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Abstract: The over-enrichment of shallow lakes in nutrients has emerged as one of the 26 

main causes of water quality deterioration, and is today a major focus of water quality studies 27 

worldwide. In the present work, changes in trophic conditions over three decades (1985-2017) 28 

in the largest shallow freshwater lake in Central Europe, Lake Balaton, are assessed using the 29 

time series of 10 water quality variables measured at 4 sites, one in each basin of the lake. Using 30 

combined cluster and discriminant analyses, and assessing each of the four basins of the lake 31 

separately, it was possible to divide the history of the lake into three time intervals. Principal 32 

component and Sen’s slope analyses highlight the fact that the oligotrophization of the lake took 33 

place at a different pace in each of these three major time intervals (1985-1994; 1995-2003; 34 

2004-2017) along the lake’s major axis. A significant decrease in the concentration of 35 

parameters indicating trophic conditions (e.g. chlorophyll-a and soluble reactive phosphorus) 36 

was first observed in the western basins, in the proximity of the main water input to the lake, 37 

followed by the eastward spread of this phenomenon. At the same time, the importance of 38 

external total phosphorus input to the lake was found to decrease easttwards, thereby 39 

diminishing its capacity to explain the variance of the water quality parameters in the lake. Over 40 

the time period covered by this study, various measures were taken to reduce the nutrient loads 41 

to the lake. These were, in the main, successful, as may be seen in the decade-by-decade 42 

overview of the lake’s trophic state presented here. A brief review of similar cases from around 43 

the world only serves to reinforce the conclusion that a drastic reduction in external phosphorus 44 

loads arriving in similar shallow lakes will result in their oligotrophization, albeit with a time-45 

lag of at least ten years. 46 

 47 

Keywords: CCDA; trophic status; oligotrophization; Sen’s trend analysis; principal component 48 

analysis, Lake Balaton 49 

 50 
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1. Introduction 51 

Nutrient over-enrichment deriving from intensive anthropogenic activity in the 52 

watersheds of lakes has emerged as one of the main causes of deterioration in water quality 53 

(e.g. (Scheffer 2013, Schindler 1974, Schindler et al. 2016, Wetzel 2001)), leading eventually 54 

to the degradation of macrophyte vegetation, increased turbidity and, in extreme cases, anoxic 55 

conditions (Lau & Lane 2002). The harmful effects of toxic cyanobacterial blooms endanger 56 

aquatic food production and supplies of water for recreation and drinking, leading, in turn, to 57 

economic losses, too.  58 

In order to prevent the eutrophication of surface waters, inorganic nutrient inputs must be 59 

retained. Evidence shows that, of the inorganic nutrients, it is phosphorus (P) whose retention 60 

has the most beneficial effect on the trophic and ecological status of formerly eutrophic lakes 61 

(e.g. Sas 1990, Schindler 1974, Schindler et al. 2016, Vitousek et al. 2010). Neither can the role 62 

of N be neglected, since in estuaries or coastal environments it is a key factor (Carpenter 2008), 63 

and excess reduction of trophic conditions has been achieved by managing not only P but N 64 

inputs as well (EPA 2015). Nevertheless, interventions exclusively aimed at N loads will not 65 

lead to the desired oligotrophic states; this can only be achieved by reducing P as well (e.g. 66 

Carpenter 2008, Schindler et al. 2016, Welch 2009). In spite of the fact that freshwater 67 

eutrophication has become a widespread problem over the past half-century and there have been 68 

many studies on how to prevent its harmful effects, globally, the number of toxic phytoplankton 69 

blooms has continued to increase (Ho et al. 2019, Hudnell 2008). 70 

A trophic classification of surface waters was first developed in the late 1960s in Europe 71 

(Rodhe 1969), and further developed over succeeding decades. One of the most commonly used 72 

indices for the definition of the trophic state of lakes is the trophic state index (Carlson 1977) 73 

relying primarily on the concentration of surface water chlorophyll-a, surface water total 74 

phosphorus concentration (TP) and the Secchi depth of a given lake (Wen et al. 2019). Another 75 
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widespread classification was formulated in the early 80s by the Organization for Economic 76 

Co-operation and Development (OECD), defining the classification of trophic status for 77 

freshwater lakes primarily on the basis of the concentration of TP and Chl-a in the water 78 

(Vollenweider & Kerekes 1982). It is these parameters which still constitute the focus of more 79 

recently developed models for eutrophication (e.g. (Markad et al. 2019, Wen et al. 2019)). 80 

Therefore, the combined decadal assessment of these parameters is capable of yielding excess 81 

information on the effect of external measures aimed at shifting the trophic condition of lakes 82 

towards oligotrophization.  83 

One of the most endangered ecosystems in this respect is shallow lakes, which are defined 84 

by being well mixed (that is, when subjected to an average wind velocity of 20 km h-1 for > 6 85 

h they will mix through their water column (Chapman 1996)), therefore besides their relatively 86 

large surface-to-depth ratio, they are characterized by intense lake-land, air-water and water-87 

sediment interactions (Wetzel 2001). These interactions render the eutrophication process and 88 

formation mechanisms of algal blooms particularly complicated (Qin et al. 2007); they also 89 

differ greatly between individual shallow lakes (Janssen et al. 2014). Examples of the adverse 90 

effects of algae blooms on shallow lakes have been reported all over the world, e.g. Asia (Qin 91 

et al. 2007); North America (López-López et al. 2016, Oberholster et al. 2006); Europe (Hatvani 92 

et al. 2014, Sebestyén et al. 2019); South America (Oliveira & Machado 2013) and Africa (Muli 93 

1996).  94 

When focusing on the eutrophication of shallow lakes, besides external nutrient loads, the 95 

resuspension-desorption of phosphorus from the sediment should also be taken into account, 96 

since it plays an important role in the overall nutrient dynamics of shallow lakes (Bloesch 1995). 97 

Indeed, even in the case of reduced external nutrient loads, internal phosphorus load may 98 

prevent improvements in lake water quality. At high internal loading, TP concentrations may 99 
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rise and phosphorus retention can be negative especially in summer (Hatvani et al. 2014, 100 

Søndergaard et al. 2003). 101 

Lake Balaton, the largest (surface area 596 km2) shallow (average water depth 3.2 m) 102 

freshwater lake in Central Europe (Fig. 1), has suffered from adverse anthropogenic effects over 103 

the last half century (see later; e.g. Hatvani et al. 2014, Padisák & Reynolds 2003). The lake’s 104 

watershed area is approximately 5180 km2 (Pomogyi 1996), and it may be characterized as 105 

polymitic. The mean depth and surface area of the lake’s geographical basins increases 106 

eastwards from 38 km2 to 228 km2, while their corresponding sub-watersheds decreases from 107 

2750 km2 to 249 km2 (Istvánovics et al. 2007). The largest tributary, the River Zala, which 108 

enters the lake at its westernmost and smallest basin, Keszthely Basin (I. in Fig. 1), supplies 109 

~50% of the lake’s total water input and accounts for 35-40% of the lake’s nutrient input 110 

(Istvánovics et al. 2007). The lake’s only outflow is the Sió Canal, located at its easternmost 111 

end, and this was constructed in the nineteenth century to regulate the water level of the lake.  112 

 113 

 114 
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Fig. 1. Lake Balaton, its geographical basins and the 10 sampling sites operated by the 115 

responsible water authority up to 2005. In addition, the Kis-Balaton Water Protection 116 

System (KBWPS) and Lake Balaton’s watershed is marked on the outline map of 117 

Hungary. The sampling sites marked with a red circle (those used in the present work) 118 

and site 10 were operating after 2005. The figure is based on that in (Kovács et al. 119 

2012b). 120 

 121 

The accelerated anthropogenic activity (population growth, increasing waste water 122 

production, intensified use of fertilizers) in the catchment of Lake Balaton in the second half of 123 

the twentieth century resulted in a significant increase in external nutrient load (Hatvani et al. 124 

2015) and a deterioration in the lake’s water quality (Sebestyén et al. 2017), and by the end of 125 

the 1980s the P load carried by river Zala had doubled (Fig. 2a) compared to the beginning of 126 

the 1970s (Herodek et al. 1982, Istvánovics et al. 2007, Sagehashi et al. 2001). For this reason, 127 

a regional nutrient load control strategy was worked out for Lake Balaton (Somlyódy & van 128 

Straten 1986), with the most important management measures being: (i) sewage diversion from 129 

the eastern and southern shoreline settlements; (ii) the construction of WWTPs in the western 130 

part of watershed; (iii) the downsizing of several large livestock farms (Hatvani et al. 2015); 131 

and (iv) the construction of the Kis-Balaton Water Protection System (KBWPS) (Hatvani et al. 132 

2011, Kovács et al. 2010, Kovács et al. 2012a), the aim of which was the retention of nutrient 133 

loads from the Zala River which would have otherwise ended up in Lake Balaton; for further 134 

details see e.g. (Clement et al. 1998, Hatvani 2014, Hatvani et al. 2014, Hatvani et al. 2015) 135 

The combination of these measures and the ten-fold drop in fertilizer usage in the late 1980s 136 

(Hatvani et al. 2015) resulted in a TP load reduction of more than 50% compared to the 1980s 137 

(Hatvani 2014). Nevertheless, the oligotrophization of Lake Balaton – and especially its 138 
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easternmost basin – occurred, albeit with a delay, due to the presence of internal P loads from 139 

its sediment (Istvánovics et al. 2004).  140 

As is the case with many temperate shallow lakes, primary production in Lake Balaton 141 

was considered to be P limited (Herodek 1984), while, studies in past decades had focused on 142 

the importance of external vs. internal N loads (Présing et al. 2001, Présing et al. 2008). The 143 

role of P and N in algal biomass growth was investigated in a way similar to that employed by 144 

Schindler (1974) in the Experimental Lakes Area, and it was found that with an increased 145 

external P load, algal biomass grew, while N inputs increased the abundance of N-fixing 146 

cyanobacteria (Istvánovics et al. 1986). Thus, the more severe limitation of phytoplankton 147 

production by P, as compared to that caused by N is also acknowledged in the case of Lake 148 

Balaton (Istvánovics & Herodek 1995, Istvánovics et al. 1986), though it should be recognized 149 

that N is found to limit primary production under extreme circumstances, e.g. an abrupt increase 150 

in algal biomass (Présing et al. 2008). 151 

With regard to the internal P loads of Lake Balaton, it was found that their maxima are 152 

determined by the long-term behavior of the highly calcareous sediment. In the years when the 153 

internal P load approaches its maximum, a strong correlation can be observed between the 154 

biomass of phytoplankton and the estimated concentration of mobile P, under the influence of 155 

the carbonate content of the sediment (Istvánovics 1988). Otherwise, the biomass of 156 

phytoplankton is kept below the highest possible level by physical constraints which depend on 157 

hydrometeorological conditions (Hatvani et al. 2014). Consequently, because of this delayed 158 

response in lakes (Sas 1990) it is sometimes hard to find a direct correlation between external 159 

load reduction and water quality improvement, particularly over short time periods. In the case 160 

of Lake Balaton, thanks to the conscious efforts of the authorities, eutrophication has been 161 

successfully managed (Istvánovics et al. 2007). In spite of the global increase in intense lake 162 

phytoplankton blooming since the 1980s, in a worldwide study, Lake Balaton remains one of 163 
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only six lakes, fewer than ten percent of the total of 71, which exhibited an internationally 164 

acknowledged and statistically significant decrease in trophic status (Ho et al. 2019). 165 

This certainly held true until late summer 2019, when, at the end of August, most of the 166 

lake became unexpectedly hypertrophic due to the bloom of the flagellate Ceratium furcoides 167 

(Levander) Langhans 1925 and the blue-green Aphanizomenon flosaquae Ralfs ex Bornet & 168 

Flahault 1886. While both had previously been present in the lake Padisák (1985), their blooms 169 

had never before produced such an adverse effect. The 2019 bloom first occurred in the 170 

Keszthely Basin and spread to the Szigliget Basin, and then to almost the whole lake. The causes 171 

are still unclear, but it is obvious that this phenomenon was not to have been expected from the 172 

observed trends and the expectations which had formed as a result of the previous success of 173 

load reduction measures in and around the lake (Istvánovics et al. 2007). It is suspected that 174 

increased temperatures and specific hydrometeorological conditions (high water level, etc.) 175 

were the cause of this particular bloom (Istvánovics 2019), while increasing temperatures are 176 

set to become an ever-more important factor in eutrophication worldwide (Ho et al. 2019). From 177 

a lake management perspective, long term studies of nutrients and their limiting role in primary 178 

production are of undoubtedly great importance, since these account for the effects of loading 179 

on the natural succession of phytoplankton communities (Istvánovics et al. 1986). 180 

This research aims to offer a long-term overview of an update on changes in the trophic 181 

status of Lake Balaton over the last three decades, from the perspective of the multivariate data 182 

assessment of its water quality variables. The specific goals are to explore the spatiotemporal 183 

changes in the trophic status of Lake Balaton by (i) exploring whether distinct time periods can 184 

be distinguished in the history of the lake; (ii) determining the robust trends in parameters 185 

indicating trophic status within these time periods in its different basins and (iii) assessing the 186 

change in the importance of external phosphorus loads on general water quality, including 187 

trophic indicators.  188 
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 189 

2. Materials and methods 190 

2.1. Sampling sites and acquired dataset 191 

In the course of the research 10 water quality parameters were selected for analysis. These were 192 

measured bi-weekly/monthly at four sampling sites between 1985 and 2017 (that is, the last 193 

year for which overall data for the Lake were available), one from each geographical basin of 194 

the lake (Fig. 1), a total of approximately 5,600 data. The data were acquired from the Central 195 

Transdanubian Water and Environmental Inspectorate, and had been collected as a part of the 196 

National Water Quality Monitoring System. 197 

Due to the occasionally insufficient number of samples and/or their values being below 198 

the level of detection (LOD), the set of parameters analyzed was restricted to the following: 199 

soluble reactive phosphorus (SRP), total phosphorous (TP), chlorophyll-a (Chl-a; mg l-1), 200 

electrical conductivity (EC; µS cm-1), ammonium – N (NH4 – N), dissolved oxygen (DO; 201 

biological oxygen demand (BOD), chemical oxygen demand (COD), Water temperature (TW; 202 

°C) and pH. These parameters were chosen so as to provide continuous temporal coverage over 203 

the whole of the investigated time interval as they were consistently measured using the same 204 

methods and at the same locations. It should be noted that in 2005 the monitoring was spatially 205 

recalibrated (Kovács et al. 2012b). In relation to this point, because of these changes, most 206 

forms of N had to be omitted from the evaluation. Total nitrogen was not recorded up to 2004, 207 

while in 80% of cases, the values of nitrate-N after the recalibration of the monitoring network 208 

in 2005 were below the LOD. Thus, neither could have been incorporated into the study. 209 

However, data concerning ammonium-nitrogen were available for the complete period, and it 210 

is this form which is in any case the preferred N form for algal N uptake in Lake Balaton 211 

(Présing et al. 2001), as indeed in other lakes, also (Mitamura et al. 1995). 212 

 213 
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2.2. Methodology 214 

After preprocessing the data (outlier detection and filtering of typos), its descriptive 215 

statistics (mean, median, coefficient of variation etc. following Kovács et al. (2012c)) were 216 

calculated basin by basin to obtain an overview of the dataset. The next step was to use the 217 

available indicator variables to shed light on decadal change in the trophic status of the various 218 

basins of the lake following the standard OECD classification (Vollenweider & Kerekes 1982), 219 

which is the most widely accepted worldwide (Istvánovics 2009). This classification estimates 220 

the trophic status of a water body primarily using information on the concentration of the 221 

limiting nutrients (TP) and a proxy for phytoplankton biomass (Chl-a). It had been previously 222 

used in the case of Lake Balaton (e.g. Crossetti et al. 2013, Istvánovics et al. 2007) and in 223 

numerous studies worldwide (e.g. Cloutier & Sanchez 2007, Marsden 1989), thereby ensuring 224 

the comparability of the results of the present study  on a global scale. The question of whether 225 

time intervals with common patterns exist in the water quality parameters (WQP) time series 226 

was investigated by using combined cluster and discriminant analysis (CCDA (Kovács et al. 227 

2014; Section 2.2.1) on the annual averages of the WQPs. Next, exploratory principal 228 

component analysis (PCA; Section 2.2.2) was conducted on the annual averages of the variables 229 

in the different basins to explore whether gradually changing common trends might be found 230 

as the distance from the lake’s main input, the River Zala, increased.  231 

Lastly, the magnitude of change in the concentrations of Chl-a and the P forms was 232 

explored for the whole lake basin by basin, using the nonparametric Mann– Kendall test 233 

(Kendall 1975, Mann 1945) and Sen's slope estimates (Sen 1968) for the previously obtained 234 

differing time intervals using the monthly averaged concentrations of the parameters as the 235 

input. In each time interval the annual change in the parameters’ values – obtained from the 236 

estimated Sen’s slope - was given as a percentage of the average concentration of the given 237 

parameter in the investigated time interval and basin. 238 
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 239 

2.2.1. Combined cluster and discriminant analysis  240 

Combined cluster and discriminant analysis (CCDA) is a multivariate data analysis 241 

method (Kovács et al. 2014) which aims to find not only similar, but even homogeneous groups 242 

in measurement data of known origin (so, in this work, to identify groups of water quality 243 

sampling sites). CCDA consists of three main steps: (I) a basic grouping procedure, in this case 244 

using hierarchical cluster analysis (HCA), to determine possible groupings; (II) a core cycle in 245 

which the goodness of the groupings from Step I and the goodness of random classifications 246 

are determined using linear discriminant analysis; and (III) a final evaluation step in which a 247 

decision concerning the further iterative investigation of sub-groups is taken. If the ratio of 248 

correctly classified cases for a grouping (“ratio”) is higher than at least 95 % of the ratios for 249 

the random classifications (“q95”), i.e. the difference d=ratio–q95 is positive, then at a 5% level 250 

of significance, the given classification is not homogeneous in CCDA. Therefore, the division 251 

into sub-groups (Step III) and the iterative investigation of these sub-groups for homogeneity 252 

is required.  253 

 254 

2.2.2. Exploratory principal component analysis 255 

Exploratory principal component analysis (PCA; Tabachnick & Fidell 2014) was used to 256 

find the variables with the greatest influence on the water quality status of the lake over the 257 

investigated time period. PCA decomposes the original dependent variables into principal 258 

components that explain the original total variance of the dataset component-wise in a 259 

monotonically decreasing order. The correlation coefficients between the original parameters 260 

and the principal components (PCs) are the factor loadings, and these explain the weights of 261 
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the PCs in the original parameters, while the PC time series are referred to as PC scores (Olsen 262 

et al. 2012, Tabachnick & Fidell 2014). 263 

In the present case, the input variables for PCA were the annual averages of complete 264 

cases (1985-2017) for the WQPs (Sect. 2.1). The Kaiser-Meyer-Olkin (KMO) test (Cerny & 265 

Kaiser 1977) was employed to determine the measure of sampling adequacy (MSA), providing 266 

information which allows the decision of whether PCA can be applied to the dataset. The 267 

variables with factor loadings outside the ±0.7 interval were taken as important, while the PCs 268 

were taken into account based on their scree plots as suggested by (Cattell 1966) and their 269 

eigenvalues, which had to be above 1 according to (Kaiser 1960). 270 

Principal component time series are commonly related to possible explanatory parameters 271 

in space (e.g. Magyar et al. 2013, Olsen et al. 2012) and time (e.g. Çamdevýren et al. 2005, 272 

Hatvani et al. 2018, Page et al. 2012). In the case of the latter, when correlating the explanatory 273 

parameters with the PC scores, the serial correlation of the data should to be considered, since 274 

it limits the number of independent observations, not satisfying the assumptions of conventional 275 

statistical methods (Macias-Fauria et al. 2012). Thus, in the present study one thousand Monte-276 

Carlo simulations were performed with frequency (Ebisuzaki) domain time series modelling to 277 

obtain the correct significance levels of the correlation coefficients (r).  278 

The analysis described in Sects. 2.2.1 and 2.2.2 was conducted on the annual averages of 279 

the complete cases of data considering the lake as a single water body, as well as the four basins 280 

of the lake separately. The former approach was justified by the water body designation criteria 281 

of the Water Framework Directive (EC 2000) given that Lake Balaton is one single water body, 282 

while latter was justified by the study of Kovács et al. (2012b) highlighting the separate 283 

behavior of the four basins of the lake.  284 

R statistical environment was used (R Core Team, 2019) to calculate the descriptive statistics, 285 

the Sen's slope estimates with Mann-Kendall tests using the mannKen () function of the wql 286 
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package (Jassby and Cloern, 2017), and CCDA was performed using the CCDA package 287 

(Kovács et al., 2014). PCA was computed using IBM SPSS 26, the statistical significance of 288 

the correlation coefficients under serial correlations were calculated using the Windows 289 

version of the software provided in (Macias-Fauria et al. 2012), and additional tasks were 290 

performed in MS Excel 360. 291 

 292 

 293 

3. Results 294 

To provide an overall picture of the dataset, its descriptive statistics were produced (Table 295 

1). The first quartile and median of the phosphorous forms, Chl-a, BOD and COD were highest 296 

in the Keszthely Basin, decreasing continuously with distance from the inlet of the River Zala, 297 

located there (Table 1). Conductivity, on the other hand, showed a continuous increase along 298 

the main transect of the lake from W to E with respect to medians (from 630 to 666 µS cm-1); 299 

this was also true of its first quartile, too (from 680 to 730 µS cm-1). With respect to pH and 300 

water temperature, no noteworthy pattern was observed. In general, the highest degree of 301 

variability relative to the average in water quality was observed in the Keszthely Basin. 302 

However, TP (CV=85.3 mg l-1) and chl-a (CV=117.1 mg l-1) were most variable in the Szemes 303 

Basin, and orthophosphate in the Siófok Basin. 304 
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 305 

Table 1. Descriptive statistics of the water quality parameters in the different basins of 306 

Lake Balaton (1985-2017), where M: mean, MED: median, SD: standard deviation, Q1: 307 

first quartile, Q3: third quartile; CV: coefficient of variation 308 

Statistic 
Water 

T (°C) 
pH 

Cond 

(µS cm-

1) 

DO 

(mg l-1) 

BOD 

(mg l-1) 

COD 

(mg l-1) 

NH4-N 

(mg l-1) 

TP  

(mg l-1) 

SRP 

(mg l-1) 

Chl-a 

(mg l-1) 

K
es

zt
h

el
y
 B

a
si

n
 M 16.06 8.49 628.74 10.52 3.01 29.27 0.046 0.079 0.014 0.026 

MED 17.3 8.49 630 10.3 2.55 27 0.03 0.07 0.011 0.016 

SD 7.53 0.21 65.12 2.05 1.64 8.66 0.039 0.046 0.014 0.029 

Q1 9.75 8.37 580 9.16 1.9 23 0.02 0.05 0.007 0.009 

Q3 22.15 8.6 680 11.7 3.9 33 0.05 0.098 0.016 0.031 

CV% 46.9 2.5 10.3 19.5 54.5 29.5 84.5 58.7 95.4 114.8 

S
zi

g
li

g
et

 B
a
si

n
 M 15.54 8.51 636.95 10.43 2.58 25.79 0.046 0.069 0.012 0.021 

MED 16.8 8.5 634 10.2 2.3 24 0.031 0.058 0.009 0.014 

SD 7.39 0.19 63.1 1.82 1.16 6.38 0.037 0.051 0.011 0.023 

Q1 9.4 8.4 585 9.12 1.7 21 0.02 0.04 0.006 0.009 

Q3 21.6 8.62 690 11.7 3.3 28 0.05 0.082 0.013 0.023 

CV% 47.5 2.2 9.9 17.4 45.1 24.7 80.7 73.5 92.7 112.9 

S
ze

m
es

 B
a
si

n
 M 15.36 8.51 644.55 10.35 2.25 22.61 0.041 0.056 0.009 0.013 

MED 16.7 8.52 638.5 10.1 2 22 0.03 0.042 0.007 0.009 

SD 7.36 0.17 63.15 1.89 1.06 4.9 0.033 0.048 0.008 0.016 

Q1 9 8.4 594 9 1.5 19 0.02 0.03 0.005 0.006 

Q3 21.55 8.62 700 11.54 2.8 25 0.05 0.066 0.012 0.015 

CV% 47.9 2.1 9.7 18.2 47.3 21.6 79.5 85.3 86.3 117.1 

S
ió

fo
k

 B
a
si

n
 

M 14.93 8.52 670.71 10.3 1.99 20.12 0.04 0.05 0.009 0.008 

MED 16.2 8.53 666 10.1 1.8 19 0.03 0.04 0.007 0.006 

SD 7.26 0.16 68.11 1.85 0.94 4.1 0.029 0.038 0.011 0.007 

Q1 8.85 8.4 620 9 1.3 18 0.02 0.027 0.003 0.004 

Q3 21 8.63 730 11.6 2.4 22 0.05 0.061 0.011 0.009 

CV% 48.6 1.9 10.1 17.9 47.3 20.4 72.9 75.3 113.3 92 

 309 

3.1. Trophic state of Lake Balaton 310 

The relatively high TP and Chl-a values observed throughout the whole investigated time 311 

period (1985-2017) made necessary the thorough exploration of the temporal change in the 312 

concentration of the indicator variables of trophic status in the lake (Chl-a (Fig. 2a), TP annual 313 

mean values (Fig. 2b)) and annual external TP loads arriving in Lake Balaton (Fig. 2d). 314 
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It became clear that with regard to the average Chl-a concentration of the whole lake and 315 

the Keszthely Basin, 1994 was a turning-point. The average figures for the concentration of 316 

Chl-a prior to 1994 were 0.0264 mg l-1 and 0.0426 mg l-1, for the lake and the basin, 317 

respectively;  these figures then dropped by ~60 and ~65% in the lake and in the Keszthely 318 

Basin, as well as falling below hypertrophic levels in all the basins (Fig. 2a). Interestingly, in 319 

the Szigliget Basin (Fig. 1), phytoplankton biomass in certain years of the early 2000s (e.g. 320 

2002, 2003 and 2005, 2006) and afterwards in 2011 and 2012, was slightly higher and/or 321 

comparable to those in the Keszthely Basin. The lowest values for Chl-a were always 322 

characteristic of the Siófok Basin (0.008 mg l-1), the furthest from the main external source of 323 

TP (Fig. 2d), the mouth of the River Zala.  324 

In almost all cases, TP and SRP values were highest in Keszthely Basin, with the 325 

exception of six of the 33 years investigated in the case of the former (Fig. 2b), and four in the 326 

latter (Fig. 2c), in which slightly higher values were observed in the neighboring Szigliget 327 

Basin. Up to 1994 an increase in TP concentrations characterizes the system, with a parallel 328 

decrease in SRP (Fig. 2b,c). Afterwards, TP peaks in 1997 (~0.13 mg l-1) and SRP in 2000 329 

(~0.03 mg l-1). In the meanwhile, in the Keszthely Basin after 1997 TP concentrations decreased 330 

overall by ~50%, to 0.0670 mg l-1, a drop which was even larger in the other basins (Fig. 2b). 331 

A classification based on annual averages in the main qualifies the lake’s water as eutrophic, 332 

and only in the mid-1990s did this become hypertrophic, as observable from the data of 333 

individual basins as well (Fig. 2).  334 

The annual external TP loads arriving in Lake Balaton via the waters of the River Zala 335 

for the most part display a continuous decrease, due to the combination of measures taken to 336 

reduce nutrient loads in the region (see Sect. 1). However, in the mid-1990s a sudden increase 337 

was observed in TP loads reaching Keszthely Bay, while after 2000 the average loads were 338 

about 50% of those in the 1990s, with only a couple of years, the first being 2004 (Fig. 2d), 339 
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with elevated loads due to hydrometeorological conditions (Hatvani et al. 2014). For example, 340 

in the region, in 2010 and 2014 the annual precipitation was the sixth and tenth highest in the 341 

period 1901 and 2014, amounting to > 875 mm (Jakuschné Kocsis & Anda 2018, Kocsis et al. 342 

2017).  343 

It should be noted, that the TP loads arriving to Lake Balaton from the River Zala, through 344 

the KBWPS (Fig. 2d) resemble the SRP concentrations in Keszthely Basin (Fig. 2c) much more 345 

than any other parameter in any of the basins. It was empirically assessed, that after a continuous 346 

decrease from 1985, both SRP in Keszthely Basin and TP loads of the River Zala reach a 347 

decadal minimum in 1993 (Fig. 2c,d), unlike TP (Fig. 2b). Afterwards, fluctuating in a similar 348 

manner, both show peak in 2010, not characteristic of any other basin, or water quality 349 

parameter.  350 
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Fig. 2. Annual average concentration of Chl-a A) TP B) and SRP C) for the four 

investigated basins of Lake Balaton along with the inflow of annual TP loads from the 

River Zala through the KBWPS to Lake Balaton (sampling location 10 on Fig. 1) D) 

(redrawn and extended from (Hatvani et al. 2014) C) (1985-2017). In panels A) and B), 

above the continuous horizontal black line hypertrophic conditions prevail. The 
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dashed line is the threshold for eutrophic conditions, and the dotted for mesotrophic. 

Below the dotted line oligotrophic conditions prevail, as determined by using the 

scheme of (Vollenweider & Kerekes 1982).  

 351 

Primary indicator variables of trophic status were used to determine the trophic state of 352 

the lake annually (Table A1). Regarding Chl-a, up to 1994 the Keszthely and Szigliget basins 353 

were mostly hypertrophic, while the westernmost basins were in most cases eutrophic and in 354 

the mid-1980s mesotrophic (Fig. 2a; Table A1) with the exception of 1994, when all the basins 355 

were eutrophic/hypertrophic in terms of Chl-a. After 1994 - which would appear to be a tipping 356 

point for Chl-a - all the basins except Siófok were mostly eutrophic. In the Siófok Basin, after 357 

1994 a mesotrophic state obtained, which turned exclusive after 2003 in terms of Chl-a mean 358 

values (Fig. 2a; Table A1).  359 

With regard to TP, the Keszthely and Szigliget basins were mostly eutrophic through the 360 

years analyzed, while the Siófok and Szemes basins were in the beginning mesotrophic, later 361 

turning eutrophic. The only exception involving all the basins is 1997, in which all of them 362 

were hypertrophic in terms of TP (Fig. 2b; Table A1). 363 

Overall, a clear pattern is visible, with a spatial divide between the western and eastern 364 

basins. The western basins (Keszthely and Szigliget) are mostly hypertrophic at the beginning 365 

of the investigated time period (from 1985 to 1994), while the eastern ones (Szemes and Siófok) 366 

are eutrophic/mesotrophic. Moving forward in time, this pattern changes to eutrophic for the 367 

western basins and dominantly mesotrophic for the eastern basins, with oligotrophic 368 

characteristics (in Chl-a maxima) occurring in the mid-2010s in the westernmost, the Siófok 369 

Basin (Fig. 2a; Table A1).  370 

 371 
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3.2. Similarly behaving time intervals and temporal trends of primary trophic 372 

indicators 373 

With the use of CCDA on the tagged annual averages of the water quality variables, three 374 

similarly behaving (“optimal”) time intervals were determined as the basic grouping (Fig. 3). 375 

At the q=95 level the biggest difference was 41.2% (Fig. 3), and this split the data into three 376 

time intervals: 1985-1994, 1995-2003 and 2004-2017, with the year 1993 not being part of any 377 

continuous time interval.   378 

The greatest difference between the basic grouping and a random grouping (Fig. 3: curve 379 

d) was observed at the division of the data into three groups (Fig. 3), indicating that this is 380 

therefore the optimal grouping. These groups were further divided for the sake of verification, 381 

to the point at which all the years become separate, thus demonstrating that homogeneity can 382 

only be reached if the separate years form temporal groups alone. However, the three time 383 

intervals determined (with similarly behaving years) were objectively determined, and a metric 384 

assigned to their existence. 385 

 386 
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 387 

 388 

Fig. 3. Dendrogram representing the basic grouping from the initial run of CCDA (left) and the summarized results of CCDA for 389 

groupings. Right panel: ratio of correctly classified cases vs. the random classification and the difference values (d). 390 
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 391 

In accordance with the results of the CCDA, it was necessary to investigate the trends for 392 

Chl-a and TP as the main WQPs indicating the trophic state of the different basins in each 393 

individual basin in turn, and in addition SRP in the three time intervals: 1985-1994, 1995-2003 394 

and 2004-2017 (Table 2). Sen’s slopes were determined for Chl-a and P forms, and their annual 395 

change relative to the period mean concentration (Mp), representing a significant or 396 

insignificant long-term change, was derived (Table 2). 397 

In the first time-period (1985-1994), Chl-a and SRP showed a mostly significant decrease 398 

in the western Keszthely and Szigliget basins (Fig. 2a,c), while in the other basins, a significant 399 

increase (Fig. 2a,b) and stagnant behavior (Fig. 2c) were observed for Chl-a, TP and SRP, 400 

respectively (Table 2). It should be noted here that, although there is a decrease in Chl-a in the 401 

Keszthely Basin, the average value is almost 1.5 times higher than in the neighboring Szigliget 402 

Basin, and more than twice and almost four times higher than in the eastern basins (Table 2).  403 

The greatest change in all investigated periods and basins was the significant (p<0.01) 404 

decrease of SRP by approx. -7.5% yr-1 relative to the period (1985-1994) mean (1.11 × 10−2 405 

mg l-1; Table 2), resulting in a total 8.2 × 10−3mg l-1 drop in SRP. 406 

Between 1995 and 2003, in the western basins the investigated parameters did not change 407 

significantly, although SRP decreased. In the eastern basins, however, Chl-a increased 408 

significantly (p<0.05) by ~4% per year compared to the mean (Mp 1995-2003), while SRP 409 

decreased insignificantly (Table 2).  410 

In the last investigated period (2004-2017), SRP concentrations did not show any 411 

significant change (Fig. 2c), while Chl-a decreased significantly in all basins (Fig. 2a; between 412 

approx. -2 to -4% per year), except Keszthely (Table 2). TP showed a minor (2.5%), but 413 
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significant (p<0.05) increase in the Keszthely and Siófok basins (Table 2). The observed trends 414 

are all in accordance with the data presented in Fig. 2a-c.  415 

Overall, there is a significant (p<0.01) decrease in SRP in the western basins in the first 416 

of the years investigated, and as this trend weakens over the decades, by the 2010s a decrease 417 

in biologically available P and Chl-a presents itself in the eastern basins, although to a degree 418 

as yet insignificant (Table 2). It should be noted here that in the Szemes Basin, the -2% annual 419 

SRP decrease is significant at α=0.1. It should be further noted that while the trends indicate 420 

the change in concentrations within the three distinct water quality time periods, the 421 

concentrations of Chl-a should also be considered in the light of the overall change as well (Fig. 422 

2a). This shows a large drop in concentrations, for example, in the Keszthely Basin Chl-a mean 423 

concentrations decreased by ~65% between the period averages of 1985-1994 and 2004-2017 424 

(Table 2). 425 
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 426 

Table 2. Changes in concentration of major trophic indicator parameters in the three time intervals, obtained using CCDA on the 427 

different basins. The significance of the Sen’s slopes determined by Mann-Kendall tests is indicated by three *** or two asterisks ** for 428 

α=0.01 or 0.05. In any given time period, Mp stands for the mean concentration value. Relative change to the Mp represents the average 429 

annual change of the WQP in percentages relative to the Mp of the given time period.  430 

  Keszthely Basin Szigliget Basin Szemes Basin Siófok Basin   

WQP Chl-a  TP SRP Chl-a  TP SRP Chl-a  TP SRP Chl-a  TP SRP Interval  

Period 

mean (Mp) 
3.94×10-2 7.38×10-2 1.11×10-2 2.88×10-2 5.65×10-2 8.27×10-3 1.75×10-2 3.86×10-2 6.09×10-3 1.01×10-2 3.1×10-2 5.40×10-3 

1985-

1994 
Relative 

change to 

the Mp 

-3.8%*** 0.0% -7.4%*** -0.5% 2.1% -3.2%** 3.2%*** 5.9%*** 0.0% 4.8%*** 4.1%*** 0.0%** 

Period 

mean (Mp) 
1.45×10-2 9.95×10-2 1.89×10-2 1.40×10-2 9.28×10-2 1.56×10-2 9.80×10-3 8.43×10-2 1.30×10-2 6.58×10-3 7.55×10-2 1.40×10-2 

1995-

2003 
Relative 

change to 

the Mp 

0.9% 0.7% -2.7% 2.4% -0.8% -3.0% 4.0%** 1.3% -2.8% 4.5%** 0.0% -1.9% 

Period 

mean (Mp) 
1.40×10-2 5.92×10-2 1.22×10-2 1.33×10-2 5.43×10-2 1.01×10-2 9.08×10-3 4.40×10-2 7.72×10-3 4.93×10-3 4.32×10-2 8.05×10-3 

2004-

2017 
Relative 

change to 

the Mp 

-1.8% 2.6%*** 0.0% -2.4%** 3.2% 0.0% -4.4%*** 1.8% -2.0% -3.8%*** 2.4%** -1.3% 

 431 
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 432 

3.3. Common patterns in the general water quality of Lake Balaton (1985-2017) 433 

Except for the Szigliget Basin, the eigenvalues of the first 3 PCs reached a value of 1, and 434 

their cumulative explanatory power fell between ~70 and ~80% (Table 3). In the Szigliget 435 

Basin, the cumulative variance explained by the first 2 PCs was ~65%. Nevertheless, the 436 

explanatory power of the first PC in all the basins was between ~40 and ~50%. It is clear that 437 

if just the first two PCs are considered for the sake of comparison, their cumulative explanatory 438 

power decreases from 68.3% to 57.5% as we move in an easterly direction. According to the 439 

KMO test, the MSA yielded values which fell between what may be considered acceptable 440 

(>0.7) and mediocre (>0.6) in the different basins, thus demonstrating that PCA can provide 441 

reliable results. 442 

While the parameters related to biological activity indicating primary production (Chl-a) 443 

and its impact on the indices of saprobity (DO, BOD, COD, NH4-N) had the highest loadings 444 

in the first PCs, while the phosphorus forms (TP and SRP), were most important in the second. 445 

The latter continuously lost its importance as one moves eastwards, with their average loading 446 

decreasing continuously from 0.88 to 0.71, while in terms of the loadings of TP in the Szemes 447 

and Siófok basins, these fell beneath the 0.7 threshold (Table 3). As for Chl-a, the other main 448 

indicator of trophic conditions, its highest loading was observed in the westernmost basin, in 449 

the Keszthely Basin (loading of 0.91 in PC1), while in the easternmost basin, at Siófok, it does 450 

not even reach the 0.7 threshold in either PCs (Table 3). 451 

The PC scores and the time series of external TP loads (Fig. 2c) for 1985-2017 arriving 452 

to Lake Balaton in the waters of the _River Zala (sampling location 10 in Fig. 1) were 453 

correlated. It was found that the TP loads – as an external driving parameter – correlated 454 

significantly with the first PCs (r > 0.65), which were recognized as indicating primary 455 
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production, rather than with the PCs mainly driven by inorganic nutrients (e.g. P forms; Table 456 

3). The TP loads explain ~60% of the variance of PC1, and this decreases eastwards to ~40% 457 

in the Szemes Basin. In the Siófok Basin, the significant linear relationship between the TP 458 

loads of the River Zala reaching the lake through the KBWPS and the first PC strengthens. 459 

However, in this particular basin the representativity of parameters related to primary 460 

production decreased in the first PC (Table 3).  461 

In theory, another viable approach would have been to explore the common 462 

patterns/trends in the different basins for the three time periods separately; unfortunately, the 463 

matrices serving as the input for PCA were singular, and the KMO test indicated that this 464 

particular sub-setting of the dataset would therefore be unsuitable for PCA, with an MSA of 465 

<0.5.  466 
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Table 3. Principal components of the water quality parameters in the different basins of Lake Balaton. Loadings outside the 467 

±0.7 interval are highlighted in bold. The percentage of original variance explained by the PCs can be found in the penultimate 468 

row, and the correlation coefficients of the PC scores and the TP loads of sampling location 10, representing the River Zala 469 

arriving to the lake through the KBWPS, in the bottom row. Coefficients of determination significant at α=0.01 or α=0.05 are 470 

marked with three ***, or two asterisks ** respectively, taking serial correlation into account. 471 

  Keszthely Basin Szigliget Basin Szemes Basin Siófok Basin 

WQP/PC PC1 PC2 PC3 PC1 PC2 PC1 PC2 PC3 PC1 PC2 PC3 

WT -0.55 -0.3 0.45 -0.54 -0.51 -0.69 -0.1 0.3 -0.66 -0.36 0.39 

pH -0.3 -0.44 -0.73 -0.43 -0.2 -0.38 0.4 0.67 -0.66 0.3 0.34 

Cond -0.83 -0.19 0.27 -0.76 -0.21 -0.78 0.03 0.3 -0.68 0.08 0.26 

DO 0.8 -0.17 0.04 0.69 0.05 0.43 0.52 -0.08 0.66 0.01 -0.47 

BOD 0.95 -0.06 0.03 0.9 -0.03 0.68 0.47 0.35 0.76 0.17 0.28 

COD 0.94 -0.08 0.03 0.92 0.03 0.68 0.49 0.14 0.27 0.72 0.37 

NH4-N 0.76 -0.03 0.4 0.81 -0.06 0.77 -0.01 -0.26 0.8 0.07 0.08 

TP 0.07 0.85 -0.25 -0.19 0.87 0.57 -0.67 0.4 -0.42 0.66 -0.48 

SRP -0.05 0.88 0.08 -0.3 0.82 0.53 -0.75 0.24 -0.51 0.71 -0.25 

Chl-a 0.91 -0.2 -0.14 0.82 -0.13 0.86 0.03 0.28 0.61 0.43 0.44 

Explained 

variance 
49.30% 19.00% 10.50% 46.50% 18.00% 42.70% 19.10% 11.30% 38.50% 19.00% 12.70% 

TP loads (r2) 0.58** 0.05 0.01 0.48*** 0.03 0.42*** 0.00 0.18** 0.50*** 0.03 0.08 

 472 
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 473 

4. Discussion 474 

The spatiotemporal development of the trophic status of Lake Balaton over three 475 

recent decades was primarily determined by the complex interplay of its natural internal 476 

(discussed in Sect. 4.1) and external nutrient loads, as well as the measures taken to reduce 477 

these (Sect. 4.2.). These together make the case of Lake Balaton a unique international 478 

example of the result of drastic external load reduction measures in order to ameliorate 479 

oligotrophization, and have the potential for application worldwide (Sect. 4.3). 480 

 481 

4.1. Factors behind observed changes and trends 482 

From a spatial perspective, it has been demonstrated that the nutrient content of the 483 

water decreases from west to east, resulting in a lower trophic status in the eastern basins 484 

(Fig. 2; Table A1). This is due tomorphological reasons: the (i) increasing size of the 485 

watershed of the basins, the increasing residence time of the water (Istvanovics 2002) (ii) 486 

the decreasing area-specific nutrient loads eastwards (Istvánovics et al. 2007), and (iti) 487 

increasing distance from the mouth of the River Zala, which brings ~50% of the lake’s total 488 

water and 35-40% of its total nutrient input (Istvánovics et al. 2007) and 90-95% of the 489 

nutrient input of the Keszthely Basin (Istvánovics et al. 2004). In the case of the latter, the 490 

various interventions intended to reduce its nutrient loads were also a significant factor (see 491 

Sect. 4.2). Taken together, these factors resulted in the decreasing gradient of P and Chl-a 492 

content (Tables 1 and A1), influenced to an ever-decreasing extent by the TP input of the 493 

River Zala as one heads east on the lake, away from Keszthely, dropping to ~40% (Table 494 

3). Sediment resuspension in Lake Balaton is much higher than in other shallow lakes, 495 
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moreover, since its carrying capacity is P-determined, its internal loads are of major 496 

importance, i.e. the internal P loads can reach the magnitude of external SRP loads in dry 497 

years, e.g. early 2000s (Istvánovics et al. 2004), when external loads are smaller than the 498 

multidecadal average (Fig. 2d). With the increase in the water’s residence time and the 499 

previously-discussed eastward gradual decrease in internal and external nutrient loads, the 500 

importance of algal biomass in explaining the water quality variability of the lake decreased 501 

(Table 3). 502 

From a temporal perspective, although the measures taken (see Sect. 1) may be 503 

considered as the primary factor in the oligotrophization of the lake (Hatvani et al. 2015, 504 

Istvánovics et al. 2007), the local hydrometeorological conditions (e.g. precipitation, 505 

runoff, temperature, wind) had a measurable effect on its water quality (Hatvani et al. 2014, 506 

Istvánovics et al. 2004), as well as, in the form of such phenomena as local temperature, 507 

cloud cover, etc, on the water quality of the Kis-Balaton Water Protection System (Hatvani 508 

et al. 2017), which serves as a pre-treatment wetland for the loads arriving with the waters 509 

of the River Zala (Tátrai et al. 2000). The separation of the three time periods in the history 510 

of the lake coincides with major interventions to reduce its loads, as well as larger-scale 511 

economic changes (Sect. 1). However, in certain cases, e.g. the dividing line of 1994/95, 512 

the lake responded to the drop in nutrient loads (Hatvani et al. 2015) with a time-lag; for 513 

details, see Sect. 4.2. 514 

In addition, the reason for the unprecedented behavior of the year 1993 seems likely 515 

to be the dry conditions then prevailing (Hatvani et al. 2014), since this was the fifth driest 516 

spring of the region in the twentieth century (the spring precipitation amount was only 78.6 517 

mm (Kocsis et al. 2020)). This resulted in decreased external loads, and thus a significant 518 
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drop in P and Chl-a concentrations throughout the lake (Fig. 2a-c; Table 2). This was also 519 

the time of the lowest average SRP concentration (1993 annual avg. 0.0043 mg l-1) in the 520 

lake between 1985 and 2017; additionally, this was also the point at which the smallest 521 

difference between the basins (max-min SRP in 1993: 0.0007 mg l-1; Fig. 2c) was 522 

observable. These conditions were accompanied by a lack of large algae blooms, such as 523 

that which occurred in the following year 1994 (Istvánovics et al. 2007).  524 

 525 

4.2. The results of the interventions taken to reduce trophic conditions 526 

The significant decreasing trend (Sen’s slope on annual averages; p=6.83×10-5) in 527 

external TP loads from the watershed of the River Zala (1985-2017; Fig. 2d) was not 528 

followed by a direct monotonic decrease in P concentration in the lake as a whole, nor its 529 

continuous oligotrophization (Fig. 2b, Table A1, respectively). By way of contrast, SRP 530 

mirrored the decrease in external loads to a much greater extent (Fig. 2c,d; Table 2). This 531 

may be explained by the following facts: 532 

(i) the lake responds to external load reduction measures (e.g. the inundation of the 533 

KBWPS, sewage diversion, P precipitation at WWTPs from the area, see Sect. 1) 534 

with a time-lag (Istvanovics 2002), as in the case of other shallow lakes (Sas 1990). 535 

(ii) the KBWPS is capable of removing a higher ratio of nutrients from an already 536 

elevated input load, while contrariwise, if the loads are reduced, its efficiency also 537 

decreases (Clement et al. 1998), leading to a concomitant increase in the importance 538 

of internal loads from resuspension-desorption. 539 

The interventions made at the mouth of the River Zala had primarily a local effect, 540 

while investments in the development of the waste water infrastructure (Hajnal & Padisák 541 
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2008, Istvanovics 2002, Istvánovics et al. 2007), and the significant decrease in the use of 542 

fertilizers (Sisák 1993) in the Balaton watershed played an essential role in the decrease of 543 

the external nutrient loads in the  30 years covered by this study. The loads dropped by 544 

~75% between 1977-1984 and 2004-2018 to ~21t yr-1 in the Keszthely Basin (Fig. 2d), 545 

while in the other basins in this figure was already around 50% less as of 2002 (Istvánovics 546 

et al. 2007). 547 

The lagged response to the drop in external loads was not only visible in time, but in 548 

each basin taken individually, as seen from the Sen’s trend estimates (Table 2). While in 549 

the Keszthely Basin, the reduction in external loads had an almost immediate effect, in the 550 

eastern basins the decreasing trends in P and Chl-a occurred ~10 years later (Table A1). 551 

For example, in the Szigliget, Szemes and Siófok basins, only after 2004 did Chl-a start to 552 

decrease significantly (p<0.01), and while reactive phosphorus concentrations stop 553 

decreasing in the western basins by the 2000s, at this point these start to show a decreasing 554 

trend in the east (Table 2). Findings from the Keszthely Basin indicated a change its trophic 555 

conditions from an initial steadily hypertrophic period (1981-1984), to a transient state of 556 

hysteresis (1985-1992) (Scheffer 2013), which concluded in an alternative, less eutrophic 557 

state from the mid-1990s (Hatvani 2014), where most of the eutrophication processes 558 

moved upstream to the KBWPS (Hatvani et al., 2014). However, it was from the Keszthely 559 

Basin that the unexpected algae bloom of late summer 2019 spread (Istvánovics 2019), and 560 

this demands the further investigation of the specific triggers of this event. The present 561 

update on the trophic changes of the lake extends the previous coverage of the thorough 562 

analyses on the trophic status of the lake (Istvánovics et al. 2007, Tátrai et al. 2000) by 14 563 

years. It underlines that its trophic state has indeed decreased. Moreover, such updates are 564 
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crucial, because, at present information on the most recent (2019) algae blooms cannot be 565 

immediately provided. 566 

 567 

4.3. Global trends in phosphorus load reductions and oligotrophization 568 

Half a century ago, one of the first major reviews dealing with hundreds of studies 569 

on all scales was published, and it concluded that the increase in nutrients such as 570 

phosphorus and nitrogen originating from external sources are the most likely causes of 571 

the eutrophication of lakes (Vollenweider 1970). At the beginning of the 1970s, lake 572 

experiments provided evidence that the reduction of P input is the most effective tool in 573 

the reduction of the trophic state and achievement of oligotrophization (Schindler et al. 574 

2016). 575 

There are a number of examples – including that of Lake Balaton – of situations in 576 

which efforts to reduce external P loads have resulted in lower TP and Chl-a concentrations 577 

and the eventual oligotrophization of a lake’s waters (Jeppesen et al. 2005). Recovery has 578 

generally been delayed by the internal load, which is in turn dependent on the long-term 579 

behavior of sediments (Marsden 1989, Sas 1990, Søndergaard et al. 1999). According to 580 

these case studies and reviews, in most lakes a new equilibrium was reached after 10–15 581 

years, a period of elapsed time only marginally influenced by the hydraulic retention time 582 

of the lakes. With the decrease in TP concentrations, SRP also declined substantially 583 

(Jeppesen et al. 2005).  584 

In the case of Lake Balaton, the improvement in water quality was fastest in the 585 

Keszthely Basin, which stands in stark contrast to the delayed change in the eastern basins, 586 

a difference due to the specific morphometric features of the lake (Istvanovics 2002). In 587 
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accordance with the general experience that very large changes in external TP loading were 588 

necessary to change the trophic status of a lake (Marsden 1989), this delayed, but still 589 

surprisingly fast recovery was achieved by an external load reduction of around 75% 590 

compared to the input when the lake was hypertrophic. As has been observed, “the OECD 591 

supports the suggestion that a large reduction in external P loading is necessary to change 592 

the trophic status of a lake: a reduction in the annual mean Chl-a concentration across a 593 

trophic category requires an approximately 80% reduction in external TP loading” 594 

(Vollenweider & Kerekes 1982). But it is obvious that there is a substantial variation in the 595 

load - response relationships of various lakes (Marsden 1989), and their recovery after 596 

nutrient load reduction may be significantly modified by environmental changes such as 597 

global warming (Ho et al. 2019), since the effects of global change are likely to run counter 598 

to reductions in nutrient loading rather than reinforcing re-oligotrophization (Jeppesen et 599 

al. 2005). Also, it is expected that recovery from eutrophication will be more difficult in 600 

shallow lakes (Rolighed et al. 2016), and therefore further efforts are needed to arrive at an 601 

estimate of the degree of nutrient reduction likely to be required in a future, warmer climate 602 

to mitigate eutrophication. 603 

 604 

5. Conclusions 605 

The present study provides a 14-year overall update compared to the landmark study 606 

of Istvánovics et al. (2007) on the changes and drivers of the trophic status of the largest 607 

shallow freshwater lake in Central Europe, Lake Balaton. It highlights the fact that the 608 

oligotrophization of the lake took place at a different pace – as indicated by Sen’s trend 609 

analysis – in the three major time intervals (1985-1994; 1995-2003; 2004-2017) identified 610 
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in the history of the lake, and what is more, in space along its major axis. At first around 611 

the turn of the 1990s, the significant decrease in both algal biomass and biologically 612 

available phosphorus was observed in the western basins, those in closest proximity to the 613 

main water input to the lake, and afterwards spreading east. The stochastic analyses of the 614 

linear interrelations of the water quality parameters and the main external P input to the 615 

lake, further nuanced this picture. Those showed a continuous decrease in importance of 616 

inorganic nutrients (e.g. P forms) driving the general variance of water quality in the lake 617 

toward the eastern basins. The overall results indicated that the extent of oligotrophization 618 

depended on (i) hydromorphological conditions (ii) the external load reduction measures 619 

(e.g. inundation of the lake’s pre-reservoir the KBWPS, reduction in fertilizer usage in the 620 

watershed, sewage treatment, etc.) of the late 1980s and the 1990s and (iii) local 621 

meteorological/basin conditions (e.g. temperature, resuspension of P from the sediment 622 

and desorption of SRP). 623 

The findings, in comparison to international case studies highlight the fact that only 624 

with the severe reduction of external nutrient loads, and especially in the case of 625 

phosphorus, can the oligotrophization of such shallow lakes be achieved. However, due to 626 

sediment resuspension, this will occur only with at least a 5-10-year lag in response to the 627 

measures taken.  628 
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Table A1. Annual means and maxima of Chl-a and TP for the four basins of Lake 647 

Balaton (1985-2017) with their corresponding trophic states marked according to 648 

the OECD classification (Vollenweider & Kerekes 1982). Red: hypertrophic; orange: 649 

eutrophic; blue: mesotrophic; green: oligotrophic. 650 
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