels, with and without non-

native species. Finally, the CAP analyses were also

augmented by indicator species analysis (IndVal;

Dufrene & Legendre, 1997) to find significant indicator

species for the habitat types. The best indicator species

(i.e. symmetrical indicators) are those that occur only

in a certain habitat type with high occurrence and

abundance (see e.g. Dufrene & Legendre, 1997; for

more details). The significance of the indicator values

was tested by Monte Carlo permutation, using the

program PC-ORDPC-ORD (McCune & Mefford, 1997).

Although the CAP analyses test differences in

general fish assemblage composition between habitat

types, it cannot detect compositional heterogeneity of

samples (i.e. compositional beta diversity) within each

habitat type. Therefore, I also used the method of

Anderson et al. (2006) to test for differences in compo-

sitional beta diversity among habitat types. The

method considers beta diversity as the average dissi-

milarity from individual observation units to their

group centroid in a multivariate space, using an

appropriate dissimilarity measure. The program

PERMDISPPERMDISP (Anderson, 2004b) was used to test differ-

ences in the multivariate dispersion of samples

between the habitat types. Finally, all calculations were

made for the two assemblage levels, using both Jaccard

and Hellinger (dis)similarity measures (see above).

Results

Species richness estimation

Differences between observed and estimated species

richness were low and showed fully consistent

patterns among habitat types (Table 1). Observed
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and estimated values also showed low deviations

from guestimated species richness, with two notable

exceptions. Guestimated species richness was 25%

lower than that of the mean of the estimators for

species richness for SMS, whereas this value was 71%

higher for the River Danube. For SMS this was

probably attributable to the misclassification of one

site to this habitat type (i.e. inconsistency between the

habitat typology and fish assemblage typology, see

also CAP analysis), whereas for the Danube, this was

clearly because of low sample representativeness as

compared with other habitat types (Fig. 2). After re-

running estimations by excluding the outlier sample

from the SMS habitat type, species richness curves

reached or were relatively close to saturation for all

habitat types, with the exception of the Danube

(Fig. 2). Comparison of the observed alpha species

richness (i.e. mean species richness for each habitat

type) and the Chao 1 estimated values indicated that,

on average, 88.4% (±0.06) of the species were caught

in each habitat type. This also corroborated the above

results that the data can be reliably used for additive

diversity partitioning (i.e. alpha is not highly under-

estimated, with the exception of the Danube, see

Discussion).

Additive partitioning of species diversity

Alpha diversity of species richness was generally

lower in streams than in rivers (Fig. 3a), and showed a

decrease with altitude (i.e. from LLS through HLS to

SMS). Within-habitat type beta diversity (i.e. beta1)

showed rather inconsistent patterns, and with the

exception of the Danube, the values were higher than

those estimated for alpha diversity. Overall, land-

scape-scale patterns in species richness were best

explained by between-habitat type diversity (beta2:

41.2%), followed closely by within-habitat type diver-

sity (beta1: 37.7%) and finally within-site diversity

(alpha: 21.1%). Total species richness decreased by

22.6% (62–48 species) with the exclusion of non-

natives from the analysis. Habitat types were influ-

enced differently by the exclusion of non-natives, with

a maximum decrease in species richness for LLRs

Table 1 The observed (Sobs) and estimated number of species for the six habitat types using the estimators available in E S T I M A T E SE S T I M A T E S

software (for definitions see Colwell, 2005). See Methods for further details.

Habitat type N Sobs ACE ICE Chao 1 Chao 2 Jacknife 1 Jacknife 2 Bootstrap MMRuns MMMeans Mean Guestim

SMS 10 12 16.22 17.63 15.00 16.50 16.50 19.79 13.86 15.65 13.90 16.12 12

HLS 45 37 38.91 39.46 38.49 39.39 41.17 40.91 39.83 41.06 40.16 39.93 40

LLS 42 39 41.07 44.14 42.00 44.13 45.83 49.71 42.11 40.67 40.51 43.35 41

HLR 15 41 41.98 42.95 41.25 41.80 44.73 43.37 43.27 45.44 45.19 43.33 49

LLR 38 54 58.15 58.39 57.33 56.27 60.82 60.07 57.70 56.14 55.92 57.87 59

Danube 8 33 38.44 38.24 38.00 37.08 40.00 42.79 36.28 36.38 35.95 38.13 65

n, number of sites; mean, the mean of the estimated number of species obtained with the nine estimators; ‘Guestim’ refers to expert

extrapolation based on the synthesis of fish faunistic surveys in the region; SMS, submontane streams; HLS, highland streams; LLS,

lowland streams; HLR, highland rivers; LLR, lowland rivers; Danube, the River Danube.
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Fig. 2 Chao 1 estimated species richness

as a function of the number of individuals

collected for the six habitat types. Abbre-

viations are as follows: SMS, submontane

streams; HLS, highland streams; LLS,

lowland streams; HLR, highland rivers;

LLR, lowland rivers; Danube, the River

Danube; SMScor, submontane streams

without the ‘outlier’ sampling site.

Standard error values have been omitted

for clarity. See text for further details.
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(24.1%) and the Danube (24.2%), and a minimum

decrease for SMS (8.3%). These changes generally did

not influence relative patterns in species richness at

either hierarchical scale, as compared with analysis at

the whole assemblage level (Fig. 3a).

Patterns in Shannon diversity values showed an

intermediate stage between patterns in species rich-

ness and Simpson diversity (Fig. 3b). Although alpha

diversity was generally lower for streams (mean alpha

for SMS, HLS, LLS ¼ 1.23 ± 0.34 SE) than for rivers

(mean alpha for HLR, LLR, Danube ¼ 1.56 ± 0.30 SE),

within habitat type diversity proved to be higher

(0.99 ± 0.39 SE and 0.46 ± 0.12 SE, respectively).

Overall, landscape-scale patterns in Shannon diversity

were best explained by within-site diversity (54.0%),

followed by within-habitat type diversity (28.1%) and
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finally between-habitat type diversity (17.9%). Exclu-

sion of non-natives decreased total landscape-level

Shannon diversity by 10% (2.58–2.32), but it did not

influence relative diversity patterns at either hierar-

chical scale.

The pattern for Simpson diversity was, in some

ways, opposite to the pattern for species richness

(Fig. 3c). Specifically, the habitat type with the highest

total species richness (LLRs) showed the lowest

Simpson diversity. As found for Shannon diversity,

landscape-scale patterns of Simpson diversity were

best explained by within-site diversity (73.2%), fol-

lowed by within-habitat type diversity (19.5%) and

finally by between-habitat type diversity (7.3%).

Exclusion of non-natives decreased total landscape-

level Simpson diversity by only 4.3% (0.835–0.799)

and did not influence relative diversity patterns at

either hierarchical scale.

Compositional diversity

Fish assemblage composition differed significantly

among habitat types (Fig. 4, Table 2), independent of

the measure used (Jaccard or Hellinger) or of the

assemblage level (entire assemblages or non-natives

excluded). There was a clear gradient in fish assem-

blage composition between the stream habitat types

(SMS, HLS, LLS) with altitude, and gradual compo-

sitional changes (i.e. species or species abundance

turnover) could be observed in riverine habitat types

as well. Nonetheless, HLRs and LLRs did not differ

significantly, albeit the Danube differed markedly

from all other habitat types. Exclusion of non-natives

from the analysis influenced the results markedly,

especially for rivers, where Danubian fish assem-

blages became indistinguishable from LLR fish assem-

blages. Other subtle, but insignificant changes

included the more pronounced separation of the

habitat types.

Consistency between the habitat classification

scheme and fish assemblage composition was mod-

erate, with percentage of total correct allocations

(TCA) ranging from 61.4% to 68.6% Table 2). Exclu-

sion of non-natives slightly improved the classifica-

tion. Further, misclassification error (100-TCA)

differed highly between landscape components, with
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low values for SMS (10%) and the Danube (0–12.5%),

and relatively high values for HLSs (55.8–51.1%). The

CAP results were further corroborated with the

IndVal analysis (Table 3), which indicated many,

rather symmetrical indicator species for SMS and the

Danube, and rather asymmetrical indicators for inter-

mediate habitat types along the longitudinal profile of

the riverine landscape (with some species in highland

rivers as exceptions). Many non-natives proved to be

good indicators for a certain habitat type, with a

notable exception for highland rivers, where many

nationally-protected and rather rare species proved to

be significant indicators.

Compositional beta diversity differed significantly

among the habitat types, independent of the dissimi-

larity measure or the assemblage level used in the

analyses (Fig. 5). Finally, patterns in beta diversity

were more influenced by the exclusion of non-natives

from the analysis than the dissimilarity measure used

(i.e. presence–absence versus relative abundance

data).

Discussion

Role of habitat types

The running water classification scheme and the

corresponding statistical methods applied here

proved to be effective in mapping landscape-level

(i.e. ecoregional) patterns in fish diversity. The results

highlighted that this was because the habitat types

ranged along a reasonably long environmental gradi-

ent: the longitudinal profile of a large river system.

Altitude as a factor was responsible for the generation

of assemblage patterns, but it cannot be reliably used

to predict species diversity or assemblage character-

istics for a specific site. Possible reasons for this can be

the high beta diversity among reaches within habitat

types and the low overall variation in altitude

between sites. Although I have not incorporated other

variables in this study (e.g. type of the bed material,

within stream dominant substratum) to increase the

number of classes, preliminary classifications showed

that these factors would not have significantly

improved the strength of the classification. These

results concur with other studies, which have found

that stream classification schemes portray the variab-

ility of assemblage characteristics and diversity to

some degree, but the strength of these classifications is

often moderate (e.g. Hawkins et al., 2000; Heino et al.,

2003; Heino & Mykrä, 2006). Landscape-scale classi-

fications operate with only a low number of variables

and cannot contain too many classes (e.g. Karr & Chu,

1999; Heino & Mykrä, 2006), in part because the final

results of bioassessment/monitoring projects are

displayed on GIS based maps (e.g. Higgins et al.,

2004). Therefore, such a classification approach may

not be the most effective one for predicting species/

assemblage diversity for a specific site, for which

more sophisticated predictive models (with greater

number of variables and with linear and non-linear

responses; e.g. multivariate regressions, artificial

neural networks) may be more fruitful (Olden, Joy &

Death, 2006b). Nevertheless, classifications of the sort

Table 2 CAP analysis of fish assemblage composition data for the six habitat types

Assemblage

level Measure m

Proportion

of SST d2
1 d2

2 P-value

Total correct

allocations (%)

Correct allocations in each habitat type (%)

SMS HLS LLS HLR LLR Danube

Entire Jaccard 17 0.895 0.769 0.531 0.001 61.4 90.0 44.4 71.4 73.3 50.0 100.0

Entire Hellinger 15 0.900 0.794 0.561 0.001 65.2 90.0 48.9 66.7 73.3 68.4 87.5

Non-natives

excluded

Jaccard 19 0.973 0.769 0.473 0.001 61.5 90.0 44.2 69.0 80.0 52.6 87.5

Non-natives

excluded

Hellinger 22 0.976 0.780 0.555 0.001 68.6 90.0 46.5 69.0 80.0 76.3 100.0

‘m’ is the number of principal coordinate (PCO) axes involved in the final CAP analysis. (Note that this is chosen by the program itself,

based on minimising the residual or misclassification error). ‘Proportion of SST’ is the number of the total sum of squared interpoint

dissimilarities divided by the number of points (total variance) explained by the first ‘m’ PCO axes. ‘d2
1’ and ‘d2

2’ are canonical

correlation values for the first and second axes, respectively. For details on CAP, see Anderson & Willis (2003).

CAP, canonical analysis of principal coordinates; SMS, submontane streams; HLS, highland streams;

LLS, lowland streams; HLR, highland rivers; LLR, lowland rivers; Danube, the River Danube.
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used in this study can aid in the preliminary

exploration of large-scale patterns in assemblage

composition and diversity.

The results for species richness indicated an

increase in diversity from source to mouth (i.e. from

headwaters to large rivers), and hence support the

well-known pattern in stream fish ecology (e.g.

Schlosser, 1991; Matthews, 1998). Nevertheless, they

also highlight the importance of beta diversity at the

between-reach and between-habitat type levels in

understanding spatial patterns. In fact, additive

diversity partitioning revealed that alpha diversity

can explain only a relatively minor component of

species richness patterns, whereas beta diversity has

considerable importance for regional level fish diver-

sity. Compared with the results on species richness,

diversity indices further modified the spatial patterns

of diversity, and revealed the role of species relative

abundances. However, my results are confined to

river systems in a human modified European land-

scape, and it would be interesting to compare these

results with ecoregions of very minimal human

influence (e.g. tropics, some boreal or arctic regions).

Overall, the message from these results is clear:

because of the predominant contribution of between-

habitat type beta diversity to total diversity, the best

strategy for conserving fish biodiversity in the Hun-

garian Lowland Ecoregion is to select those areas in

Table 3 Significant indicator species for each habitat type. Maximum indicator values are shown in bold cells, whereas other numbers

indicate indicator value in each habitat.

Indicator value

P-value StatusSMS HLS LLS HLR LLR Danube

Salmo trutta m. fario (L.) 36 1 <0.001 nn*

Barbatula barbatula (L.) 80 10 <0.001 na

Phoxinus phoxinus (L.) 29 5 0.003 na

Barpus petenyi komplex (Heckel) 29 4 4 0.008 na

Gobio gobio (L.) 21 36 4 5 0.003 na

Rhodeus sericeus (Pallas) 1 10 27 15 9 0.041 na

Cobitis elongatoides komplex (Bacescu & Maier) 6 37 5 1 0.006 na

Carassius gibelio (Bloch) 20 39 2 3 1 0.012 nn

Scardinius erythrophthalmus (L.) 5 24 1 2 1 0.033 na

Leuciscus leuciscus (L.) 12 29 1 1 0.026 na

Alburnoides bipunctatus (Bloch) 5 59 5 <0.001 na

Gobio kessleri (Dybowski) 28 2 0.006 na

Sabanejewia aurata (Filippi) 25 4 0.013 na

Vimba vimba (L.) 23 3 0.011 na

Zingel streber (Siebold) 25 0.004 na

Barbus barbus (L.) 58 6 12 <0.001 na

Gobio albipinnatus Lukash 1 1 33 17 10 0.012 na

Chondrostoma nasus (L.) 2 32 4 28 0.010 na

Esox lucius (L.) 1 13 11 35 11 0.022 na

Alburnus alburnus (L.) 2 5 21 34 33 <0.001 na

Leuciscus idus (L.) 10 24 21 0.046 na

Abramis ballerus (L.) 24 0.008 na

Silurus glanis (L.) 2 4 19 0.047 na

Proterorhinus marmoratus (Pallas) 1 7 11 27 0.018 nn

Sander lucioperca (L.) 4 4 13 27 0.015 na

Aspius aspius (L.) 1 3 12 75 <0.001 na

Lota lota (L.) 1 3 1 45 <0.001 na

Neogobius fluviatilis (Pallas) 1 2 9 25 0.013 nn

Neogobius kessleri (Günther) 99 <0.001 nn

Neogobius melanostomus (Pallas) 98 <0.001 nn

‘Status’ refers to whether the species is native (na) or non-native (nn) to the Hungarian Lowland Ecoregion.

SMS, submontane streams; HLS, highland streams; LLS, lowland streams; HLR, highland rivers; LLR, lowland rivers; Danube, the

River Danube.

*Salmo trutta f. fario may be native to some streams, but most populations are maintained by regular introductions from fishermen;

consequently, it can be generally regarded as non-native.
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the landscape which embrace the highest variability of

riverine habitat types per unit area. This should

ensure that a reasonably high portion of species

diversity and assemblage level diversity are con-

served in the region. However, resources for conser-

vation are limited. Excluding non-natives, ‘highland

rivers’ is the habitat type with the highest within-site

(alpha) diversity for all the diversity indices consid-

ered. In addition, highland rivers contain the highest

number of typical reophil species, with many species

of high conservational importance (i.e. Alburnoides

bipunctatus, Gobio kessleri, Sabanejewia aurata, Zingel

streber see Table 2). Consequently, although it is

hardly feasible to conserve/restore the Danube and

its large lowland floodplain tributaries, conserving

and/or restoring a well selected highland large river

and some of its associated submontane, highland and

lowland tributaries would be very effective in con-

serving fish biodiversity in the Hungarian Lowland

Ecoregion.

Undoubtedly, the reasonably high number of

sampling sites and the sampling method ensured that

the spatial patterns observed here mirror well the

landscape-level diversity of fish assemblages. Never-

theless, there are also some limitations in this study,

which should be eliminated with further investiga-

tions. First, the water body typology system should be

further validated and refined with information from a

typology based on multiple biotic components (e.g.

algae, macrophytes, invertebrates, fish). Indeed, the

relatively high misclassification error for some habitat

types may indicate some limitations of the typology

for fish at least. For example, one site in the submon-

tane stream category showed fish assemblage compo-

sition typical of HLSs (results not shown). These sites

should be re-checked in the field and, if necessary,

they should be re-classified. Note, that the HLS

habitat type was especially critical from this view-

point. Secondly, the detailed analyses on species

richness indicated that the sampling methodology

was not sufficient to yield a correct estimate of alpha

diversity for sites on the Danube. This finding,

corroborated by other studies (Er}os et al. unpublished

data), advocate more intensive sampling on the
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Danube and the improvement of the present national

biodiversity monitoring system.

Role of non-natives

Exclusion of non-natives from the analyses yielded

mixed results. Contrary to expectations, non-natives

did not have much influence on the relative species

diversity patterns at any hierarchical level (i.e. alpha,

beta1, beta2). This proves that all habitat types are

relatively equally infected by non-natives in this

ecoregion, and/or that the differences in species

diversity between some habitats are large enough so

that the exclusion of exotics from the analyses did not

influence these patterns. The results support the

hypothesis that ‘all environments can be invaded’ by

non-native fishes (Moyle & Light, 1996; Moyle &

Marchetti, 2006).

Compared with species diversity, non-natives had a

much greater influence on compositional diversity.

This was especially salient for rivers and in the case of

relative abundance data. After excluding non-natives,

the fish assemblage composition of the Danube

habitat type became indistinguishable from the fish

assemblages of LLR. The exclusion of non-natives also

increased some differentiation among some habitats

and improved classification strength slightly. This

may indicate the homogenising effect of non-natives

on the fish assemblages in the Hungarian Lowland

Ecoregion. The results on compositional beta diversity

further support this prediction.

Non-natives have been well documented to con-

tribute either to the homogenisation or to the

differentiation of fish faunas, depending on the spatial

scale studied (Marchetti et al., 2006; Olden et al.,

2006a). This study indicates that these processes may

happen at the same scale depending on landscape

components, but a long-term study is necessary to

explore these processes in detail. Nevertheless, a

possible explanation for this dichotomy is that some

habitat types share the same non-native species,

which increase the similarity among habitats, whereas

others differ in the non-natives present, which cause

differentiation. The results of indicator species analy-

sis complemented well the results of the multivariate

analyses. For example, two recently invaded (Er}os,

Sevcsik & Tóth, 2005) Ponto-Caspian gobiid species

(Neogobius kessleri and N. melanostomus) were the most

important symmetrical indicator species for the

Danube, which increase the differentiation of this

habitat type from the others, whereas asymmetrical

indicators (e.g. Carassius gibelio) clearly contributed to

the homogenisation among highland and lowland

waters.

In conclusion, the landscape classification scheme

applied here proved to be effective in portraying

general large-scale patterns in running water fish

diversity in the Hungarian Lowland Ecoregion. The

results for riverine fish assemblages support the

hypothesis that environmental variability (here the

diversity of different riverine habitat types) would be

representative of large scale biodiversity patterns (e.g.

Belbin, 1993; Trakhtenbrot & Kadmon, 2005) and can

be used as a surrogate in aquatic conservation

designs. Owing to the fundamental role of beta

diversity in species diversity patterns, I suggest that

conservation should concentrate on areas with the

highest diversity of habitat types per unit area, which

is of fundamental importance for maintaining the

largest variety of assemblages. However, the highland

rivers habitat type per se should receive attention,

because of its significance in species diversity and its

many species of conservation interest. Habitat types

seemed to be rather equally affected by non-natives.

Because there are differences between some habitat

types in the species composition of non-natives,

habitat type-specific conservation strategies are nee-

ded, which should be refined subsequently for indi-

vidual watercourses. This study highlights the

usefulness of jointly applying additive diversity par-

titioning and multivariate statistics in exploring the

contribution of landscape elements to the overall fish

biodiversity of the Hungarian Lowland Ecoregion.

Similar approaches should be used in other geograph-

ical settings to assess the generality of the present

results.
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