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Abstract
1. After 25 years of apparently successful eutrophication management, a record-
breaking mixed bloom of Ceratium furcoides and Aphanizomenon flos-aquae developed unexpectedly in 2019 in the large, polymictic Lake Balaton. The peak
concentration of chlorophyll exceeded 300 mg/m3, 1.5 times higher than the
pre-management maxima. The external load was insufficient to provide the
phosphorus (P) required to support this bloom, and its taxonomic composition
was radically different from blooms in the 1980s. We hypothesised: (1) that unusually long periods of intermittent stratification led to anoxic P release from the
sediments, providing the required P; and (2) that the surprising bloom composition indicated a potential regime shift.
2. To test hypothesis 1, we analysed decade-long high-frequency data on drivers
of lake metabolism recorded at a shallow near-shore observatory. To explore
likely dissolved oxygen (DO) conditions in deep water in 2019, we performed
a sensitivity analysis of a one-dimensional DO model driven by the General
Ocean Turbulence Model, the latter being calibrated against high-frequency
hydrometeorological data measured in the open water. Hypothesis 2 was examined by a sequential t-test analysis applied to multidecadal (1976–2020) data on
phytoplankton biomass and composition, nutrient loads and summer mean air
temperature.
3. We found that DO depletion (<1 g/m3) was the immediate precursor of the large
2019 bloom. The synergistic impact of a climatic regime shift and multiple coincident management actions provoked a shift in phytoplankton composition in
2013 and forced the ecosystem into the state of internal eutrophication.
4. In the present ecosystem state, similarly large blooms could develop in any summer depending on the sequence of weather events. Within the present, warmer
climate regime identified here, the effectiveness of external nutrient control in
eutrophication management may be limited by changes in the thermal structure.
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in any medium, provided the original work is properly cited and is not used for commercial purposes.
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Therefore, it is vital to supplement external nutrient control with internal nutrient control strategies, such as water level regulation, to manage eutrophication
and prevent future blooms.
5. Large, continuous polymictic lakes are susceptible to small changes in water
level, because the likelihood of stratification (and thus the likeliness of a eutrophication event) increases steeply and non-linearly with increasing depth.
With a climate that continues to warm, and the associated changes expected in
internal lake processes, it is possible that we will see regime shifts (such as that
identified in Lake Balaton) across more lakes globally. Managing these conditions will require case-specific modifications of lake management plans.
KEYWORDS

bottom hypoxia, compositional changes, internal eutrophication, lake-specific management,
regime shift
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polymictic lakes (Wilhelm & Adrian, 2008). In the middle of the
spectrum (dominated by catchment control at one end, and by in-

While efforts to control eutrophication have been successful in

ternal processes at the other), nutrient availability may increase due

several lakes (Jenny et al., 2020; Jochimsen et al., 2013; Sas, 1989),

to an interplay of catchment-based and in-lake processes (Michalak

eutrophication remains a leading global water quality issue

et al., 2013).

(Downing, 2014; Jenny et al., 2020; UNEP-IETC/ILEC, 2001). Wang

Cyanobacteria blooms are key symptoms of eutrophication.

et al. (2017) estimated that 63% of the 2,000 lakes they studied glob-

Global expansion of harmful cyanobacteria blooms is attributed to

ally are presently eutrophic. Large lakes are particularly vulnerable

synergistic effects of elevated nutrient loads and climate warming.

through exposure to synergistic effects of various stressors includ-

Raising water temperatures, heat waves, decreased mixing, reduced

ing human population growth, intensifying agricultural production,

flushing, and increasing nutrient availability are the main factors pro-

industrialisation, climate change, and species invasions (Jenny

moting global increase in cyanobacteria (O’Neil et al., 2012; Paerl &

et al., 2020). Accordingly, the intensity of summer near-surface

Paul, 2012). Many of these factors also favour other summer algae.

phytoplankton blooms increased in 68% of 71 large lakes (surface

Accordingly, the frequency of large blooms of eukaryotic species is

area is >100 km2) globally between 1984 and 2012 (Ho et al., 2019).

also increasing in lakes and reservoirs, albeit at a more limited spa-

Exacerbated eutrophication often follows the classical trajectory of

tial scale than cyanobacteria. An example is the increasing bloom

insufficient reduction in nutrient loads (Lürling & Mucci, 2020) and

frequency of Ceratium furcoides, an invasive dinoflagellate in South

the rise in inorganic fertiliser application (Fink et al., 2018). Climate

America (Cavalcante et al., 2016; Crossetti et al., 2019).

change not only amplifies eutrophication along the classical trajec-

Large phytoplankton blooms often come as ecological surprises.

tory but also affects lakes through modifying internal processes,

Surprises are generated by the cumulative impacts of multiple dis-

such as rearrangements in trophic structures and nutrient regenera-

turbances within the characteristic recovery time of an ecosystem

tion (Dokulil et al., 2010; Jeppesen et al., 2009).

(Christensen et al., 2006; Paine et al., 1998). They are unexpected

Climate-related increases in nutrient availability within lakes

events that deviate from our past experience of the behaviour of

varies along a spectrum from catchment-control dominated to

complex adaptive systems because of the inherent unpredictability

internal-process dominated. On the catchment-controlled end, in-

of non-linear dynamics. Abrupt ecosystem changes are predicted to

creasing frequency of intense precipitation and the correspondingly

occur more frequently in the changing climate and under the growing

amplified flood dynamics generate large spikes in external nutrient

anthropogenic pressure (Christensen et al., 2006; Paine et al., 1998).

loads in agricultural catchments and also where flood-buffering and

Upon passing a critical threshold, climate change may cause an eco-

nutrient-retaining wetlands have been drained (Havens et al., 2019;

logical regime shift defined as an abrupt, elementary, and persistent

Schindler et al., 2012). On the internal-processes end of the spec-

reconfiguration of the structure, functions, and feedbacks of lake

trum, the warming climate modifies the thermal structure of lakes

ecosystems (Randsalu-Wendrup et al., 2016). These surprises and

and decreases mixing by increasing the thermal stability of the water

regime shifts present a challenge for resource management.

column (Dokulil et al., 2010; Kraemer et al., 2015; Livingstone, 2003).

Recently renewed eutrophication makes continuously poly-

This may lead to rapid hypolimnetic (near-bottom) oxygen depletion

mictic Lake Balaton a suitable case to examine how the synergistic

and increased phosphorus (P) release from the sediments in both

impact of climate change and lake management may cause ecolog-

deep, stratified (Pettersson et al., 2003; Salmaso, 2005) and shallow,

ical surprises and regime shifts. Balaton is a large (surface area is

|
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596 km2), shallow (mean depth is 3.7 m at +1.20 m water level [WL]

Basin 4 with the Danube River. Basins 1 and 2 had a period of rapid

above datum level), recreational lake in Hungary (Figure S1). It was

eutrophication from the 1970s to the mid-1980s (Herodek, 1986).

one of the exceptional lakes in the global dataset of Ho et al. (2019),

During this period, nostocalean cyanobacteria dominated the sum-

in which a sustained decrease in bloom intensity was observed be-

mer phytoplankton (Padisák & Reynolds, 1998). Eutrophication

tween 1984 and 2012. Indeed, substantial reduction in nutrient

was targeted by large-scale management measures allowing a sub-

loads from the 1980s resulted in recovery from historic eutrophi-

sequent recovery of the lake from the mid-1990s (Istvánovics &

cation (Istvánovics et al., 2007). In late summer 2019, however, a

Somlyódy, 2001). In Basin 1, the most influential management meas-

record-setting mixed dinoflagellate-cyanobacterium bloom devel-

ure was the stepwise inundation of the former Kis-Balaton wetlands

oped in the southwestern area of the lake. Peak concentration of

along the lowermost section of the Zala River with a surface area of

3

chlorophyll a (Chl) exceeded 300 mg/m , significantly higher than

70 km2 (Figure S1; Honti et al., 2020).

the maxima during historical eutrophic condition of approximately

The upper WL of the lake is regulated through the outflow weir

200 mg/m3 (Herodek, 1986). After 25 years of good water quality,

(Figure S1). During droughts, WL drops uncontrollably. The lake lost

this record-setting bloom fell well and truly into the category of an

about 30% of its volume and WL dropped to +0.24 m during the

‘ecological surprise’, with potentially severe consequences for the

extreme drought in 2000–2003 (Honti & Somlyódy, 2009). This was

regional economy that relies on tourism.

the minimum reached since the start of reliable WL monitoring in

To explore the immediate as well as the long-term background of

1921. This event motivated an increase in the regulation level from

the record-setting bloom, we used high-frequency sensor data and

+1.00 to +1.10 m in 2005 and to +1.20 m in 2013. Due to the mor-

long-term traditional data. We started by examining some common

phology of the lake bed and to steep artificial structures protect-

factors thought to promote proliferation of summer algae, particu-

ing about half of the total shorelines of 236 km, none of these WL

larly cyanobacteria globally. We found that these factors could not

changes led to any significant change in lake surface area.

explain the record-setting bloom, which required an extraordinarily
high internal P load to develop. Since anoxic P release rates are
known to be much higher than oxic release rates (Lijklema, 1980),

2.2 | Data

this led us to Hypothesis 1: a shift from the usual oxic to anoxic P release from the sediments occurred upon depletion of dissolved ox-

Multidecadal daily mean flow and nutrient loads were obtained from

ygen (DO) under insufficient vertical mixing. To test this hypothesis,

the West-Transdanubian Water Directorate for the outlet gauge of

we asked: relative to previous years throughout the past decade with

the Zala River (Figure S1). Sampling frequency was daily for P and N,

much smaller (or even absent) summer blooms, was the DO status or

and weekly for dissolved organic carbon (DOC). Total P load through

any of its drivers extreme in 2019? Only subtle differences could be

the Zala River makes up a mean 86% of the runoff-dependent P load

detected at the shallow near-shore site where long-term sensor data

of Basin 1 (Clement et al., 2005).

were available. To explore likely DO conditions in the open water, we

A near-shore ecological observatory has been functioning in

set up a one-dimensional DO model driven by eddy diffusivity. Eddy

Basin 1 since 2001 (Figure S1). High-frequency measurements in-

diffusivity is calculated by a hydrodynamical model, forced by local

cluded profiles of water temperature (T, [°C]), turbidity, delayed

high-frequency hydrometeorological data. To explain the unusual

fluorescence of phytoplankton, and DO [g/m3] (see Appendix S1).

bloom composition, we hypothesised that the synergistic impact of

Vertically averaged turbidity was converted to the coefficient of dif-

a multidecadal increase in summer temperature (climate) and a series

fuse light attenuation (Kd, [m−1]) using weekly light profiles (LiCor,

of management actions might trigger an ecological regime shift, in-

U.S.A.). Chl (mg/m3) was a proxy for biomass; Chl concentration was

cluding changes in phytoplankton structure (Hypothesis 2). Finally,

derived from regressing high-frequency delayed fluorescence data

we explore how renewed eutrophication could be managed.

on weekly measured Chl (EPA Method 445). In general, Chl data
from the ecological observatory agreed well with manual measure-

2
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2.1 | Study site

ments at the standard mid-basin sampling site. In 2010, however,
there was a discrepancy between the two datasets, with the near-
shore Chl maximum exceeding that at the standard site by a factor
of 2.5. This was probably due to a local nutrient pulse from the small
unmonitored sub-catchment of Basin 1.

Balaton is an elongated lake, in which four basins can be distin-

A hydrometeorological observatory was installed in 2019 to re-

guished (Figure S1). The lake is asymmetrically positioned within its

cord the data needed to determine the energy balance of the lake

catchment of 5,180 km2. The largest tributary, the Zala River, drains

(Lükő et al., 2020); located in the middle of Basin 1 at a depth of

half of the total catchment into the smallest Basin 1 (surface area

3.5 m (Figures S1 and S2). Meteorological state variables including

2

is 38 km , mean depth is 2.8 m at a WL of +1.20 m). The eastward

wind speed and direction, air temperature, and relative humidity,

pattern of decreasing catchment to lake area ratio results in a per-

as well as vertical turbulent momentum and heat fluxes were mea-

sistently decreasing trophic gradient along the main axis of the lake

sured by an eddy covariance set-up. Down-and upwelling short-and

(Herodek, 1986; Istvánovics et al., 2007). The outflow connects

long-wave radiations, heat flux in the sediments, water temperature

4
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profiles, and non-directional wave parameters were also measured

5th percentile of DO saturation (DO5%) measured at 0.3–0.4 m above

(see Appendix S1).

the bottom was used as the indicator of DO status.

Weekly to monthly Chl data were available in the National Water

Water column stability was represented by two metrics, both

Quality Database for the period 1976–2010. For the long-term

calculated from 10 min average water temperature profiles. Daily

analysis, this time-series was supplemented with Chl data from the

duration of intermittent stratification was calculated assuming that

ecological observatory in the period 2011–2020. In 2019, Chl con-

the water column could be classified as stratified when the tempera-

centrations and taxonomic data were available at the centre of each

ture difference exceeded 1°C (ΔT > 1°C) between the lower and

of the four basins (KDT VIZIG, 2020). Historical data on the taxo-

upper temperature measurements (0.3–0.4 m, and 1.1–1.2 m above

nomic composition of summer phytoplankton were compiled from

the bottom, respectively). The other metric was the potential energy

Padisák and Reynolds (1998), Vörös and Somogyi (2021) and original

anomaly (Φ [J/m3]), the energy per unit volume required to homoge-

data files of these authors. Samples were taken at the standard mid-

nously mix a stratified water column (Simpson, 1981):

basin monitoring site of Basin 1 weekly to monthly.
Daily mean WL was recorded by the Hungarian Hydrological
Forecasting Service. Daily air temperature (Tair, [°C]) records of the

Φ=

]
g h[
𝜌 − 𝜌z zdz
h ∫0

(2)

Keszthely observatory (1975–2000; Hungarian Meteorological
Service) and Balaton International Airport (2001–2019; Figure S1)

where g [m/s2] is the acceleration due to gravity, h [m] is the water

were accessed from the global database of the National Oceanic and

depth, z [m] is the depth where T(z) is recorded (measured from the

Atmospheric Administration (U.S.A.).

water surface), 𝜌 and 𝜌z [kg/m3] are the depth-averaged water density
and density at depth z, respectively. Density was calculated without
salinity correction (Jones & Harris, 1992).

2.3 | Calculations and modelling

In step 2, a one-dimensional DO model was used to examine
sensitivity of bottom hypoxia to various drivers (see Appendix S1),

The potential long-term trend in internal P load was deduced from

and to characterise potential DO conditions in the unmonitored

the OECD eutrophication model (Vollenweider & Kerekes, 1982) as

open waters. Light-dependent photosynthesis was the main source

suggested by Sas (1989). The simple OECD mass balance model as-

of DO, while respiration in the water column and in the sediments

sumes that internal P load was zero on an annual basis (cf. Equation 1).

was the main sink (Figures S3 and S4). Vertical transport between

Applying the model to the theoretical in-lake P concentration–Chl

horizontal water layers of 0.175 m height was computed as the prod-

pairs obtained in various years in the same lake, a range of Chl may

uct of the DO gradient and the vertical eddy diffusivity (Ev [m2/s])

belong to the same external P load. The simplest explanation is that

profile in 20-min steps. Ev is often used as a measure of vertical

the year with the lowest Chl was a baseline year, in which algae were

mixing intensity in turbulent environments. Ev profiles were calcu-

supported by the external P load plus an unknown but low internal

lated for the July-August 2019 period using the one-dimensional

P load. In years when Chl exceeded the baseline level, the internal

version of the General Ocean Turbulence Model (GOTM; Umlauf

P load also exceeded its baseline value and this excess of internal

& Burchard, 2005). GOTM was forced by high-frequency observa-

P load can be estimated from the difference of the actual and the

tional data recorded at the mid-basin hydrometeorological observa-

baseline Chl.

tory. Calibration of GOTM against time-series of water temperature

The theoretical in-lake P concentration (Pλ; [g/m3]) was calcu-

lated as.

profiles is presented in Appendix S1 (Figures S5–S7).
Since DO concentrations were not recorded at the hydrometeorological observatory, we were unable to calibrate the DO model.

l
1
P𝜆 = ∙
√
q 1+2 𝜏

(1)

Therefore, instead of using the DO model to simulate DO directly,
this model was used to assess the likeliness of near-b ottom DO
depletion via a local sensitivity analysis covering the plausible do-

−2

−1

where l [g P m year ] and q [m/year] are the area-specific annual total

main of model parameters for July and August 2019 (t = 4464; 20-

P and hydraulic loads, respectively, and τ [year] is the theoretical water

min steps). In this analysis, environmental parameters were varied

residence time (lake volume divided by annual inflow). For biomass, we

individually, with the remaining environmental parameters kept

used a mean Chl value from early May to late September (mean calcu-

constant (constants set to typical local long-term values as deter-

lated from monthly mean Chl values).

mined by the high-f requency observational data; see Table S1).

Hypothesis 1, that relatively long periods of intermittent strat-

The metric used for sensitivity to any given parameter was likeli-

ification led to anoxic P release from the sediments, was tested in

ness of bottom hypoxia (L BH ), the fraction of 20-min periods within

two steps. In step 1, we analysed changes in the DO status and in

the modelled time domain with near-b ottom DO concentrations

its individual drivers during the past decade using high frequency

below 1 g/m3 (t1; LBH = t1 ∕t). The threshold concentration for bot-

time-series (from the shallow ecological observatory) recorded be-

tom hypoxia was taken from Nürnberg (2002). To reconstruct the

tween 1 June and 31 August (JJA). The JJA period was chosen to

potential sequence of events in July–August 2019, we pooled the

capture conditions during the initiation of the 2019 bloom. The daily

results of all runs and calculated statistical robustness of bottom

|
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hypoxia for each 20-min timestep as RBH = r1 ∕nr, that is the frac-

bloom spread across Basins 1 and 2. The dinoflagellate Ceratium

tion of total runs with different parameter values (n r=44) when

furcoides accounted for 70%–8 0% of the peak biomass. The diazo-

near-b ottom DO was depleted to or below 1 g/m3 (r1) in a timestep

trophic cyanobacterium, Aphanizomenon flos-aquae comprised 30%–

at a given water depth. A high RBH indicated that bottom hypoxia

70% of biomass depending on the time and site of sampling (KDT

was likely to develop for a wide range of model parameters, and

VIZIG, 2020). Greenish (A. flos-aquae) and brownish (C. furcoides)

therefore it was also likely to develop for the (unknown) real pa-

patches could often be distinguished visually in the range of a few

rameter configuration.

metres, suggesting faster growth than horizontal mixing.

To detect potential regime shifts in phytoplankton composi-

The minimum P requirement of the bloom was estimated from the

tion and to explore the drivers of these shifts (Hypothesis 2), the

peak Chl taken conservatively as 200 and 100 mg Chl/m3 in Basins

sequential t-test analysis of regime shifts (STARS; Rodionov, 2004)

1 and 2, respectively (Figure 1). Assuming a minimum cell quota of

was used. STARS is a parametric test, which splits a time series into

0.3 mg P/mg Chl (Istvánovics et al., 2007), the P requirement was 4.9

domains, for which a t-test analysis shows a statistically significant

and 12.4 t in Basins 1 and 2, respectively. Bloom development sug-

difference between the mean value before and after the tipping

gested that this amount of phosphorus had to become available in no

point. The STARS test was applied to long-term mean phytoplank-

more than 3 weeks, resulting in a mean flux of 6.2 mg P m−2 day−1 in

ton biomass and composition (1975–2020) in the period from 1 June

Basin 1, or 4.5 mg P m−2 day−1 for both basins.

to 30 September (JJAS). This was the period when the summer algal
blooms occurred. The STARS test was also applied to long-term JJAS
mean air temperature, to annual loads of total P and total N, as well
as to annual N:P loading ratios calculated from the nitrate and solu-

3.2 | Assessment of some common drivers of
summer algal blooms

ble reactive P loads. The Shapiro–Wilks test was used to check normality of the data at a significance level of p = 0.05. When needed,

We considered heat waves, mean summer water temperature, water

data were transformed prior to the STARS analysis (power and logit

residence time and external nutrient loads as potential triggers of

transformation for WL and dinophyte contribution, respectively). In

the record-setting bloom. According to the Hungarian meteorologi-

each STARS test, the threshold significance level was p = 0.05.

cal standards, a heat wave is defined as a period of ≥3 days when

Finding that likeliness of bottom hypoxia increased considerably

daily mean air temperature (Tair) exceeds 27°C. Heat waves occurred

with small increases in water depth (Figure S4), the latter being a

in four summers during the 2010s but not in 2019, with a daily mean

manageable variable, we further investigated the impact of WL on

Tair maximum of 26.5°C. The departure of monthly mean water tem-

stratification. We estimated the probability of the onset and dura-

perature from the decadal mean indicated warmer temperatures

tion of transient summer stratification in the JJA period applying the

since 2015 (Figure 2). Following a particularly warm June, the rest

ΔT > 1°C criterion. The non-stratified to stratified (nS-S) and strat-

of summer 2019 was approximately equal to other summers of this

ified to stratified (S-S) transition probabilities were obtained from

warmer period.

the 10-min temperature time series under the Markovian assump-

Reduced flushing and prolonged water residence time have little

tion that future state of the system was unequivocally determined

relevance in such a large lake as Balaton. The storage capacity of the

by its present state. About 13,000 data points were available in each

Kis-Balaton wetlands (Figure S1) prevents flushing even during ex-

year to estimate transition probabilities. The half-life time of strat-

ceptionally large floods. In Basin 1, theoretical water residence time

ification (t50, [d]) was calculated from the S-S transition probability.

was 8 months in 2019 and varied between 3 and 17 months between

Calculations were done using water temperature records from the

2009 and 2020. These values were calculated from the annual in-

ecological observatory in the period 2009–2020 and those of the

flows. Residence times in summer are longer because the outflow

hydrometeorological observatory in 2019. The nS-S transition prob-

weir is closed then, and evaporation reduces the net outflow from

abilities and t50 values were related to water temperature (depend-

the basins. Thus, the shortest τ was at least two orders of magnitude

ing on climate) and WL (depending primarily on management, with

larger than typical generation times of the summer phytoplankton

additional climatic dependence).

(3–5 days).
Mean daily load of total P was similar, whereas that of total

3
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N was lower in 2019 (1.47 mg P m−2 day−1 and 17.6 mg N m−2 d−1,
respectively) than the mean during the past decade (1.61 mg P
m−2 day−1 and 24.7 mg N m−2 d−1, respectively). Inflow and nutrient

3.1 | The bloom in 2019

loads peaked in June 2019, but no nutrient surge occurred before

Chlorophyll concentration increased 10-fold in 3 weeks during

averaged at 1.32 mg P m−2 d−1 in July-August 2019. A comparison

August 2019 (Figure 1). The bloom persisted for approximately

with the estimated minimum P requirement of the August bloom ev-

1 month—a considerably shorter bloom duration than those in

idenced that the external load was far too low to support the bloom,

the 1980s when high biomass (over 40 mg Chl per m3) might pre-

meaning that it must have been primarily supported by the internal

vail for 10 weeks (based on weekly to biweekly samplings). The

load.

the record-setting bloom at the end of August (Figure 3). Total P load

6

|

ISTVÁNOVICS et al.

(

/

)

(a)

(c)

/
(

)

/
(

)

(b)

F I G U R E 1 Long-term daily concentration of chlorophyll (Chl) in June to September (a); bloom dynamics in 2019 at the near-shore
ecological observatory in Basin 1 (b) and in the middle of the four basins (c). (Sampling sites are shown in Figure S1)

The OECD model (Vollenweider & Kerekes, 1982) was used to
further corroborate the significance of internal P load in bloom

3.3 | Long-term trends in oxygen status and in its
drivers in shallow water

development (Figure 4). Three groups of years were identified
(Figure 4): (1) the baseline years with the lowest Chl values and

The lowest daily 5th percentile of DO saturation (DO5%) was 28.8% in

an unknown but low internal P load, and years of (2) intermediate

2019. Similar minima were seen in some other years, too. Comparatively

and (3) high internal P loads, when the same external load sup-

poor DO conditions prevailed in summer 2019, particularly in July when

ported higher Chl than in the baseline years. As expected, the es-

monthly mean of daily DO5% was 13.3% lower than July means of the

timated internal load was relatively low compared to that during

past decade (for comparison, the next lowest July, July 2015, was only

the 1980–9 0s, but the ratio of the internal to external load was

4.5% lower than this July decadal mean; Figure 5). Interestingly, DO5%

8.6 in 2019, the highest value during the 45-year observational

recovered in 2020 to high levels characteristic of the early 2010s.

period. This led us to Hypothesis 1: anoxic P release from the sed-

The period of intermittent stratification (ΔT > 1°C) was exception-

iments replaced the usual oxic P release. To test this hypothe-

ally long and the potential energy anomaly (Φ) was high in August 2019

sis, we analysed the oxygen status and its drivers during the past

compared to other months and years (Figure 6). While the length of

decade using the time series recorded at the shallow ecological

the stratified period was longer in 2020 than in the previous year, the

observatory.

strength of stratification was reduced due to the lower WLs (0.15 m, 9%)
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F I G U R E 3 Daily load of total phosphorus (solid line) and water
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2019. (Sampling site is shown in Figure S1)
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the pooled (2009–2020) monthly mean at the shallow ecological
observatory. (The pooled means were 23.2, 25.2, and 25.2°C in
June, July, and August, respectively)
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F I G U R E 4 Mean May–September concentration of chlorophyll a
(Chl) as a function of the theoretical in-lake P concentration (Pλ; a),
long-term change in the internal to external P load ratio (I/E P load;
b) and in internal P load (IPL; c). In (a), closed circle: years with zero
internal P load according to model assumption; open circle: years of
high internal P load; open triangle: years of moderately high internal
P load; closed diamond: 2019. Linear regression for the baseline
years: Chl = 0.12 ± 0.02 Pλ + 4.45 ± 2.21, r2 = 0.75, n = 11, p <
0.001

and photosynthesis (Figure S4). In early July, intense mixing reguand 1.5°C cooler water temperatures in this dry and relatively cold sum-

larly broke up short-lived daytime stratification (Figure 7a) ensur-

mer. A positive departure in monthly mean Kd from the long-term mean

ing oxygenation throughout the water column. A rapid cooling in

indicated low transparency in 2019 (Figure 6c), possibly due to sediment

the second week of July was followed by a similarly rapid warm-

resuspension during stormy periods and intense calcite precipitation

ing, which led to the maximum water temperature for the season of

during calm periods. Water level was high in 2019 but high stages also

25.9°C (26–27 July). This period of intense warming and insufficient

occurred in wet years (2010 and 2014) and from 2013, when regulation

mixing resulted in statistically robust bottom hypoxia below depths

maintained high WLs as a preventive drought security measure.

of 2.5 m (83% of the area of Basin 1; Figure 7b). This might have

This warm, turbid water, combined with high water-management-

induced anoxic P pulses on 18–22 and 25–28 July that fuelled the

levels (Figures 2 and 6), has resulted in relatively long-lived and

bloom of an Anabaena sp. (K. Mátyás, personal communication). Net

strong thermal stratification, and probably explained the relatively

growth rate of phytoplankton for 25–31 July was 0.40 ± 0.02 days−1

low DO5% saturation at the shallow ecological observatory in 2019

(n = 7, r2 = 0.99, p < 0.001); peak Chl was 90 mg/m3 (Figure 7b). In

(Figure 5). Although low, this DO5% was insufficiently low in the shal-

August, periods of strong stratification were interrupted each week

low waters to suspect anoxic P release.

by quasi-periodic storms accompanied by marked cooling and vigorous mixing (Figure 7). Statistically robust bottom hypoxia occurred

3.4 | Linking vertical mixing, bottom hypoxia, and
algal growth in deep water in 2019

on 6–8 and 18–21 August and might have been accompanied by anoxic P pulses. In contrast to earlier hypoxic events, spatial extent
of the last pulse was limited to areas below 3.5 m (23% of the area
of Basin 1). Following the storm on 21 August, the record-setting

According to the DO model, the development of bottom hypoxia
was the most sensitive to eddy diffusivity, followed by respiration

bloom began to develop with a net growth rate of 0.35 ± 0.02 days−1
(21–27 August; n = 7, r2 = 0.96, p < 0.001).
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3.5 | Long-term structural changes and their
drivers

test detected two tipping points in the mean JJAS Chl time series: the
first in 1994/1995, and the second in 2018/2019 (Figure 8). Shortly
after the first tipping point, the contribution of dinoflagellates to

Unusual composition of the 2019 bloom suggested that structural

summer biomass increased significantly, but N2-fixing cyanobacteria

changes might have preceded the record-setting bloom. The STARS

remained overwhelmingly dominant. From 2013, a second major re22.8 ± 9.4% to 69.9 ± 24.4% and a concomitant reduction in cyano-

10

Jun
Jul
Aug

bacteria from 56.3 ± 14.6% to 27.6 ± 19.7%. Summer 2019 saw the
highest share of dinoflagellates on record.
Based on the STARS test, three regime domains could be distin-

5

guished (Figure 9). The first domain comprised the period of classical eutrophication (essentially caused by high external nutrient

0

loads; 1975–1984), and that of the delayed recovery (1985–1994;
cf. Figure 4). This was followed by the recovered domain (recovered

−5

in terms of algal biomass; 1995 to the early 2010s). Phytoplankton

−10

composition, however, failed to recover to the pre-eutrophication
status despite a further significant reduction in the external loads
of both P and N and large fluctuations in N:P loading ratios. The

F I G U R E 5 The deviation of monthly mean of daily 5th percentile
DO saturation (DO5%) from the pooled (2010–2020) monthly mean.
(Pooled monthly means were 88.9%, 83.1%, and 79.4% in June,
July, and August, respectively. DO was measured at the shallow
ecological observatory 0.30 or 0.40 m above the bottom. In 2009,
2017, and 2018, no sensor was placed close to the bottom)

Stepwise reconstruction of the Kis-Balaton wetlands was finished in
2013 and the inundation of this large peatland area resulted in an
increase of yearly mean DOC load to Basin 1 from 0.18 ± 0.11 g C
m−2 days−1 (2002–2012) to 0.26 ± 0.08 g C m−2 days−1 (2013–2019).
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F I G U R E 6 Deviation of monthly mean (a) length of intermittent stratification (ΔT>1°C), (b) potential energy anomaly (Φ), and (c)
coefficient of diffuse light attenuation (Kd ) from the respective pooled (2009–2019) monthly means at the shallow ecological observatory.
(d) Daily mean water level (WL). (Thick line in (d) is 2019. Monthly mean ΔT > 1°C, Φ and Kd were 2.22, 2.21, and 2.23 hr/day, 0.25, 0.23, and
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nonlinearly at higher WLs (Figure S4). These observations suggested
that WL regulation might be a promising tool to manage internal
eutrophication in Lake Balaton. To explore this idea, the onset and
WL (currently regulated at high levels for drought security reasons)
and T (expected to further increase due to climate change).
The probability of stratification onset varied between 0.1% and

23

1.3% in different summers (Table 1). The nS-S transition probability was independent of WL and increased linearly with the number
of JJA days in which daily mean T increased rapidly (not shown;
r2 = 0.78, n = 12, p < 0.001). These days satisfied three criteria:
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(b)

water temperature of the day in question, the preceding day, and 2

400

1.0

T0 ≥ 22°C, T0 > T−1, and T0 + 0.35 < T2, where T0, T−1 and T2 are mean
days later, respectively.

300

The S-S transition probability over 10-min timesteps usually

200

exceeded 90%, resulting in a mean half-life time of stratification

100

Chl (mg/m 3)

0.6
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RBH [−]
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Index

events between 0.9 and 2.8 hr at the shallow ecological observatory
(Table 1). The half-life time could best be described by a bivariate exponential function, where the independent variables were JAS mean
WL and the variance of JAS water temperature (not shown; r2 = 0.86,
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0

0.0

n = 12, p < 0.001). Non-linear dependence of t50 on WL was also sup-

F I G U R E 7 (a) Twenty-minute profiles of vertical mixing
intensity (area plot) and daily mean water temperature (T; line). (b)
Statistical robustness of bottom hypoxia (RBH; area plot) at the deep
hydrometeorological observatory and daily mean concentration
of chlorophyll a (Chl; line) in July–August 2019. In (a), mixing
intensity is characterised by eddy diffusivity, Ev (m2/s). Intensity
is high, medium, and low for 10–2 ≥ Ev > 10–3, 10–3 ≥ Ev > 10–5, and
10–5 ≥ Ev > 10–7, respectively. Derivation of Ev and RBH is given in
the Appendix S1. Bottom hypoxia was defined as DO concentration
below 1 g/m3 in the lowermost water layer

ported by the fact that an approximately 2-fold difference in water
depths between the hydrometeorological and ecological observatories resulted in a 3-fold difference in t50 in 2019 (Table 1).
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DISCUSSION

4.1 | P-cycling under usual conditions and in 2019
Catchment-based processes, such as spikes of external nutrient
loads or reduced flushing often generate unexpected large summer
blooms in lakes (Michalak et al., 2013; O’Neil et al., 2012; Paerl &
Paul, 2012; Schindler et al., 2012). We showed that none of these
processes can explain the 2019 bloom in Lake Balaton, and that it
must therefore be triggered by internal processes, specifically by the

The synergistic impact of these changes triggered a second major

enhanced internal P load, for which the joint impact of climate warm-

shift in phytoplankton structure, which, after a few years, culmi-

ing and high summer WLs are responsible.

nated in the record-setting bloom in 2019. Thus, the recovered do-

Phosphorus release from the sediments depends on mineralogy

main transmuted into the domain of internal eutrophication over the

and the size of the sedimentary P pool, as well as on interacting mo-

course of approximately 6 years.

bilisation and transport processes (Boström et al., 1988). P release
rates from the sediments of Basin 1 are low relative to lakes with

3.6 | Management-relevant results

iron-rich sediments (Boström, 1984) due to the dominance of high-
magnesian calcite (40%–60% of dry weight; Máté (1987), Tompa
et al. (2014)), low organic matter (<4%, Máté (1987)), iron (1%–2%,

The STARS test suggested that the record-setting bloom signalled

Gelencsér et al. (1982)) and total P contents (0.6–0.7 mg/g Máté

the visible onset of a new regime domain, which has the potential

(1987)). Since sediment composition is rather conservative at the pre-

for recurrence of future large blooms (Figures 8 and 9). We found

vailing long-term sedimentation rates (<2 mm/year, Istvánovics and

that the immediate prerequisite for the record-setting bloom was

Somlyódy (2001)), a sudden increase in internal P load implies a rad-

the development of bottom hypoxia and anoxic P release due to in-

ical change in mobilisation and transport processes. In Lake Balaton,

sufficient mixing (Figure 7), the latter being a function of weather

the usual key pathway of P release is sediment resuspension, fol-

sequences and water depth. Moreover, the likeliness of bottom

lowed by pH enhanced P desorption in the water (Istvánovics, 1988;

hypoxia was low at WLs below +0.70 to +0.80 m but increased

Istvánovics et al., 2004; Lijklema et al., 1986).
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F I G U R E 8 Significant shifts in (a) mean 1 June–30 September (JJAS) biomass, (b) mean contribution of dinophytes and (c) mean
contribution of N2-fixing cyanobacteria to mean JJAS biomass, (d) mean JJAS air temperature, (e) annual load of total P, (f) annual load
of total N, (g) mean loading ratio of nitrate to soluble reactive P (N:P), and (h) water level (WL) in Basin 1 of Lake Balaton. (Vertical lines
separate the identified regime domains; horizontal lines indicate regime means, with dashed stroke where the Shapiro–Wilks normality test
fails due to a few outliers [closed circles])

Anoxic P release rates from the sediments of shallow lakes, how-

2019 were only marginally poorer than common and thereby insufficient

ever, may be much higher than the oxic release rates achieved via resus-

to explain the bloom, the one-dimensional DO model revealed a series

pension and desorption (Lijklema, 1980). A sudden shift from the usual

of relatively short-lived DO depletion periods in deeper, unmonitored

desorption-based to the atypical anoxic P release is a plausible explana-

areas. The sediments of Lake Balaton are highly calcareous, for which

tion for the high internal load in 2019 in Basin 1. Although measurements

the exact biogeochemical mechanisms of the hypothesised sudden shift

at the near-shore ecological observatory showed that DO conditions in

in the decisive P release processes are unknown.

|
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11

F I G U R E 9 Regime shifts in Basin 1 of Lake Balaton. Ribbon colouring symbolises the three identified regime domains. Classical
eutrophication, eutrophication due to elevated external nutrient loads. Internal eutr., internal eutrophication triggered by internal processes
independent of recent external nutrient loads. Timing of major management measures is shown above the rectangles. These included
stepwise reconstruction of the Kis-Balaton wetlands (Kis-Balaton 1, 2, 3); sudden and sustained drop in fertiliser application after the
collapse of the socialist system, that turned the soil P balance negative; introduction of P-removal at the sewage treatment plant of the
largest town of the catchment (sewage P removal), and the introduction of a new water level regulation scheme (new WL reg.). Tipping
points detected by the STARS test (Figure 8) are shown below the rectangles. Dashed and solid arrows indicate tipping points in drivers and
in ecological state variables, respectively. Note that WL was elevated from 2013, although the new WL regulation scheme was officially
introduced only in 2016)

4.2 | Bloom ecology
Of the likely anoxic P pulses, those on 25–28 July and 18–21 August
were, after a short time-lag, followed by net growth. Such a lag be-

TA B L E 1 Markovian probabilities of the onset (nS-S transition)
and maintenance (S-S transition) of intermittent stratification
(ΔT>1°C) on 10-min timesteps and half-life time of stratification
(t50) in June–August
Transition probability

tween a nutrient pulse and the growth response is to be expected
in storage-adapted algae (Collos, 1986). The rapid succession of the

Year

nS-S

S-S

2009

0.012

0.891

1.44

2010

0.006

0.943

2.83

manifold determinants of net biomass increase (germination, availa-

2011

0.007

0.887

1.39

bility of resources other than P, grazing) the synchronicity of biomass

2012

0.001

0.835

0.92

dynamics with the timing of hypoxic events allows us to conclude

2013

0.006

0.937

2.57

that the record-setting bloom was underpinned by a shift to anoxic

2014

0.005

0.927

2.19

P release. A period of 3–4 days of high water column stability was

2015

0.007

0.930

2.30

critical for this shift to occur. Notably, the shift was not forced by

2016

0.010

0.920

2.00

extreme values of any single driver (e.g. T, water column stability,

2017

0.013

0.908

1.73

2018

0.010

0.922

2.05

2019

0.013

0.921

2.03

2019 HM

0.005

0.987

6.31

2020

0.013

0.932

2.35

two July pulses made it impossible to differentiate their impact on
the growth of the Anabaena sp. The least statistically robust early
August pulse moderately enhanced algal growth. Considering the

light attenuation, WL), but arose from intrinsic interactions of these
drivers, as simulated by our one-dimensional DO model.
Net growth rate of phytoplankton was exceptionally high
(>0.35 days−1) for a prolonged period of 1 week for both the moderately large Anabaena bloom in July and the record-setting bloom
in August. For context, a net growth rate >0.35 days−1 happened in
only 2% of cases during the 18 years of the high-frequency monitoring programme (2001–2018), and was never sustained for more than

t50 [h]

Note: Data generally refer to the shallow ecological observatory
except for 2019, where HM refers to the deep hydrometeorological
observatory.

2 days (Istvánovics & Honti, 2021). Sustained high rates in 2019 were
indicative of close to ideal conditions for the bloom-forming species.

to position themselves to optimal light (Reynolds, 1997). They are

Both cyanobacteria (Anabaena sp. and A. flos-aquae) and C. furcoides

able to use resources unavailable for other species (N2 fixation by

are K-selected, stress-tolerant species, which are favoured by calm

Nostocales, mixotrophy in Ceratium), benefit from P pulses due to

conditions that allow them to exploit vertical nutrient gradients and

high storage capacity, and are resistant to grazing (Reynolds, 1997;

12
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Sommer & Worm, 2002). Several consecutive days of weak turbu-

Sprőber et al., 2003), a shift in the availability of various N forms

lence, combined with bottom hypoxia and anoxic P pulses provided

might select for different cyanobacteria species.

the optimal water motion and P supply regime for these species

The second novel feature was the dominance of C. furcoides in the

(O’Neil et al., 2012). Simultaneously, weekly mixing events might

internal eutrophication domain, and particularly in the record-setting

have allowed sediment-dwelling akinetes (cyanobacteria) and cysts

bloom. This is a native, albeit previously rare species in Lake Balaton

(C. furcoides) to inoculate the water.

(J. Padisák, personal communication). Ceratium hirundinella was the
characteristic pre-eutrophication summer alga in the lake, which re-

4.3 | Structural basis of the bloom

treated during the classical eutrophication to strengthen its presence
in the recovered regime (Padisák & Reynolds, 1998). The abrupt absolute and relative biomass increase of dinophytes from 2013 coin-

Recent structural changes in summer phytoplankton might be the

cided with the final reconstruction of the Kis-Balaton wetlands (Honti

prerequisite of the record-setting bloom. Two tipping points were

et al., 2020) that resulted in a nearly 50% rise in yearly mean DOC

identified in the long-term Chl time series. The first regime domain

load to Basin 1. Although mixotrophy of Ceratium is a controversial

comprised the period of eutrophication (from 1975 to the mid-

issue (Cavalcante et al., 2016), this coincidence suggests the possibility

1980s) and the period of external load reduction (from the mid-

of a causal relationship. Bacterial productivity might be enhanced by

1980s to 1994). The tipping point in 1994/1995 signified the delayed

increased substrate availability and climate warming, and in turn might

response of the system to reduced nutrient loading (Istvánovics &

play a role in the emergence of C. furcoides.

Somlyódy, 2001). The subsequent recovered domain prevailed from

The third novel feature of the record-setting bloom was the

1995 to 2012. The increased contribution of dinoflagellates to sum-

co-dominance of C. furcoides and A. flos-aquae. While Ceratium and

mer assemblages was indicative of a structural change that soon cas-

Microcystis often coexist in stratified eutrophic lakes, co-dominance

caded to higher trophic levels (Istvánovics et al., 2007). This regime

of a large dinoflagellate with a much smaller nostocalean is surpris-

was remarkably resilient in absorbing the impacts of a further sig-

ing (Reynolds, 1997). Such cases are rare and seem to occur in large,

nificant load reduction, a decrease in the N:P loading ratios, and ex-

spatially heterogeneous systems (Paerl et al., 2008). We speculate

treme hydrological variability (Honti & Somlyódy, 2009). Meanwhile,

that the patchy distribution of the two species in 2019 might stem

sustained dominance of cyanobacteria made the recovered regime

from their random monospecific recruitment in combination with in-

vulnerable. The unexpected replacement of cyanobacteria by dino-

sufficient horizontal mixing.

flagellates from 2013 coincided with climate warming and major
management measures, including the rise in WL, and inundation of a
large peatland area within the Kis-Balaton wetlands. Then, in 2019,

4.4 | Implications for management

we see the record-setting bloom. We show that this bloom may
be indicative of the transition to a state of internal eutrophication,

Several studies have analysed how warming intensifies symptoms

bringing with it the potential for similarly large blooms in the future.

of eutrophication. Besides complex region- and lake-specific inter-

Three novel and persistent features characterised the composi-

actions (Jeppesen et al., 2009), direct and indirect climate-related

tion of summer phytoplankton in the present state of internal eutro-

increase in nutrient loads (e.g. increased runoff vs. changes in agricul-

phication. The first was the reduction of (and in 2019, the complete

tural practices) were a universal prerequisite for increasing produc-

absence of) Cylindrospermopsis raciborskii, despite continuous inocu-

tivity, and were often a trigger of cyanobacterial dominance (O’Neil

lation from nearby blooms in the open water areas of the Kis-Balaton

et al., 2012; Rigosi et al., 2014). Strict control of both point-source

wetlands (K. Mátyás, personal communication). Cylindrospermopsis

and diffuse nutrient emissions has been suggested to mitigate eu-

raciborskii produced each of the large late summer blooms in Lake

trophication under climate change (Brookes & Carey, 2011; Paerl

Balaton from 1982 (Herodek, 1986; Vörös & Somogyi, 2021), con-

& Paul, 2012). However, alterations in thermal structure and mix-

tinued to dominate during recovery (Padisák & Reynolds, 1998), and

ing regime, which are the most direct impacts of warming in lakes

was finally replaced in some years by Aphanizomenon spp. from the

(Kraemer et al., 2015), may hinder the effectiveness of traditional

2000s (Vörös & Somogyi, 2021). One hypothesis to explain this re-

eutrophication management measures. For example, in polymictic

placement is the higher light requirement of germination and growth

Müggelsee, the increase in frequency and duration of stratifica-

of A. flos-aquae relative to C. raciborskii (Kovács et al., 2012; Shafik

tion events generated bottom hypoxia and large pulses of internal

et al., 2001), which might provide an advantage to the former under

P load. This promoted cyanobacterial proliferation without a recent

the improved light climate associated with recovery. Another plau-

change in external nutrient loads (Wagner & Adrian, 2009; Wilhelm

sible hypothesis is a temperature-and oxygen-dependent long-term

& Adrian, 2008). In lakes where climate change induces internal eu-

change in microbially mediated N regeneration, and transformations

trophication, external load reduction is unlikely to keep up with the

between N forms (Baron et al., 2013; Revsbech et al., 2006). Since

enhancement of internal loading. Therefore, supplementing emis-

there are species-specific differences in the use of various N sources

sion control with lake-specific measures is more important than ever

among cyanobacteria (Gu & Alexander, 1993; O’Neil et al., 2012;

(Lürling & Mucci, 2020), as illustrated here for Basin 1 of Lake Balaton.
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The Kis-Balaton wetlands buffer nutrient fluxes from 96% and

responses of different types of lakes. This particular bloom was

52% of the catchment of Basin 1 and of the whole lake, respectively

markedly different from previous blooms for a number of reasons,

(Honti et al., 2020), and thus, further emission control in the Zala

including species composition, water column stability, and the inabil-

River catchment will have low efficiency with respect to Basin 1. In

ity of external nutrient load to explain the algal bloom. We showed

the present internal eutrophication regime, the recurrence probabil-

that this bloom was a symptom of a much deeper concern: an eco-

ity of large blooms is likely to be proportional to the probability of

logical regime shift, remaining undetected since 2013, in which cli-

durable stratification. We showed that the onset and half-life time of

mate warming and serial management measures played a synergistic

stratification was a complex function of warming, and t50 increased

role. Rather than being an outlier, blooms of this sort could become

exponentially with summer mean WL. The surprisingly high sensitiv-

the new norm. With a climate that continues to warm, and the as-

ity of intermittent stratification to WL was also shown by the mod-

sociated changes in internal lake processes (in polymictic lakes, in-

elled likeliness of bottom hypoxia as a function of water depth. It was

creasing stratification and enhanced internal P load due to bottom

also indicated by the observed disproportionate scaling of t50 with

hypoxia) it is possible that we will see dramatic regime shifts (such

depth at the shallow ecological observatory compared to the deep

as that identified here in Lake Balaton) across more and more lakes

hydrometeorological observatory. A modelling study found that no

globally. In this sense, Lake Balaton may serve as the canary in the

stratification occurred in Basin 1 during the past 40 summers at WLs

coal mine, of which the 2019 bloom is the bird's first cry for help. An

below +0.90 m, while a rapid increase was seen above this thresh-

ecological regime shift requires lake-specific modifications of man-

old (Torma, 2021). According to ensemble climate predictions based

agement plans. For Lake Balaton, external load control is no longer

on the Representative Concentration Pathway 4.5 (IPCC, 2014), the

sufficient to manage eutrophication. Water level regulation, how-

probability of intermittent stratification lasting for a minimum of

ever, with the high sensitivity of stratification to WL, would be an

2 days may increase from the present 10%–13% to 50% by 2100

effective tool for management.

under the present high WL (+1.20 m), but could be halved by regulating WL at +1.00 m (Honti et al., 2021). Therefore, we recommend
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