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Trend and noise: long-term changes of phytoplankton in the
Keszthely Basin of Lake Balaton, Hungary

J. Padisdk and L. Koncsos

Introduction

Lake Balaton is the largest shallow lake in Central

Europe (length: 77.9 km; average width: 7.2 km;

surface area: 593 km?®; mean depth: 3.14 m, theoreti-

cal retention time: 3-8 years; catchment area: 5182

km®). The Zala River, which enters the lake at the

SW shore, drains an area of 2622 km*. As a result of

the increased phosphorus load, the originally

mesotrophic lake underwent rapid eutrophication in

the 1960s—-1970s (HeroDEK 1984). Between 1975

and 1981, the total P load was estimated as 2.47 g

m~ year” in the western part of the lake, and 0.31 g

m” year” in the eastern part (SOMLYODI & JOLANKAT

1986). As a consequence of the morphometric and

loading conditions, a shatp trophic gradient has

developed in the lake.

In the early 1980s, a large-scale eutrophication
management program was started (ISTVANOVICS et al.
1997), which included the installation of a large
water quality protecting reservoir (more than half of
its 80-km’ surface area being wetland) at the inlet of
the major river. So far, the whole management pro-
gram has resulted in approximately 50-60% reduc-
tion of the biologically available P (BAP) load of the
lake. This load reduction was expected to slightly
inhibit the development of phytoplankton in the
lake (HERODEK 1984). In parallel to load reduction,
the humic material load of the Keszthely Basin
increased, since the entire discharge of the largest
river has been filtered through a swampy wetland
area.

From this pattern, it is expected to see:

1. A wendlike increase of phytoplankton biomass
during the eutrophication phase (prior to 1985)
combined with a proliferation of heterocytic
cyanobacteria.

2. A wendlike decrease of phytoplankton biomass
after restoration has started (1985).

3. An increase in the biomass share of actually or
potentially mixotrophic species (especially flagel-
lates) as a consequence of increased organic load

of the basin, due to humic materials input from
the wetland of the protecting reservoir.

Phytoplankton species have short doubling times
— under natural conditions populations at the log
phase of increase usually exhibit doubling times of
2-6 days depending on their size, morphology and
intrinsic capacities. It was shown in many studies
dealing with the succession of phytoplankton that
stochasticity of weather conditions and other unex-
pected events may interfere with regular patterns of
succession, sometimes only reversing its sequence
but in other cases shifting it, which results in a very
different successional pathway. Moreover, the actual
biomass of phytoplankton in shallow lakes is often
dependent upon the release of internally stored B, of
which some has also been weather dependent.
Therefore, it is also expected that
4. There will be a ‘noise’” on the trends that can be

forecasted from expectations numbered here
from 1 to 3.

This paper describes phytoplankton' changes in
the 19 years between 1982 and 2000 in the Kesz-
thely Basin of the lake. Special attention will be paid
to Cylindrospermopsis raciborskii, a bloom-forming
subtropical cyanobacterium. Earlier data indicated
that the occurrence of its blooms depends both on
hydrometeorological conditions and the P-pool of
the sediments (Papisax & IsTvANOvIcs 1997,
Papisak 1998). The basic question is whether the
period of water quality restoration can really be
ateributed to successful management or is it merely a
consequence of an ideal combination of hydromete-
orological circumstances.

Sources of data, methods and modelling

Some of the phytoplankton data used in this paper
come from the archives of the Middle Tansdanubian
Water Authority (1983-1988). For the period
1989-2000, data from the present study are used;
these have a sampling frequency varying from 3 days
to biweekly. However, occasionally there are 4- to 6-
week gaps between samplings, due to unstable ice
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conditions. The phytoplankton (a minimum of 400
settling units per sample) was counted using an
inverted microscope; biomass (wet weight) was esti-
mated volumetrically (PADISAK et al. 1999, Papisax
& ADRIAN 1999). In order to avoid errors that may
have arisen due to irregular sampling, annual average
biomass was estimated in two steps: first, monthly
averages were calculated, and then these were aver-
aged to get annual means. In order to obtain annual
maxima, individual species counts were averaged
with the respective species counts for the sampling
dates immediately prior to, and immediately after,
the occurrence of the maximum, at each recorded
maximum. In this way, an index of the phytoplank-
ton closest to the anticipated late summer equilib-
rium phase was obtained (SomMER et al. 1993). For
cluster analysis, the Czekanowsi index (CzEKANOWSKI
1909) and WPGMA fusion algorithm were applied
using the SynTax III program package (Popant
1988).

In addition to cluster analysis, an ecological model
was developed and used to estimate the levels of phy-
toplankton biomass, and to evaluate the effectiveness
of eutrophication control measures.

The applied model is capable of describing the
non-linear mechanisms of eutrophication by a
dynamic mass balance and, therefore,:

* the relationship between algal biomass and exter-
nal nutrient load,

* the impact of weather conditions on algal
growth, and

* the role of sediment influencing the internal
load.

The complete model system incorporates three
submodels: the hydrodynamic, transport and water
quality submodels.

For computation of the horizontal convection and
dispersion in the mass-balance, a two-dimensional
hydrodynamic and transport model was utilized.
The water quality submodel and its structure are pre-
sented in Fig. 1.

The applied model was based on careful analysis
of the available data and previous modelling studies
of Lake Balaton (SOMLYODY & VAN STRATEN 1986)
and other lakes.

The main processes of the model which describes
a simple P cycle with seven state variables are briefly
summarised, without explanation of the model
equations. The model uses one algal group, which is
in this case a single species, C. raciborskii. Algae take
up the bulk of the inorganic P that enters the water.
Inorganic P is divided into two mode! state variables
— dissolved reactive phosphorus (DRP) and particu-
late inorganic phosphorus.

Algal growth depends on B, light and temperature
limitations. Background light extinction is consid-
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Fig. 1. Structure of the dynamic P model (model
state variables: AP, algal phosphorus; DB detritus
phosphorus; DRP, dissolved reactive phosphorus;
PID, particulate inorganic phosphorus).

ered to be a function of the concentration of the
humic materials. Wind-induced resuspension, and
its impact on the light conditions, have been system-
atically investigated and included in the model struc-
ture as follows — a dynamic suspended solid model
was constructed, which is capable of describing the
wave motion due to episodic wind events. Another
submodel computes bottom shear stress and resus-
pension flux associated with wave motion. With the
help of the mass balance equation, the suspended
solid concentration can be determined. The extinc-
tion coefficient can also then be computed simulta-
neously, based on a linear relationship.

The same temperature function (with optimal and
critical values) as in previous Lake Balaton models
was applied to limitation (Kutas & HEeroDEK 1982,
SOMLYODY & VAN STRATEN 1986). Algal decay and
mineralization are also temperature dependent.

N-fixation was considered in the model structure
as an additdonal source of N-uptake. Its intensity
influences the algal growth rate — based on experi-
ments, it was assumed that the growth rate is
reduced to 70% of maximal rate if N-fixation
reaches 100% of the algal N-uptake.

The model contains a more detailed sediment sub-
model, as shown in Fig. 1. The interaction between
DRP and PIP is described by an equilibrium concen-
tration both in water and sediment. Particulate P
(PIP and DP) enters the sediment via settling, and
recycling is also possible due to diffusion, which
depends on sorption and several other processes. The
submodel includes a P sorption isotherm that
describes the relationship between the sediment P
pool and the dissolved inorganic P concentration
(DRP) in the interstitial water. The isotherm sup-
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plies the model with ‘memory’ and thus it may suit-
ably describe feed-back effects, following changes of
loads, as well as the long-term behaviour of the sys-
tem. The active sediment layer is a function of the
suspended solids, deposition, carbonate removal and
burial.

The model udlises data coming from different
sources. Wind speed and direction data were mea-
sured hourly by the Hungatian Meteorological Ser-
vice. Daily irradiation data were available from the
database of the Central Institute for Atmospheric
Physics. Water chemistry, nutrient load and water
tempetature data were measured by the West Danu-
bian District Water Authority on almost a daily
basis.

Results and discussion

Eutrophication period

Quantitative phytoplankton data prior to and
during the rapid eutrophication of the Kesz-
thely Basin of Lake Balaton are available in sev-
eral publications (TamAs 1963, 1967, 1969,
1972, 1974, 1975, HeronEx & Tam4s 1975,
Voros 1980, Orsd et al. 1981, Pabisak & G.-
Tora 1991, Papisak 1993). Even though the
data in these publications are sporadic and have
irregular temporal distributions within individ-
ual years, the cutrophication trend from the
1960s to the 1980s—1990s can be clearly shown
(Fig. 2a). During this period, the annual aver-
age rose from 1000-2000 pg L™ to >20,000 pg
L, which, in terms of trophic states, indicates a
change from meso-cutrophic to hypertrophic
levels. In the papers cited above and in others, a
shift in phytoplankton composition is also
clearly documented — by the 1970s, heterocytic
cyanobacteria (many of them was not recorded
in the lake beforehand) became overwhelmingly
dominant in the summer—autumn period (data
are not shown here, see PaDisAx & REYNOLDS
1998 for details).

Restoration period

Experience shows that the response (decrease)
of phytoplankton, either in terms of biomass or
chlorophyll 4, to external P-load reduction may
be significantly delayed. Based on the VOLLEN-
WEIDER & KEeREKES (1982) model on the resto-
ration experience of many lakes, it can be
shown (mathematical descriptions are not
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detailed here) that the equation given there can
be simplified to

Nt=m/1-1m

where 7T is the average retention time of water
and 1 is the annual average P retention capacity
of the lake. The above equation simply states
that lakes with short retention times have a
smaller P retention capacity than those with
longer retention times. Restoration experiences
(Sas 1989), however, show that the behaviour
of some lakes deviates significantly from this
simple model. In summary, in Lake Balaton, a
rather long lag period (10-15 years) after a
decreasing external load can be expected before
a trophic change response occuts.

Phytoplankton biomass in Keszthely Basin
remained practically unchanged during approx-
imately the first 10 years after restoration had
started (Fig. 2a). It was also shown that differ-
ent guilds of the cyanobacteria responded dif-
ferently — non-N-fixers followed changes in the
N/P loading ratio, N-fixers other than Cylin-
drospermopsis raciborskii decreased in parallel to
external P-load, while C. raciborskii did not
show any rclationship with the variables of
external load (PapisAk & IstvANoOvics 1997),
most probably because its annual biomass is
influenced by the sedimentary P-pool (internal
load) and certain weather conditions.

The response of phytoplankton to P-load
reduction has commonly been measured as a
decrease in annual average or annual maximum
biomass. In the Keszthely Basin, both measures
showed a marked decrease after 1990 (Figs 2b
and 2d). However, the most effective measure is
the extension of the period with high (defined
here as >20 mg L) biomass (Fig. 2¢). While
such periods previously lasted for months (usu-
ally between June and mid-October), during
the last several years phytoplankton biomass has
remained at a high level for only a short period
(2—3 weeks) or has not reached this critical level
at all (1997, 1999, 2000). The contribution of
cyanoprokaryotes to annual average biomass
(Fig. 2e) decreased to a much lesser extent than
the other variables investigated herein. Never-
theless, the overall trend of phytoplankton
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Fig. 2. (a) Annual average phytoplankton biomass in the Keszthely Basin of Lake Balaton between 1962 and
2000. Trendline (third-order orthogonal polynomial) is also indicated in the graph. (b) Annual average phy-
toplankton biomass in the Keszthely Basin of Lake Balaton between 1982 and 2000. (c) Number of days
with phytoplankton biomass >20 pg L™ in the years 1982-2000 in the Keszthely Basin of Lake Balaton. (d)
Late summer maximum of phytoplankton biomass in the Keszthely Basin of Lake Balaton between 1982
and 2000. (e) Contribution (%) of cyanobacteria to average phytoplankton biomass in the Keszthely Basin
of Lake Balaton between 1982 and 2000. (f) Annual average contribution of phytoflagellates to total biom-
ass in the Keszthely Basin of Lake Balaton between 1982 and 2000. Trendline (second-order orthogonal
polynomial) is also indicated in the graph.
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changes during the last 7 years indicates water
quality improvement.

Porentially mixotrophic species

As was mentioned earlier, discharge from the
River Zala, the most polluted (P-load) inflow,
has been ‘filtered’ through a wetland area since
1992, which results in an increase in humic
material load in the basin. Measurements of
water colour (as Pt units) only started in 1997
(V.-BaLoGH et al. 2000), and therefore long-
term comparisons are not possible. However,
the brownish, ‘humic-material’ colour of the
Keszthely Basin was not observed prior to the
present management steps. Recent investiga-
tions indicate a gradient in the colour of the
lake water along its longitudinal axis, with the
highest coloration in the Keszthely Basin. Phy-
toplankton species have different abilidies in the
utilization of organic (dissolved or particulate)
matter. Experience shows that many flagellates
occasionally use organic material as a source of
carbon, and it is also known that highly humic
waters support a high diversity of flagellates.
However, this ability is not exclusive to flagel-
lates, and similarly, there are flagellates that are
strictly autotrophic. In this pilot approach, all
flagellates were considered to be actually or
potentially mixotrophic, and their share in total
phytoplankton was investigated in the period
between 1982 and 2000.

Prior to 1992, the annual average contribu-
tion of flagellates remained largely below 10%
(Fig. 20). After this, it started to increase, and
trendlines support the hypothesis that the share
of flagellates would increase if the humic mate-
rial load of a lake or lake basin increased. On
the other hand, a lower standing crop of phy-
toplankton results in better light conditions, as
indicated by the slow proliferation of sub-
merged macrophytes (Steos et al. 2000). There-
fore, an increase of flagellates may integrate
changes both in organic matter concentrations
and in underwater light intensity/quality.

Noise upon the process I: community structure
analysis

As was concluded in previous studies (e.g. Rey-
NOLDS et al. 1993), the seasonal succession of
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phytoplankton in any lake and in any particular
year is governed both by internal mechanisms
of community development and external fac-
tors which, considering the short generation
times of the species involved, are in many cases
derived from stochastic weather conditions.
External impacts may reverse (the development
of assembly is forced back to an earlier succes-
sional state but later it proceeds according to
the expected pathway) or shift (after the exter-
nal impact the community assembly follows a
completely different pattern than expected) the
pathway that is determined by internal pro-
cesses. Analysis of any seasonal successional
sequence is difficult unless several sequences
(yeatrs) are taken into consideration, e.g. 19
sequences (years) in the present study. As
described by Papisdk & ReyNoLps (1998), the
late summer composition of phytoplankton
represents a kind of ‘summarised outcome’ of
all previous events. Therefore, for community
structure analysis the late summer compositions
for the 19 years being studied were sclected.
Community structure in terms of dominant
species is given in Table 1 (see also ‘Sources of
data, methods and modelling’ section herein).
Records from this table were subjected to clus-
ter analysis (Fig. 3). As percentage contribu-
tions were used as input data, the results are
independent of absolute biomass records.
According to the results of the cluster analy-
sis, and the recent classification system of phy-
toplankton assemblages (ReynoLDs 1997, see
also Papisik & ReynoLDS 1998), the years
1982, 1984, 1985, 1986, 1988, 1989, 1992
and 1994 can be included in group S,,, charac-
terised by an overwhelming dominance of
Cylindrospermopsis raciborskii. A differential fea-
ture from association S (see later) is the ability
for fixing atmospheric N. Another group can be
separated (years: 1990, 1991, 1995 and 1996)
with S-S, species — a prominent feature of the
species involved is the ability to live on minimal
light energy; the ecophysiological background
of this behaviour is the extremely low (10-30
pE m™ s) I parameter. Flagship species are
Planktothrix agardhii, Limnothrix redekei and
Pseudanabaena limnetica. During 1993, 1997
and 2000, the late summer phytoplankton was



Table 1. Late summer phytoplankton biomass (mg L) in the Keszthely Basin and contribution of the most abundant (>3%) species to late summer total
biomass.

1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
Biomass (mg L) 37.40 20.33 56.30 41.54 55.51 10.76 34.66 34.31 63.69 36.54 59.11 12.74 49.11 15.93 18.87 9.00 7.67 3.17 11.43
Cyanobacteria % 920 56 96 95 93 85 89 97 79 84 97 76 90 81 80 83 72 37 88
Snowella lacustris 4.9 3.1 5.07
Anabaena circinalis 10.07
Anabaena spiroides 29.7 4.2 24 5.2 ‘
Aphanizomenon aphanizomenoides 204 61 21 28 3.85 3.73
Aphanizomenon flos-aquae 4.6 7 31.7 27.96 17.26
Apbénizomenon gracile 6.2
Aphanizomenon klebahnis 35 56 79 14 55 ‘ 5 4.3 24.2 34 9.6 113
Aphanizomenon issatschenkoi 134 7.6 5.8 3 17.6 88 68 37 4.63
Cylindrospermapsis raciborskii 82.26 80.3 472 837 6.8 823 657 407 314 731 133 723 323 369 226 542 44.81

Lymnothrix planktonica + 5.7
Preudanabaena limnetica

Lymnothrix redekei 11.6

Planktolyngbya limnetica 3 3.4

Planksothrix agardhii 224 242 32 56 3 11.7 23.34 165 4.3

Cryptomonas spp. 3.7 3.2 3.5 9.83
Ceratium hirundinella 20.4 5.2 3 11.69 35.85
Gymmnodinium sp. 3

Aunlacoseira granulata + 11.9
A. granulata var. angustissima

Navicula spp. 7.3

Phacotus lenticularis 5.34
Actinastrum hantzschii 4

Scenedesmus opoliensis 4

Mougeotia sp. 5.8

Other species 17.74 10.40 8.00 6.30 870 9.30 12.20 8.05 20.10 13.20 9.70 28.40 16.00 14.36 23.80 20.20 9.30 49.86 34.99
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dissimilarity

Fig. 3. Cluster dendrogram of data given in Table 1.

characterised by species of H (Aphanizomenon
spp., Anabaena spp.) and S, groups. 1983,
1987, 1998 and 1999 are loosely connected to
each other and to other groups. In these years,
late summer associations correspond to a mix-
ture of H and L types, which represent associa-
tions closest to the pre-eutrophication period.

Noise upon the process II: modelling the annual
biomass of Cylindrospermopsis racigorskii

As can be seen from the previous section, C.
raciborskii has been playing a central role in the
phytoplankton of Lake Balaton, both in quanti-
tative and qualitative terms. The species is of
tropical origin; therefore, its biomass deter-
mines total planktonic biomass exclusively in
the season characterised by highest tempera-
tures.

A careful analysis of meteorological data
clearly shows that, in addition to water temper-
ature, the underwater light climate can also be a
limiting factor in eutrophication. For example,
during 1996-1997 (comparing with, eg.,
1993) the wind conditions were unfavourable,
resulting in the higher resuspension of inor-
ganic particles and consequently more severe
light limitation. The water quality is affected by
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resuspension and settling in at least two ways —
firstly, sediments suspended in the water col-
umn decrease light penetration, and secondly,
the sediments are capable of acting as an inter-
nal source of nutrients.

Resuspension, light and temperature are ran-
dom and uncontrollable factors influencing
water quality trends, and they make it impossi-
ble to evaluate management strategies, due to
the resulting chaotic nature of the data series.

The presented dynamic model was used to
resolve this problem by separating controllable
(e.g. external nutrient load) and uncontrollable
elements of the eutrophication processes.

The steps of the analysis are: (i) the calibra-
tion and (ii) validation of the model based on
the biomass data of C. raciborskiz; then (iii) a
sensitivity analysis is conducted to clarify the
relative weights of the different factors influenc-
ing algal bloom.

Calibration and validation were performed
for Keszthely Basin. The external nutrient load
of this basin can be estimated precisely, because
it broadly coincides with the load carried by the
Zala River (main tributary of Lake Balaton).

The input variables are water inflow, external
P loading, water temperature, and solar radia-
tion. In most cases, daily data were available for
the period 1982-1999 (otherwise interpola-
tion was applied). Different P fractions from
the external load enter the P compartments of
the models according to detailed studies on P
fractions (IsTvANOVICS & SOMLYODY 1997).

For the purpose of calibration, C. raciborski:
biomass data were applied. Certain years were
chosen for calibration, and independent years
for validation. An adaptive random search
method (Koncsos 1994) was applied for the
calibration purpose.

Calibration results for the C. raciborskii bio-
mass from 1988 are in close agreement with
measured and computed biomass values
(Fig. 4a). The parameters obtained were in
close agreement with the literature.

Validation was carried out for the years
1986-1998 (Fig. 4b) using the fixed parameter-
vector determined for 1988.

For sensitivity analysis, a reference year that
could be characterised by high measured C.
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Fig. 4. (a) Calibration of the model for the chloro-
phyll concentration of C. raciborskii (data from
1988). (b) Validation of the model for the chloro-

phyll concentration of C. raciborskii (data from

1992).

raciboskii biomass and high internal P load was
chosen. Since 1988 satisfies these criteria, the
random perturbation of the input variables on a
Monte Carlo model mirrors biomass sensitivity
to the given factors separatcly. This type of
uncertainty analysis can be considered as an
investigation under unfavourable water quality
conditions; therefore, the results are the upper
limits of estimation of the influences of the
investigated forcing functions.

The input flow rate of the Zala River, tem-
perature, throughflow, wind speed, external
load were perturbed separately in different sen-
sitivity runs.

Three observations resulting from the sensi-
tivity analysis of C. raciborskii are:

1. C. raciborskii is extremely sensitive to small
changes of temperature. Only 10% of the
perturbation of water temperature time
series determines if an algal bloom can be
observed (Fig. 5a). This result is in agree-
ment with other studies (G.-Totn &
PapisAx 1986, Papisak &  ISTVANOVICS
1997, PaDISAK 1998).
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Fig. 5. (a) Response of annual maximum C. racibor-
skii biomass (expressed as chlorophyll 2) due to the
perturbation (p, a random muldplier with no
dimension) of the water temperature (year 1988). P
= 1, no perturbation. (b) Response of annual mean
C. raciborskii biomass (expressed as chlorophyll 2)
due to the perturbation (p, a random multiplier
with no dimension) of the wind speed (year 1988).
P = 1, no perturbation.

2. The biomass is not sensitive to the through-
flow (and residence time of the basin) —
50% perturbation in the residence time
causes only 5% change in the maximum
biomass concentration. This model result
has been in agreement with wide habitat
diversity (therefore wide range of retention
times) of lakes where C. raciborskii occurs.
Moreover, it accords with the observation
that C. raciborskii is the cyanobacterium for
which the longest riverine travel distance
can be documented (PADISAK 1997).

3. The yearly average biomass is very sensitive
to wind speed and resuspension (Fig. 5b).
This is a complex response in agreement
with the first observation. However, the
effects of wind-induced changes in light
conditions due to resuspension are contra-
dictory to the second observation. Relation-
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ships will have to be further analyzed,
incorporating interactions (competition)
between different guilds of phytoplankton
instead of using just a single algal compart-
ment as in the present study. Most probably,
chlorococcalean r-strategists are the main
competitors (PapisAk & G.-Torn 1991).

Conclusions

In this work, a complex approach was adopted to
attempt to explain the trendlike changes and sto-
chasticity of phytoplankton under the eutrophica-
tion and restoration forces of the largest shallow lake
of Central Europe. This complex approach involved
both studies of community ecology and analytic and
predictive studies of dynamic ecological modelling.

In both models, external load was found to be
responsible for trend-like changes, including not
only phytoplankton biomass responses to increas-
ing/reduced external P loadings, but also the compo-
sitional response of phytoplankton to qualitative
changes (dissolved organic carbon fraction) of nutri-
ent loading (increase in share of flagellates). These
trends, however, are occasionally sheltered by the
actual status of weather(climate)-dependent internal
loadings, and the growth limitations which impose
significant noise upon the process and decrease the
predictability of the outcome of lake restoration
management. Recent model runs conclude that the
relatively rapid response of phytoplankton to restora-
tion is more a result of ‘noise upon process’ (consecu-
tive years with low internal P load) than that of res-
toration.

At present, and taking both trends (external load,
internal P pool) and noise (frequency of regular
mesoclimatic cycles) into consideration, high phy-
toplankton biomass (especially Cyindrospermopsis
raciborskii) may occur at any time in the next 10
years.
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