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Abstract – A fish-based index is proposed to indicate the ecological status of Lake Balaton, Hungary in
accordance with the standard of the European Water Framework Directive (WFD). The Balaton fish index
(BFI) synthetises information of 13 lake-specific fish metrics including gillnetting and electric fishing data
of species richness of native assemblages, relative abundance, biomass and age structure of native key
species, representation of non-native species and general health status. The main anthropogenic pressures
considered were the degradation of littoral habitats, invasion of non-native fish species, eutrophication and
fishing/angling including stocking. Ecological quality ratio (EQR) is assessed by relating actual fish
assemblage metrics to the supposed undisturbed reference status of Lake Balaton reconstructed by expert
judgement based on recent and historic information on the fish fauna and its changes. Values of BFI were
consistent and indicated good ecological status of Lake Balaton in the period of 2005–2018. This study
provides an example on how an EQR assessment methodology might be established in unique habitats with
no possibilities for statistical evaluation of pressure-respond relationships and exact determination of the
reference status.

Keywords: Biological quality element fish / biotic integrity / EQR / European Water Framework Directive /
fish assemblage

Résumé – Élaboration d’un indice basé sur les poissons pour l’évaluation de l’état écologique du lac
Balaton en l’absence de conditions de référence actuelles. Un indice basé sur les poissons est proposé
pour indiquer l’état écologique du lac Balaton, en Hongrie, conformément à la norme de la directive-cadre
européenne sur l’eau (DCE). L’indice des poissons du Balaton (BFI) synthétise les informations de 13
métriques de poissons spécifiques au lac, y compris les données de pêche au filet maillant et de pêche
électrique sur la richesse en espèces des assemblages indigènes, l’abondance relative, la biomasse et la
structure par âge des principales espèces indigènes, la représentation des espèces non indigènes et l’état de
santé général. Les principales pressions anthropiques prises en compte étaient la dégradation des habitats
littoraux, l’invasion d’espèces de poissons non indigènes, l’eutrophisation et la pêche et l’ensemencement.
Le rapport de qualité écologique (EQR) est évalué en établissant un lien entre les mesures réelles des
assemblages de poissons et l’état de référence supposé non perturbé du lac Balaton, reconstruit par un
jugement d’expert basé sur des informations récentes et historiques sur la faune piscicole et ses
changements. Les valeurs du BFI étaient cohérentes et indiquaient un bon état écologique du lac Balaton
pour la période de 2005 à 2018. Cette étude fournit un exemple de la façon dont une méthode d’évaluation de
l’EQR pourrait être établie dans des habitats uniques sans possibilité d’évaluation statistique des relations
pression-réponse et de la détermination exacte de l’état de référence.
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Fig. 1. Distribution of sampling sites (●, offshore gillnetting sites;○
littoral gillnetting and electric fishing sites).
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1 Introduction

Fish are one of the key organisms in majority of freshwater
ecosystems; they represent high taxonomic and functional
diversity, and are important components of the aquatic food
web participating at all consumer levels from primary
consumers to top predators, and to decomposers (Wootton,
1998). Fish assemblages respond sensitively to environmental
changes, and thus, qualitative and quantitative properties of
their assemblages can be effectively used as indicators of
environmental degradation (Karr, 1981; Poikane et al., 2017).
Accordingly, the European Water Framework Directive
(WFD) considers fish as an important biological quality
element (BQE) and suggests fish-based assessment of
ecological status in aquatic ecosystems (EC, 2000). As a
consequence, a significant research effort has been expended
for the development of fish-based indices for European inland
waters (Pont et al., 2007; Schmutz et al., 2007; Launois et al.,
2011; Olin et al., 2013; Ritterbusch et al., 2014; Kelly and
Harrison, 2016; Blabolil et al., 2016).

The WFD stipulates that the ecological status of the
evaluated water bodies have to be assessed by quantifying the
deviation between present day ecological status and natural (or
near natural) reference status in the absence of human
perturbation effects (i.e. the so called ecological quality ratio,
EQR). For the determination of reference status several
approaches are used including: (i) the reference site approach,
which uses existing pristine or minimally disturbed sites as a
benchmark; (ii) best professional judgment, which uses expert
knowledge to establish reference status; (iii) the historical
condition approach, which uses historical data to reconstruct
reference status; (iv) extrapolation of empirical models using
environmental and pressure gradients; (v) ambient distribu-
tions, which uses expert based interpretations of the range of
metric values to define the reference status (Stoddard et al.,
2006; Birk et al., 2012).

The determination of ecological status is especially
difficult in habitats with unique abiotic conditions and
ecological assemblages for which no present day type-specific
reference sites can be found (Gassner et al., 2005). Here, best
professional judgement, historical data, and the use of the
ambient distribution of metric values are the sole options to
assess ecological status (Poikane et al., 2015). This is the
situation with many European lakes, the fish-based assessment
of which ecosystems lack behind streams and rivers, and has
just recently been recognized as a great research and water
political need (Poikane et al., 2015). In fact, determination of
the ecological status of natural lakes (i.e. not artificial water
bodies, like reservoirs) largely focused on the use of algae and
for the determination of eutrophication effects (Birk et al.,
2012; Poikane et al., 2015). However, most large natural lakes
are intensively utilized by fishing, where balancing between
the maintenance of good ecological status and sustainable
fisheries (as an important ecosystem service) is a big challenge
of water resources management.

The situation of Lake Balaton is similar; Balaton is the sole
representative of plain region, calcareous, very large, medium
deep, permanent lakes (HU type L1) in Hungary as well as in
the area of the Eastern Continental Lake Geographical
Intercalibration Group. Lake Balaton represents nearly half
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of the total surface area of natural aquatic habitats in the
Pannonian Ecoregion, and thus, its ecological status may affect
biotic diversity and biotic integrity region-wide. Accordingly,
the area of the lake is included to the Natura 2000 network and
part of the Balaton-felvidéki National Park. Moreover, Lake
Balaton inhabits significant populations of Habitat Directive
(EC, 1992) Annex II. fish species, the asp Leuciscus aspius
(L.), the razor fish Pelecus cultratus (L.), the white-finned
gudgeon Romanogobio vladykovi Fang and the bitterling
Rhodeus sericeus (Pallas). Similarly to most European lakes
located in populated areas (EEA, 2012; Poikane et al., 2017),
biotic integrity of Lake Balaton is subjected to multiple
anthropogenic pressures, such as degradation of littoral
habitats, invasion of non-native fish species, eutrophication,
and fishing including stocking (Virág, 1998; Bíró, 1997;
Istvánovics et al., 2007; Specziár, 2010). Although stand-
ardised sampling of fish assemblages started in the late 1990s
and are performed according to recommendations of the WFD
since 2005 (Specziár, 2010), the methodology of fish-based
assessment of ecological status of Lake Balaton has not been
developed yet.

The aim of this study is to present a methodology for fish-
based assessment of the ecological status of Lake Balaton. Our
specified goals were: (i) to identify lake-specific metrics that
are sensitive for the main anthropogenic pressures and
supported by standardised gillnetting and electric fishing
surveys; (ii) to assess the reference (undisturbed) fish
community of Lake Balaton; and (iii) to implement the
selected metrics into a meaningful EQR index. This study
provides an example on how an EQR assessment methodology
might be established in unique habitats with no possibilities for
statistical evaluation of pressure-respond relationships and
exact determination of the reference status.

2 Materials and methods

2.1 Study area

Balaton is the largest shallow lake (surface area: 596 km2;
mean depth: 3.2m) in Central Europe, situated at 46° 420 � 47°
040N, 17° 150 � 18° 100 E and 104.8m above sea level (Fig. 1).
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Table 1. Area weights for gillnetting sites.

Southern
littoral
(km2)

Offshore
(km2)

Northern
littoral
(km2)

Total
(km2)

Keszthely-basin 5.3 26.5 8.2 40.0

Szigliget-basin 7.3 96.0 6.7 110.0
Szemes-basin 10.1 189.0 11.9 211.0
Siófok-basin 8.5 212.0 11.5 232.0

Lake Balaton 31.2 523.5 38.3 593.0
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The lake is slightly alkaline (400mg l�1 of Ca2þ and
Mg2þ(HCO3

–)2) with a decreasing trophic gradient (i.e.
chlorophyll-a concentration from 9.6 to 3.9mg l�1, mean
data of 2013–2014; Ministry of Environmental Protection and
Water Management of Hungary, http://www.ktm.hu/balaton/
lang_en/index.htm) from SW to NE along its longitudinal axis
(see also Istvánovics et al., 2007). Its pH varies between 8.2
and 9.1, and has a conductivity of 550–671ms cm�1 (Specziár
and Vörös, 2001). In general the lake is turbid with a Secchi
depth varying between 0.2m and 1.8m. More than 85% of the
total lake area is macrophyte free open water and most of the
habitat heterogeneity concentrates in the littoral zone. Today
only about 47% of the lake shore is covered by emergent
macrovegetation (dominanted by common reed Phragmites
australis (Cav.) Trin. ex Steud.), while the density of
submerged macrohytes varies considerably annually in the
littoral zone. Significant sections (>50%) of the shore have
been covered with concrete and rocks. Several large, and many
small boat harbours were built along the lake for commercial
and recreational purposes.

2.2 Fish sampling

Fish assemblage sampling is performed according to a
standardised protocol since 2005. This protocol was developed
based on the recommendations of the concerning European
standards (CEN, 2003, 2005) and their adjustment to local
conditions (Specziár, 2010).

Main gears of sampling are multi-mesh gillnets compatible
with the European standard EN 14 757 (CEN, 2005) and are
composed of 12 conventional mesh-sizes between 5 and
55mm (43, 19.5, 6.25, 10, 55, 8, 12.5, 24, 15.5, 5, 35 and
29mm; knot to knot) and two larger mesh-sizes (65 and
80mm). Addition of larger mesh-size panels is needed in
habitats where larger (>500 g) fish are common (Specziár,
2010; Šmejkal et al., 2015). Each mesh-size panel is 2.5m long
and the whole net has a total length of 35m. In order to sample
the whole water column at all water depth, which is essential
for a representative monitoring (Lauridsen et al., 2008;
Specziár et al., 2009, 2013; Alexander et al., 2015), three
versions of this gillnet setup is used in Lake Balaton. The
standard benthic (nordic-type) gillnet (BG) is 1.5m high and
weighted to ensure dipping of the lead line to the bottom. This
net is used at all sampling sites in triplicate to ensure Europe-
wide comparability. At sites with >1.5m water depth, the 3m
high version of the standard benthic gillnet (DHBG) is also
used in triplicate. Finally, at sites with >3m water depth, the
surface-set version of the 1.5m high standard gillnet (SG) is
also used in triplicate. Therefore, minimum number of gillnets
set per site at �1.5m water depth is three (only BG), at water
depth between 1.5 and 3m is six (3�BG and 3�DHBG) and
at water depth >3m is nine (3�BG, 3�DHBG and 3� SG).

Considering the biased catchability of fish in the spawning
season and at low water temperatures (Specziár, 2001),
sampling is scheduled between August and September.
Because gillnet catches are relatively high in Lake Balaton,
soak time must be kept short (Specziár et al., 2009) to avoid the
saturation of nets by fish and the related sampling bias (CEN,
2005; Prchalová et al., 2011). Consequently, gillnets are set in
the morning (after sunrise) for 1–3 hours of operation. At a
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minimum, 16 sampling sites distributed across the four basins
of the lake are surveyed (Fig. 1). Catch of each net is processed
separately. All captured fish are identified, checked for
abnormalities, and counted and measured for total biomass
with a precision of 1g by species.

Based on catch-per-unit-effort data of individual nets
(CPUE, number or biomass of fish captured by a net in one
hour of fishing) the whole lake average CPUEBalaton is
calculated as follows. First, a whole water column CPUEWC

(number or biomass of fish captured per standard gillnetting
effort, where standard gillnetting effort represents one hour of
fishing with a standard gillnet setup � 14mesh sizes, 2.5m
long each� covering the whole water column) is calculated for
each sampling site. CPUEWC equals CPUEBG at�1.5m water
depth and CPUEDHBG at water depth between 1.5 and 3m,
whereas for sites with water depth >3m it is calculated as
CPUEWC ¼ CPUEDHBG þ CPUESG � h�3

1:5 , where CPUEBG,
CPUEDHBG and CPUESG are the CPUEs for the BG, DHBG
and SG nets, respectively, while h is the water depth in meter.
Then, the whole lake CPUEBalaton (number or biomass of
fish captured per standard gillnetting effort) is calculated as
the weighted average of CPUEWC values of all sites:

CPUEBalaton ¼
X16

i¼1

CPUEWC;i � Ai
ABalaton

, where, CPUEWC,i is

the whole water column CPUE for sampling site i, Ai is the lake
area represented by the sampling site i (km2; Tab. 1), while
ABalaton is the total area of Lake Balaton (593 km

2). Weighting
is necessary because sampling sites are distributed non-
randomly, and the abundance and structure of fish assemblages
vary significantly between habitats (i.e. northern littoral,
southern littoral and offshore) and along the longitudinal axis
of Lake Balaton (Specziár, 2010; Specziár et al., 2013). The
boundary of the littoral zone was set at 2.1m water depth and
then the area related to each sampling site was measured on
the NaviGuide Hungary v3.1 map shape (Navi-Gate Kft.,
www.garmin.hu) using the MapSource 6.10.1 software
(Garmin Ltd., www.garmin.hu).

Reed grass stands in the littoral zone are sampled with
daytime electric fishing using a battery-powered machine
(Hans-Grassl IG 200-2B). The cathode, a 5m long copper
cable, is floated at the rear of the boat. To allow effective
manoeuvring in the reed, a small rubber boat (Yamaha 300S)
with an electric engine is used. The crew comprised two
persons: one for catching the fish with the hand-held anode
(2.5m long pole with a net of 40 cm diameter, mesh size 6mm)
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and one for driving the boat. Continuous electrofishing is
carried out by dipping the anode into the water at
approximately 3m long intervals and pulling the anode
toward the boat, while moving slowly ahead (Erős et al.,
2009). At least five 100m long sections are sampled at a
minimum of eight sampling sites distributed in the northern
and southern littoral zones of the four main lake basins (Fig. 1).
All captured fish are identified, checked for abnormalities, and
counted by species. CPUE is expressed in number of fish
captured per 100m, and the whole lake CPUE is calculated as
simple average of site-specific CPUEs.

Hereafter, all CPUE values are whole lake averages and
may represent catch in number (NPUE) or in biomass (BPUE).

Age structure and health status of the native species were
graded on a three-category scale (balanced, partly unbalanced
and unbalanced for age structure; and good, moderate and bad
for health status) by expert judgement on length frequency
distribution and on external signs of diseases, parasites and
malformations, respectively. Age structure of a species is
considered to be unbalanced when either juvenile or older age
classes are missing or substantially underrepresented.

2.3 Data base

Fish data were obtained from two sources. Monitoring data
based on the above described sampling protocol are available
for the period 2005–2009 (one to five sampling occasions per
sites), and for years 2010, 2012, 2013, 2014 (only gillneting
data) and 2018 (Specziár and Takács, 2007; Specziár, 2010;
this study). For the reconstruction of the reference fish
assemblage of Lake Balaton, we also utilized non-representa-
tive species occurrence reviews published since the late 1800s
(Herman, 1887; Daday, 1897; Vutskits, 1897; Unger, 1925;
Hankó, 1931; Lukács, 1932; Entz and Sebestyén, 1942;
Bíró, 1981, 1997; Specziár et al., 2000; Specziár, 2010;
Appendix 1).
2.4 Index development

Our methodological approach utilises the theory of
biological integrity of aquatic ecosystems (Karr, 1981) and,
in harmony with the requirement of the WFD (EC 2000), it
evaluates the deviation between present and reference
conditions of the ecosystem of Lake Balaton (i.e. the
ecological quality ration, EQR). Our goal was to select a set
of fish-based metrics supported by the above-described
monitoring protocol and by historic species lists, which
provide a representative picture about the ecological status of
fish assemblages as well as of the ecosystem of Lake Balaton,
and which could be integrated into an effective EQR index.

Based on historic species lists, recent structure of native
fish assemblages in the lake and in subsistent wetlands areas
that formerly belonged to Lake Balaton, and evaluation of
probable effects of present and past pressures, we defined
major features of the reference status. We determined the key
functional species and the most sensitive species group of the
native fish fauna. Then, based on expert judgement we
selected the most relevant and robust fish-based metrics which
are likely to respond to the identified pressures (degradation
of littoral habitats, invasion of non-native fish species,
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eutrophication and fishing/angling) of the region. Metrics
were selected as to represent most important taxonomic and
functional features of the fish assemblage, such as diversity of
native species, occurrence of sensitive native species,
population status of the key species, representation of non-
native components, and recruitment and health status of the
native species. Robustness to sampling effort, representativity
and bias were also important criteria of metric selection
(Deceliere-Vergés et al., 2009; Specziár et al., 2009; Zale et al.,
2013). Therefore, metrics focusing on the key species and
species groups, but underweighting rare elements of the fauna
were preferred. Finally, the scoring table of each selected
metric was set individually and relative to the hypothetical
value of the given metric at the reference status (i.e. ambient
scoring method). Maximum score of each metric was weighted
according to the relative importance of pressure effect they
supposed to indicate and their sum totalling 100.

3 Results

3.1 Assessment of the reference status

We assume that the core assemblage (populations that
accomplish complete life cycle in the lake) of the original fish
fauna of Lake Balaton was composed by the native fish species
with permanent populations at the present, and by mudminnow
Umbra krameri Walbaum, weatherfish Misgurnus fossilis L.,
crucian carp Carassius carassius (L.), spined loach Cobitis
elongatoides Băcescu and Mayer, and burbot Lota lota (L.),
which occurred in the historical data set (Appendix 1). Since
we do not have quantitative historical data, assessment of the
relative abundances of these species for the reference status is,
however, a much more difficult task. Accordingly, we assume
that littoral species, and especially the phytophilous species,
could be much more abundant in the past, whereas offshore
species occurred in the same or just slightly higher densities
than today, except the pikeperch Sander lucioperca (L.), the
population of which species is being under a strong angling
pressure at present. Monitoring data on relative fish abundance
are summarized in Figures 2 and 3.

3.2 Selected metrics of the EQR

Thirteen fish based metrics (M1–M13) were selected to
indicate the response of fish assemblages for specific pressures
(i.e. degradation of littoral habitats, invasion of non-native fish
species, eutrophication and intensive angling) and to assess the
ecological status of Lake Balaton (Tab. 2).

3.2.1 M1. Number of abundant (eNPUE > 0.1 ind.
100 m�1) native species in the electric fishing samples

Natural littoral habitats represent high environmental
heterogeneity and support high fish diversity. Consequently,
any loss in the species richness may indicate habitat
degradation or other pressure effect. In order to provide a
robust indication, rare species (less than four individuals
captured at a minimal sampling intensity of 8 sites�
5 replicates of 100 sampling stretch) with low detectability
are excluded from the calculation. List of the permanent native
species for the reference state is given in Appendix 1.
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Fig. 3. Standardised electric fishing catch-per-unit-effort based on
abundance (eNPUE) in the littoral zone of Lake Balaton.

Fig. 2. Standardised gillnetting catch-per-unit-effort based on abundance (gNPUE) and biomass (gBPUE) in Lake Balaton. Standard gillnetting
effort represents one hour of fishing with a standard gillnet setup � 14mesh sizes, 2.5 long each � covering the whole water column.
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3.2.2 M2. Relative abundance of phytophilous native
species in the electric fishing samples
(eNPUEphyt.� eNPUEtotal

�1)

Native species with strong preference to macrophyte
dominated habitats are especially sensitive to ecological quality
of the littoral zone. List of the permanent native phytophilous
species for the reference state is given in Appendix 1.

3.2.3 M3. Relative abundance of non-native species in the
electric fishing samples (eNPUEnon-native�eNPUEtotal

�1)

High abundance of non-native species may indicate a
strong anthropogenic impact on the ecosystem. Moreover, the
presence of non-native species represent a significant threat on
native biodiversity and ecosystem functioning. This metric
indicates non-native species infection in the littoral zone.

3.2.4 M4. Number of abundant (gNPUE > 0.2 ind.
standard gillnetting effort�1) native species in the
gillnetting samples

Decreased native species richness may indicate habitat
degradation or other pressure effect. In order to provide a
robust indication, rare species with low detectability are
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excluded from the calculation. List of the permanent native
species for the reference state is given in Appendix 1.

3.2.5 M5. Relative abundance of non-native species in
the gillnetting samples (gNPUEnon-native�gNPUEtotal

�1)

Large- and small-sized non-native species may represent
different functionality, and therefore, impact the ecosystem
differently. This abundance based metric concentrates on
the ecological impact related to small-sized non-native
species.

3.2.6 M6. Relative biomass of non-native species in the
gillnetting samples (gBPUEnon-native�gBPUEtotal

�1)

Compared to M5, this biomass based metric concentrates
on the ecological impact related to large-sized non-native
species.

3.2.7 M7. Relative biomass of common carp Cyprinus
carpio L. in the gillnetting samples
(gBPUEcarp�gBPUEtotal

�1)

Common carp is native in Lake Balaton, however, angling
oriented fisheries management is motivated to increase density
of common carp by regular stockings. Increased density of
common carp indicates a strong anthropogenic impact and
represent a threat for other native species as well as influences
the functioning of the ecosystem. Therefore, both a too low and
a too high common carp density could indicate some pressure
effect.

3.2.8 M8. Gillnetting BPUE of the razor fish
(gBPUErazor fish)

Razor fish is a key fish species of Lake Balaton, which
makes the lake fish fauna unique, and different from other
European lakes. It has a specialised planktivorous feeding,
unique pelagophilous reproduction, and sensitivity to eutro-
phication, intensive fishing and probably several other
pressures. Moreover, razor fish is listed in Annexes 2. and
5. of the Natura 2000 (EC 1992).
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Table 2. Fish-based metrics comprising the Balaton fish index (BFI) assessing the ecological quality ratio (EQR) of Lake Balaton, their
categories and scoring by categories. eNPUE (ind. 100 m�1), catch per unit effort by number in electric fishing samples; gNPUE (ind. standard
gillnetting effort�1) and gBPUE (g standard gillnetting effort�1), catch per unit effort by number and biomass in gillnetting samples; standard
gillnetting effort represents one hour of fishing with a standard gillnet setup � 14mesh sizes, 2.5m long each � covering the whole water
column. Native, native phytophilous (phyt.), native key species and non-native species are listed in Appendix 1.

Metrics Metric categories Scoring by category

1 2 3 4 1 2 3 4

Electric fishing samples
1. nnative with eNPUE ≥ 0.1 ind. 100 m�1 <8 8–10 11–12 13� 0 3 7 10
2. eNPUEphyt. eNPUEtotal

�1 <0.05 0.05–0.15 0.15–0.25 0.25� 0 3 7 10
3. eNPUEnon-native eNPUEtotal

�1 <0.01 0.01–0.1 0.1–0.25 0.25� 10 7 3 0

Gillnetting samples
4. nnative with gNPUE ≥ 0.2 ind. standard
gillnetting effort�1

<4 4–6 7–8 9� 0 3 7 10

5. gNPUEnon-native gNPUEtotal
�1 <0.01 0.01–0.1 0.1–0.25 0.25� 5 3 1 0

6. gBPUEnon-native gBPUEtotal
�1 <0.01 0.01–0.1 0.1–0.25 0.25� 10 7 3 0

7. gBPUEcarp gBPUEtotal
�1 <0.001 0.001–0.01 0.01� 0 5 0

8. gBPUErazor fish <20 20–200 200–1000 1000� 0 5 10 5
9. gBPUEpikeperch gBPUEtotal

�1 <0.01 0.01–0.04 0.04–0.08 0.08� 0 5 10 5
10. gBPUEbream <300 300–1200 1200� 0 5 0
11. gBPUEtotal <1000 1000–4000 4000� 0 5 0

Electric fishing and gillnetting samples
12. Age structure (balanced: balanced in all native
key species and in all other native species with exception
of no more than two; partly unbalanced: unbalanced in one
key species or at least in three other native species;
unbalanced: unbalanced at least in two native key species)

Balanced Partly
unbalanced

Unbalanced 5 3 0

13. Health status (good: <5% of individuals show any
sign of diseases, heavy infection by parasites,
malformations and hybridisation; 5–20% of individuals
show some signs of these abnormalities; bad: >20% of
individuals are affected).

Good Moderate Bad 5 3 0
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3.2.9 M9. Relative biomass of pikeperch in the gillnetting
samples (gNPUEpikeperch�gNPUEtotal

�1)

Pikeperch is the most abundant, native top predator fish in
Lake Balaton. Consequently, either a significant decrease or
significant increase in its population density�which, similarly
to carp is stocked regularly to fulfil the demand of anglers �
may indicate ecosystem level pressure effects.

3.2.10 M10. Gillnetting BPUE of the common bream
Abramis brama (L.) (gBPUEbream)

Common bream is one of the most abundant native fish
species in Lake Balaton. It utilizes both benthic and pelagic
food resources, and is sensitive to the status of littoral
spawning habitats, eutrophication and other pressures. Either a
significant decrease or a significant increase of common bream
density could indicate anthropogenic impact.

3.2.11 M11. Total gillnetting BPUE (gBPUEtotal)

Several pressures effecting the ecosystem may alter total
fish density. Both a significant decrease and a significant
Page 6 o
increase in the fish density could indicate anthropogenic
impact.

3.2.12 M12. Age structure of native species

Unbalanced age structure could indicate unfavourable or
changing ecological status. Since the assessment of age
structure requires large sample sizes, this metric is based
primarily on population data of the most abundant key species,
with diverse ecological functions and it is assessed from
combined gillnetting and electric fishing samples. These
species are the bleak Alburnus alburnus (L.), the razor fish, the
common bream and the pikeperch.

3.2.13 M13. Health status

Health status of fish is assessed according to percentage of
individuals with visible external signs of diseases, heavy
infection by parasites, malformations and hybridisation in
combined gillnetting and electric fishing samples. Although
some health problemmay present even in natural assemblages,
its more general occurrence likely is an indication of
unfavourable ecological processes.
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Fig. 4. Ecological quality ratio (EQR) of Lake Balaton assessed by
the Balaton fish index (BFI) for the period of 2005–2018.
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3.3 Calculation of the EQR

We consider that in regard M7, M8, M10, M11, M12 and
M13 the present status of the fish assemblage likely does not
deviate significantly from the reference status. At present, the
most impacted component of the fish fauna could be the littoral
species, and especially the phytophilous group, represented by
M1 and M2. Phytophilous species has lost more than half of
their original habitat area and suffer from habitat degradation
in the remaining areas. Regarding the remaining metrics, the
fish fauna could moderately deviate from the reference status at
the present. The native species are less effected in the offshore
area (M4), except the pikeperch (M9). Although there are
several non-native species in the lake, their total relative
abundance (M3, M5 and M6) is only moderate at the present.

We considered that M1, M2, M3, M4, M6, M8 and M9
could indicate more pronounced effect at the ecosystem level
than M5, M7, M10, M11, M12 and M13, and thus, we give
them more weight in assessment of the EQR. The scoring
guide is presented in Table 2. Additional information on metric
values during 2005–2018 and scoring category boundaries are
provided in Supplementary Material, Figure S1.

Sum of the scores of the 13 fish-based metrics divided by
100 is the Balaton Fish Index (BFI). BFI represents the EQR of
Lake Balaton, values of which may range between 1
corresponding to the reference status and 0 indicating the total
loss of the native fauna. The range of the BFI is divided into five
equidistant intervals classifying ecological status of Lake
Balaton to high (BFI: 0.81–1.00), good (0.61–0.80), moderate
(0.41–0.60), poor (0.21–0.40) and bad (0.00–0.20) categories.

For the period of 2005–2018, BFI values ranged between
0.66 and 0.75 indicating good present-day ecological status of
Lake Balaton (Fig. 4).

4 Discussion

4.1 Index development

We developed a fish-based index which can effectively
indicate the multiple-pressure ecological alterations in Lake
Balaton. The index synthetises information of 13 lake-specific
fish-based metrics defined mainly as function of species
richness of native assemblages, relative abundance, biomass
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and age (size) structure of the native key species, representa-
tion of non-native elements and general health status. Thirteen
metrics is more than the average number of metrics in other
fish-based ecological indices (Argillier et al., 2013; Olin et al.,
2013; Blabolil et al., 2016, 2017; Virbickas and Stakėnas,
2016), but our goal was to establish an index, which could
indicate the effect of all major threatening pressures including
hydromorphological alterations, non-native fish, eutrophica-
tion and fishing/angling (cf. Poikane et al., 2017). Although
most aquatic habitats are exposed to multiple pressures, fish-
based indexes are usually calibrated to one specific pressure
only, most commonly to eutrophication (Argillier et al., 2013;
Olin et al., 2013; Blabolil et al., 2016, 2017). Moreover,
similarly to the case study on the Srebarna Lake (Pehlivanov
et al., 2017), the unique typological status of Lake Balaton did
not allow a statistics based metric reduction in the BFI. Our
index is based on multiple gear sampling (gillnetting and
electric fishing) and combines information of open water and
littoral fish assemblages. Similarly to study of Breine et al.
(2015), combining data of different fishing methods enabled us
to incorporate information on status of the most sensitive and
most impacted phytophilous species into the BFI, too.

4.2 Reference status

Assessment of the EQR required by the WFD is based on
the assumption that we have an exact knowledge on the
undisturbed (reference) status of the studied ecosystem to
which the present situation could be related (Birk et al., 2012;
Poikane et al., 2014). In Lake Balaton, both the original and the
present day species pools are well documented. A couple of
native phytophilous and benthic species � including crucian
carp, weatherfish, spined loach and burbot� disappeared from
Lake Balaton by the end of 20th century due to hydro-
morphological modifications of the littoral zone (specifically
rip-rap embankments and separation of lakeside wetland areas
and most of inflowing streams from the lake), and as a
consequence of the intensive stocking of eel Anguilla anguilla
(L.), which lasted from 1961 to 1991 (Bíró, 1997; Specziár,
2010).

On the other hand, we neither have information on nor we
could objectively reconstruct the original relative fish
abundances of Lake Balaton. Therefore, the sole possibility
of defining the reference status in this regard was to make a
judgement on how populations of the native key species and
the most sensitive phytophilous group would respond for the
pass of all human-related pressures. Facts that we considered
were: trophic state of Lake Balaton, which determines
available food resources, has approached the supposed
reference status since late 1990s (Istvánovics et al., 2007);
commercial fishing was insignificant for native fish species
since the end of 1990s, and fishing was stopped at all in 2013;
reproduction of most offshore species is still satisfactory; and
the proportion of non-native species has been dropped to a
moderate level with the marked decrease of the eel stock and
the ban of stocking of bigheaded carp Hypophthalichthys
molitrix (Valanciennes)�H. nobilis (Richardson) in the
drainage. Therefore, we supposed that of the key native
pelagic species, the bleak, the common bream and the razor
fish are less effected by anthropogenic pressures, and thus,
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could have a density close to the range of the assumed
reference status. On the other hand, population of pikeperch
likely is depressed by intensive angling (Specziár and
Turcsányi, 2017). On the contrary, as discussed above, both
the species richness and the abundance of the phytophilous
group could have beenmuch higher in the undisturbed status of
Lake Balaton.
4.3 Metric selection

Changes in the values of the 13 selected metrics can be
related to the four main anthropogenic pressures affecting the
ecological status of Lake Balaton. Of pressures, hydro-
morphological alterations could be listed at first place because
of their extended and largely irreversible effect. Draining of
wetlands around the lake, regulation of the lake shore and lake
side building operations have already caused significant
habitat loss and habitat degradation in the littoral area (Virág,
1998), and despite the operative ban this process is likely to
continue. Destruction of littoral habitats affects overall biotic
diversity, but has only little influence on composition of the
open water assemblages in larger lakes (Mehner et al., 2005).
Therefore, fish-based monitoring of ecological consequences
of hydromorphological alterations requires the inclusion of
metrics based on littoral assemblages too, such as on
phytophilous species (M2; Jeppensen et al., 2005; Blabolil
et al., 2016).

We consider the effect of non-native fishes as the second
most dangerous pressure of native fish fauna. In Lake Balaton,
introduction of non-native fishes (M3, M5, M6) started in the
1800s and their regular stocking reached a maximum between
1960s and 1990s (Bíró, 1997). Although stocking of non-
native species is prohibited now, several previously introduced
species have established self-sustaining populations in the lake
and its catchment (Bíró, 1997; Specziár, 2010). Non-native
species with permanent populations are mainly small to
medium sized littoral species (M3, M5). On the other hand, the
stock size of eel has already been decreased by more than 90%
since the last stocking in 1991, and in the near future, a similar
tendency is expected in the stock of the bigheaded carp which
rearing was also banned in majority of the drainage (M6).

Worldwide eutrophication of aquatic ecosystems is caused
by the increased nutrient load of waters related to human
activities. Eutrophication in turn results higher total fish
biomass (M11; Launois et al., 2011; Argillier et al., 2013; Olin
et al., 2013; Blabolil et al., 2016), mainly due to the increased
density of some cyprinids, like for example of common bream
(M10; Jeppensen et al., 2000; Mehner et al., 2005; Virbickas
and Stakėnas, 2016). These relationships were documented
also in Lake Balaton as both common bream and total fish
biomass increased during the 1970s and 1980s when the lake
was hypertrophic, and decreased substantially from the mid-
1990s, during the re-oligotrophication (Bíró, 1997; Specziár,
2010). On the other hand, there are fish species which do not
tolerate lower oxygen concentration, lower visibility and
other environmental alterations related to increased lake
productivity (Jeppensen et al., 2000). One of these eutrophi-
cation sensitive species is the planktivorous razor fish, which
density decreased markedly during the hypertrophic period of
Lake Balaton (M8; Bíró, 1997).
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Following a century of intensive commercial fishery, the
objective of fisheries management now is promoting a high
but sustainable level angling in Lake Balaton. Commercial
fishery primarily targeted common bream (M10), pikeperch
(M9) and razor fish (M8) until the 1990s, when it received
the task of depleting stocks of the eel and bigheaded carps to
its stop in 2013. On the contrary, anglers prefer common
carp (M7) and pikeperch (M9). One of the most important
consequence of the angling oriented fisheries management is
the high rate of common carp stocking amounting ca.
350 tons annually (Specziár and Turcsányi, 2014) and a
high harvest rate of pikeperch population (Specziár and
Turcsányi, 2017). In sum, both too low or too high biomass
values can indicate alteration in the ecological status of the
lake, which we tried to incorporate in the BFI in case of
these key fish species.

4.4 Present ecological status of Lake Balaton

The BFI indicates a good present ecological status of Lake
Balaton, and the same result was obtained in each fish survey
from 2005. Although some littoral elements of the fauna are
impacted and few species have disappeared, the open water
assemblage is mainly intact and stable. In the future, a slight
increment in the EQR is assumed given that no further
degradation in the littoral habitats will occur and the control of
non-native stocks will be successful. On the other hand,
attaining high ecological status would require a significant
habitat reconstruction in the littoral zone and the re-
establishment of ecosystem integrity between the lake and
surrounding wetland areas.
4.5 Limits and future perspective

We appreciate that the suggested methodology is strongly
based on the assumption that the reference status of the fish
community could be assessed by expert judgement to an
acceptable precision. In order to keep this bias at a minimum,
we focused on those community traits, which reference levels
could be assessed with highest probability and are highly
informative as well, such as metrics based on the most
abundant key species, the most sensitive phytophilous group of
native species and non-native species. A weakness of the
proposed index is that due to lack of adequate data, pressure
impact relationships could not be investigated. The period
covered by fish monitoring data in Lake Balaton is too short to
represent significant variations of pressures and fish assemb-
lages. Whereas a comparison to set of other lakes would not be
appropriate because of the specific characteristics of Lake
Balaton.

It should be noted also that the scoring table of the BFI was
calibrated to data provided by gillnetting and electric fishing.
However, since gillnetting is an invasive method which
damage and kill captured fish, there is a common tendency for
restricting its use both in commercial and research fisheries
(Winfield et al., 2009; Emmrich et al., 2012). It is likely that
with the development of molecular (e.g. environmental DNA-
based) and instrumental (e.g. hydroacoustic) techniques, new
methods will take over traditional fish sampling in monitoring
and call for rethinking the BFI.
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