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Abstract: The internal nutrient load of natural and artificial lakes is a worldwide problem.
To minimize its potential risks, the dredging of the highly eutrophic shallow first reservoir
of Kis-Balaton (Lake Hidvégi) is planned in the near future. Our study aimed to evaluate the
potential effects of dredging and desiccation on water and sediment quality. Experimental
dredging was carried out in the northernmost part of Lake Hidvégi (2023). The physical
and chemical characteristics of the sediment and nutrient loss during desiccation were
examined in a column experiment. The relationships between the properties of leachate
and sediment were identified using principal component analysis (SPSS). Spatial variations
in sediment particle size distribution, nutrient content, and other chemical parameters (e.g.,
organic matter) suggest that deeper core sampling than the depth of preliminary dredging
is necessary for a more comprehensive assessment of potential impacts. We found that
spatiotemporally varying the dominance of chemical and biological processes affects the
amount of and changes in phosphorus fractions under lake-/sediment-specific conditions.
The readily available calcium- and iron-bound phosphorus, texture, and organic matter
content of the sediment play an important role in phosphorus fixation/release. Based on
our results, dredging and desiccation are feasible within the intended operating parameters.
The sediment’s composition does not preclude potential agricultural disposal.
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1. Introduction

Protecting the quality of surface waters and habitat restoration programs is high on
the agenda of today’s international environmental and conservation policy (e.g., European
Union’s (EU) Biodiversity Strategy; Organization for Economic Co-operation and Develop-
ment’s (OECD) Water Quality Standards; EU Water Framework Directive 2000/60—"River
Basin Management Plan”, updated in Hungary 1242 /2022 (IV. 28.)).

The main objective of the Kis-Balaton Water Protection System (KBWPS) is to re-
duce nutrients, especially the phosphorus load of Lake Balaton [1], in addition to flood
prevention and nature conservation functions (Ramsar Conventions, 1971; Natura 2000
Network). The two major reconstructions and expansions of the KBWPS (Phase I~1985;
Phase 11~1992/2015 [1]), as well as the current dynamic management system, require
economic, operational, and conservation aspects in their operational planning.

One-third of the nutrient load from the Balaton catchment and almost half of the
phosphorus load [1,2] are delivered by River Zala to the Bardndi water area of Lake
Hidvégi (northwestern part of KBWPS). The amount of nutrients entering Lake Balaton has
decreased in recent decades (due to reconstructions, development of wastewater treatment,
and sewerage reduction in fertilizer use) as a result of the economic crisis, etc. [1,3-5]. At the
same time, the filtering capacity of the KBWPS has fluctuated (e.g., 10-60% P retention [4-7]).
The rate of different external nutrient loads relative to the KBWPS (including Balaton) has
also varied (e.g., with the amount of nutrients periodically transported by erosion, inland
water formation, or temporal flooding due to extreme rainfall events [3,4,6-11]). More than
three decades of sediment and nutrient accumulation may impact the inflow area of Zala.
The possibility of excessive internal loads due to the release, desorption, dissolution, etc.,
of nutrients stored in the sediment has increased [12-15].

The periodic internal loading of lakes is a worldwide problem for water quality protec-
tion for both natural and artificial waterbodies, e.g., reservoirs constructed for recreational
purposes or for drinking water supply [4,11,15-19]. In Mediterranean lakes, phosphorus
(occasionally the accessibility of nitrogen) is the main limiting nutrient in eutrophication
processes [12,20-22], but it is strongly influenced by environmental impacts [23]. The rate
of the internal P load may approach the amount of the external load [22,24,25]. Internal
loading can occur under both reductive and oxidative conditions, e.g., [26], in almost any
season [18,27-30] at both high and low external loads (as compensation [25,28]). It can also
be induced by changes in meteorological conditions (e.g., with increasing temperatures [30-32]),
by water-level fluctuations (due to low precipitation and inflow, high evaporation, heavy
rainfall, etc.) [18,19,25,33], or by biological processes (“pumping-suction effects” [34]). Read-
ily available P (e.g., Fe and Ca or labile organic-matter-associated P) may be a potential
source of orthophosphate-P in water and can limit the realization of internal loads under
given environmental conditions (pH, temperature, and dissolved CO5,), near abiotic or
biotic processes, or microbial activity [12,13,35-37].

To prevent and minimize the eutrophication of reservoirs, a number of procedures
have been developed and recently applied successfully, e.g., the chemical precipitation of
phosphate, increasing the sorption capacity of sediments by adding Fe/Al [38], P extraction
by reed harvesting [39], or nitrate addition, etc. [40,41]. Most of the chemical methods are
not applicable in the KBWPS, mainly because of its nature conservation functions and status.
Other recommended feasible chemical treatments, such as controlling pH and phosphate
precipitation by the addition of Ca(OH); or lime, e.g., [42], in artificial surface waters (e.g.,
recreational and fish ponds) are also not recommended. The sediment from the Balaton
catchments already contains significant amounts of Ca/Mg carbonate [43]. Experiments
of local relevance have been conducted worldwide with water level control [35,43,44] and
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biomanipulation (species composition control [45,46]), but the special ecosystem of the
KBWPS limits their application.

Recently, the constraints of dredging have been the cost, the environmental impact
of exploitation, and the potential excessive load of leachates (e.g., trace elements and
unfavorable amounts of nutrients) [44]. However, the P content of sediments can be an
important secondary source of P, e.g., [35,47]. The renewal of Hungarian regulations has
allowed the agricultural disposal of sediments after dredging (Government Decree 50/2001
(IV.3)), but practical experiences and the development of a methodology to assess the
environmental impacts are urgently needed for its proper application.

Monitoring systems set up to prevent eutrophication usually primarily determine
water quality parameters (in Hungary as well). The sediment is not monitored regularly.
Only general information is available on water quality (no standard monitoring points);
there is no information on the physical, chemical, and biological properties of the sediment
in either the Bardndi water area of Lake Hidvégi or Lake Balaton [14,48-50]. However, the
knowledge of sediment characteristics and their spatiotemporal variability is essential for
modeling the long-term effects of changes in load quantity and quality, as the P retention of
sediment can be orders of magnitude greater than the overlying water phase. Furthermore,
the sediment is the main source of internal P-load [12,14,28,51].

The objective of our study was to provide background data for a pilot dredging project
planned for November 2023 in the Barandi water area of the KBWPS. We evaluated the
results of autumnal on-site dredging, desiccation in winter, and experiments that modeled
the gravity drainage of sediment samples. In our work, we aimed to answer the following
practical questions: (a) How heterogeneous are the nutrient content and the physical and
chemical properties of the sediment? (b) Is the sediment suitable for agricultural disposal?
(c) How much nutrient loss can be expected during the desiccation process? (d) Does the
composition of leachate inhibit its direct return? (e) Which other sediment characteristics
might affect the nutrient loss?

2. Materials and Methods
2.1. Site Description

Kis-Balaton is a semi-artificial reservoir system (KBWPS I and II) in West Hungary
(Figure 1). Geologically, its watershed (the southern part of the Balaton catchment) is
mainly characterized by Quaternary sediments (Pannonian clay, sand, and sandstone).
Triassic dolomite and Pleistocene loess and sand (overlying the bedrock) are typical of the
Keszthely Mountain region. In the catchment of the KBWPS, forest soils are predominant,
while meadow and peat soils are typical in deeper areas. The sediments of the Kis-Balaton
area are mostly covered by peat [52].

The KBWPS retains nutrients from the watershed area (~5180 km?) before the water
reaches Lake Balaton primarily by sedimentation; adsorption by sediments; uptake by
macrophytes, periphyton, or algae; and by enhanced denitrification. The KBWPS is a
shallow (average depth of ~1 m; surface area: 69 km?), hardwater (EC 730.8 + 117.9)
reservoir with fluctuating trophic states in space and time (oligotrophic-hypertrophic) [2,4].

The water quality of the KBWPS system is regularly monitored at 20 monitoring points
(e.g., z15, kb4, kb10). Basic statistics of the water quality data from these three monitoring
points were available for the period of the study (Table A1). The water arrives indirectly
at Lake Balaton after an average residence time of ~30 and ~90 days in KWBPS I (Lake
Hidvégi) and KWBPS II (Lake Fenéki) (actual residence time is unknown, only modeled [7]).
The investigated Barandi water area (9 km?) is located at the inflow of the river Zala, within
Lake Hidvégi (Figure 2). There is no regular monitoring point in this area, and only a few
sediment samples have been investigated formerly (Figure 2) [52].
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Figure 1. Location of KBWPS and its catchment area and the main reservoirs of Kis-Balaton (KB-
WPS I—Lake Hidvégi and KBWPS II—Lake Fenéki) with some monitoring points (z14, kb4, and
kb10—data of these were used in our investigations).

= Sa‘:llt’elmg EOVX EOVY
5 I 503252.876290 | 148919.601007
g 1 502957385093 | 148442.613161
: I 502699.943447 | 148216.000322
v 503323.014992 | 148642.017557
: v 502780.829435 | 148570.819100
i 502723.417081 | 148094.909339
. VI | 503387.357486 | 148331.018828

Projection system: European Terrestrial Reference System
(ETRS)/Universal Trasverse Mercator (UTM) zone 33N
Geodetic datum: ETRS 1989 EPSG: 25833

663,200 663,600 664,000

662,800

662,400

Figure 2. The current sediment sampling sites (I-VII) with coordinates and the previous ones (1, 2,
and 9—/[52]) at Lake Kis-Balaton, Barandi water area. The presumed main flow directions [2,50] are
represented by arrows.

2.2. Sampling and Experiments

Based on the results of a previously conducted detailed sediment depth assessment
(Lowrance Live 12 sonar/Garmin GpsMap 86 [53]) in the Barandi water area in 2018,
three (I-III samples) and, later, three more (IV-VI) sampling points were selected within
the reservoir area (Figure 2). Afterward, one additional sampling point was selected for
dredging (VII). At these points, the sediment layer was deeper, and points were located
close enough to the shoreline; thus, experimental dredging may be feasible.

The sediment samples were collected into 30-30 L plastic barrels in three replicates
(per sampling site) at approximately the planned dredging depth (cca. 30 cm). Using the
collected, disturbed, and homogenized sediment samples, column experiments were set up
(in September 2022, June, and November 2023) in an open greenhouse of the Department
of Agronomy, Institute of Plant Production, (Hungarian University of Agriculture and Life
Sciences—MATE, Keszthely, Hungary). We used double-walled columns made of PVC
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pipes. The inner tubes of the columns were filled with 20-20 L of sediment collected from
the sampling points (in three replicates). The outer pipe was fitted with taps, which allowed
it to collect run-off. The sediment-filled columns were placed on a scaffold (Figure 3A).
Average homogenized sediment samples were taken from the sample barrels at the time
of column filling. During approximately 100 days of the column experiment, the water
draining from the columns was continuously sampled (approximately on the 1, 5, 10, 15,
40, 70, and 100 days and after 130 and 160 days only from I-III).

wd-09  09-0¥ 07-0C 02-0

wd 007-08 0809 09-0v 0¥-0C 020

Figure 3. (A) Experimental sediment column and core sample (III); (B) arrangement of the pilot
desiccation and dehydrating pad with polyacrylamide addition: (a) a settling pit (b) with inflow (c)
and outflow (d) (north—at sampling site I); (C) photographs of column V at the end of the experiment,
and (D) shows the desiccated sediment on site.

At the same time, seven 100 cm long (& 4 cm) core samples were taken (Figure 3B)
with an AMS-type sampler at a maximum depth of 1 m. Core samples were frozen and
cut into 0-5, 5-10, 1020, and 20 cm layers (corresponding to approximately 0-15, 15-30,
30-60, and 60 cm layers due to the compaction effect of the sampling). Layer samples were
taken for laboratory analysis. At the end of the experiment (January and October 2023,
and February 2024), columns were separated into 20 cm pieces (from the bottom to the
top, 0-20, 2040, 40-60, 60-80, and 80-100 (100-) cm layers—Figure 3C), but the chemical
analysis was performed only on disturbed samples from the 0-20, 40-60, 80-100 cm layers.

During the pilot dredging project, an average of 200-210 (sampling point VII) and
196 m? (sampling point I) of sediment was dredged from 19 to 21 cm depths with two
hydro-mechanization excavators. The removed sediment was desiccated (with approx.
1 m depth—Figure 3C) in two longitudinal (south and north) settling pits on the other
side of the reservoir dikes and a dewatering pad (with added polyacrylamide) (Figure 3D).
Periodic water sampling was carried out at the outlets of the objects.

2.3. Determination of the Physical and Chemical Parameters of Sediments and Leachates

The sediment samples were first investigated in the laboratories of Hungarian Research
Network, Centre for Agricultural Research, Institute for Soil Sciences (HUN-REN ISS)
and at the University of Sopron, Institute of Environment and Nature Conservation (US
IENC); later, the laboratory of Hungarian University of Agriculture and Life Sciences,
Institute of Plant Production, Department of Agronomy (MATE DA), performed the major
part of the chemical analysis. Measurements of water retention (pF determination) and
particle size distribution were also carried out by HUN-REN ISS (laboratory of soil physics).
However, some of the tests were preliminary experiments; thus, not all parameters could be



Hydrology 2025, 12, 112

6 of 32

determined from all samples (see details in Table 1), and there were no sampling replicates

of core samples (only measurement replications).

The particle size distribution of disturbed samples (I-III) was determined with a laser

diffractometer (Malvern Mastersizer 3000). Samples were chemically dispersed by adding

a 25 cm® Calgon solution. Physical dispersion was performed in a Hydro LV dispersion

unit (pumping and stirring speed: 2750 rpm; obscuration: 5-20%) with ultrasound (4 min.

at maximum intensity, 40 kHz [54]). The particle size distribution was calculated according

to Mie theory from diffraction and intensity data using common optical indices (absorption
index Al = 0.1; solid phase and water refractive index: RI: 1.52 and 1.33). The size limit of
clay, silt, and sand fractions was 7 and 50 um (as proposed by Mako et al. (2019) [55]).

Table 1. Measured characteristics of the leachate and sediment samples.

Leachate Samples

Properties Standard Method/Equipment Investigated Samples
Total phosphorus (TP; mg/L) ~ MSZ EN 15O 6878:2024 [56]  O<Aiar SA52?\2;§§S Elemental
- T Water leaching from artificial
Total nitrogen (TN; mg/L) MSZ EN 12260:2004 [57] ementar VarioTOC sediment columns

5-20-0402 TOC + TN analyzer

Total potassium (TK; mg/L)

MSZ 448-10:1977 [58]

BWB XP Flame photometer

-Vl

Sediment samples

Particle size distribution
(PSD—lay, silt, and sand
content; %)

ISO 11277:2009(E) [59]

Laser diffraction (Malvern
Mastersizer 3000)

Disturbed samples
I-VII *

Water retention (pF; vol%)
/hygroscopic moisture

ISO 11274:2019 [60]

Sand/kaolin box/pressure
membrane apparatus/

Disturbed samples
I-IIT **

content at CaClp,x6H,0 environment
. Calculated (dry weight Disturbed samples
3 .
Bulk density (g/cm”) 1SO 11274:2019 [60] (105 °C)/volume) LTI *
Chemistry (pHpy in distilled e . MultiLine P4, WTW Multi Disturbed samples
water) MSZ-08-0206-2:1978 [61] 350i IVoVII #

Ammonium-lactate-soluble P
and K (AL-P; AL-K; mg/kg)

MSZ 20135:1999 [62]

UV/VIS Thermo Scientific
Genesys spectrophotometer

Total nitrogen (TN; mg/kg)

MSZ 20135:1999 [62]

Total organic nitrogen
(TON; mg/kg)

MSZ 20135:1999 [62]

Total organic carbon

MSZ 20135:1999 [62]

Elementar vario Macro Cube
Elemental analyzer

Disturbed * and core samples
I-vII

Disturbed * and core samples
I-VII

Disturbed samples IV-VII *
and core samples

(TOC; %) VI
Ca and Mg content g 0. Aqua regia microwave Disturbed samples
(mg/kg) MSZ-21470-50:1998 [63] digestion/ICP-OES IV-VII **
Carbonates ) . . Disturbed samples
(CaCOs; %) MSZ-08-0206-2:1978 [61] Scheibler method, calcimeter IV_VT **

CDB and HCl extractable-P
(CDB-P and HCI-P; mg/kg)

[64]

UV/VIS Thermo Scientific
Genesys spectrophotometer

Disturbed samples
IV-VII *

Total phosphorus and
potassium (TP, TK; mg/kg)

MSZ-21470-50:1998 [63]

Aqua regia microwave
digestion/ICP-OES

Disturbed samples
IV-VII **

* Sampling before and after; ** sampling independently from the column experiment.

The water retention of sediment samples (I-III) was determined at 0-1000 kPa (using

a sand /kaolin box by gravimetry), and at 1500 kPa, it was determined with a pressure

membrane apparatus in three replications. The hygroscopic water content was measured
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in a permanent moisture content (31.5%) environment ensured by CaCl,x6H,O [65]. The
bulk density was calculated as the ratio of absolute dry weight (105 °C) to the volume of
undisturbed samples.

The total P and K contents were determined after digestion with aqua regia in a
microwave Teflon bomb by means of ICP-OES (Perkin Elmer Avio 550 max), using Merck
calibration standards and following the manufacturer’s instructions. In each measurement
session, the extract of a standard soil sample was used as a control. Readily available P
and K were measured from ammonium-lactate extract (AL-P; AL-K), and TN was also
determined—these are currently required before agricultural disposal in Hungary.

For the determination of phosphorus fractions bounded to primarily iron (crystalline
and amorphous iron (oxy)hydroxides—CDB-P) and carbonates (mainly CaCO3—HCI-P),
the same samples were extracted in two consecutive steps with CDB (40 mL of 0.3 M
Na3zCgH507 + 5mL 1 M NaHCO3 + 1 g NapS,04 was added per gram of sediment—citrate—
dithionite-bicarbonate solution); then, HCI solutions (50 mL of 0.5 M HCl/g sediment)
were used, similarly to the extraction method of Anshutz and Debore (2016) [64] (without
ensuring reductive conditions with Njy). All P fractions were measured according to the
Murphey and Riley (1962) spectrophotometric method [66].

The total organic carbon and total nitrogen were determined by an Elemental vario
Macro Cube Elemental analyzer. The Ca and Mg contents of the sediment were also
measured by means of ICP-OES (Perkin Elmer Avio 550 max). The pH was determined
by a MultiLine P4, WTW Multi 350i pH/EC meter using a combined electrode. The
measurement of CaCOj3 content was carried out with Scheibler apparatus via the conversion
of carbonates present in the sediment into CO, with the addition of 10% HCI (the carbonate
content of the sample, calculated from the volume of the gas produced, with reference to
the temperature and air pressure).

The chemical characteristics of the leachates were determined in the Water Protection
Laboratory of the Western Transdanubia Water Directorate (WTWD). The TP of the leachates
was measured by spectrometry with a P elemental analyzer, and TK was determined by
flame photometry. The TN measurement was performed using an automated TOC and TN
analyzer (by catalytic oxidation and chemiluminescence detection) (Table 1).

2.4. Statistical Analysis and Calculation

Univariate analysis (SPSS ver. 20.0) and the post hoc Tukey or Tamhane test were
used depending on the results of Levene’s test (SPSS/univariate analysis/homogeneity
test) to assess the variability in clay, silt, and sand content between sediments from various
sampling sites (I-VII) and the degree of sedimentation during the column experiment.
Differences in nutrient content by the sampling sites and sample types (e.g., between
disturbed samples or disturbed ver. core samples) of the sediment were investigated based
on the basic statistics (Table A3). Univariate analysis and post hoc Tukey or Tamhane tests
were used for more detailed analysis depending on whether Levene’s test was significant
or not (normal distribution of the investigated parameters was assumed).

The nutrient loss during desiccation was calculated based on the amount (L) and
nutrient content (mg/L) of the leachate. The percentage of nutrient loss was determined
using the average of the measured TP, TK, and TN values of the sediment samples.

Relationships between phosphorus loss (P) in the column experiment and sediment
parameters were investigated by principal component analysis (SPSS/PCA /varimax rota-
tion, and Kaiser normalization).
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2.5. Comparison of Column Experiment Leachate, Experimental Drying, and Relevant Monitoring
Points of Water Quality Data

The chemical properties of the leachate measured during the column experiments
(2022-2023) were compared using basic statistics from the water quality data of three
monitoring points (z14, kb4, and kb10 of KBWPS I—Figure 1) and the quality of water
sampled at the outlets of the north and south settling pits (Figure 3B). The results were
used to determine the maximum nutrient leaching during desiccation; to evaluate how
well the column experiment modeled the processes that occurred in nature; to compare the
quality of the leachate to natural water; and to gain preliminary insight into the potential
maximum P load in the case of direct recirculation. Measured water quality parameters
were compared with the limits for the Lake Balaton catchment in the national regulations
concerning the recirculation of treated wastewater into natural water (28/2004. (XII.25)
Environment and Water Ministry government regulation—there is no existing regulation
on the recirculation of leachate from dredging).

3. Results
3.1. Physical Properties of the Sediment (Disturbed Samples of I-VII Sampling Sites)

Based on basic statistics (Table A2), the sediment was dominated by the silt fraction.
Levene’s test between sampling sites was significant (p < 0.01—Table A4); thus, the Tukey
test was used to compare the mean sand content of samples (p < 0.05). The results of the
univariate analysis (Figure 4; basic statistics—Table A2) showed that the sand content of
disturbed samples I and VII was somewhat higher (mean: 19.2 and 27.8%) than samples
IV, V, and VI (mean: 10.0-13.2%). Sediment samples II and III and V and VI contained
more clay-sized particles (25.9-30.6%), in contrast to samples I and VII (17.9 and 25.3%)

(Table A2). No displacement of the fine fraction was observed in the column experiment
(Figure 4A,B).

Disturbed samples at the beginning of the column experiment

A) a cd d c c C b
40
.30 1
g T
5§20 — =
° : :
& 10 = e BN
0
I o m v Vv VI VI
Sampling site
Disturbed samples at the end of the column experiment
Depth 80-100 cm (top of the column) Depth 4060 cm (middle of the column) Depth 0-20 cm (bottom of the column)
a d e ¢ d d b a d e c d c b a e e C d c 1
I . L .= L -
. *
I 0 m v VvV VI VI I o0 m v VvV VI voh I I m Iv V VI VI
Sampling site Sampling site Sampling  site

Figure 4. (A) Sand content of the disturbed sediment samples at the beginning and (B) at the end of
the column experiment (SPSS/univariate analysis/post hoc/Tukey). Means denoted by the same
letter (e.g., “a”) did not significantly differ at p < 0.05 (descending value of means signed in abc order).
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However, the experienced decrease in the amount of sand fraction (approximately
28 to 23% at sample I) from the beginning to the end of the column experiment may have
indicated a slight initial aggregation of the sediment. Samples had an average bulk density
of 0.49 g cm 3 and dry matter content of 34.87% and 54.88% at the beginning and at the
end of the experiment, respectively.

There were no enormous differences between the water retention of sediments I-III.
Samples had an average of 82.08 vol% (+1.75) with respect to saturated water content,
and 15.74 vol% of moisture content at the permanent wilting point (PWP). The latter
influences basically the desiccation time requirement. The significant standard deviation of
PWP (£4.03 vol%) was primarily due to differences in the particle size distribution of the
sediment (rcjay_pwp = 0.888). The field capacity (FC) was medium: 39.38 vol% (£1.21 vol%)
(Figure Al).

On site, 350 m? of desiccated and compacted sediment (depth ~1 m — 0.7 m) ap-
proached the field capacity (measured at pF 2.5 from disturbed samples) required for
transportation (within approximately two months), despite precipitation in this period
being 156 mm.

3.2. Chemical Properties of the Sediment
3.2.1. Core Samples

The total organic carbon (TOC) content of the sediment differed mainly vertically (for
core samples, 3.7-22%), with the highest TOC content in the 30-60 and 60 cm layers for
samples II and III (16-22%). For samples closer to the shoreline (V) and near the inflow (I),
somewhat higher TOC content was measured (also) near the surface (7-10%). In the deeper
region at sites II and III (S-W direction), the deeper layers also had higher TOC content.
Toward the inflow, the degree of horizontal layering decreased (Table 2).

Table 2. The ammonium-lactate-soluble readily available phosphorus and potassium, the total
nitrogen, and the total organic carbon content of the core samples.

Core Depth AL-P AL-K TN TOC Core Depth AL-P AL-K N TOC
Sample (cm) mg/kg A Sample (cm) mg/kg %
0-15 211.8 218.4 3121.0 7.0 0-15 4306 |88 31430 55
15-30 1162 138.6 9448.0 12.7 15-30 521.2 194.6 2878.0 5.4
! 30-60 318.6 83.0 2647.0 47 v 30-60 3112 176.6 2736.0 52
60— 28.7 547 908.0 48 60- 594.4 186.5 3045.0 45
0-15 268.9 269.2 2886.0 6.1 0-15 312.4 167.3 5466.0 9.6
" 15-30 299.7 235.7 8104.0 10.1 v 15-30 373.6 201.1 2875.0 5.4
30-60 427 1318 [IGOSH0N 220 30-60 315.7 207.1 9369.0 11.9
60~ 172.8 62.1 2899.0 5.3 60- 326.4 1390 | 118570 149 |
0-15 340.7 156.9 2299.0 46 0-15 241.8 167.6 3869.0 7.6
- 15-30 490.1 109.4 2344.0 44 v 15-30 226.6 1764 2925.0 6.9
30-60 686.4 193.4 2591.0 37 30-60 255.3 1823 2933.0 6.9
60— 284.5 1515 [TA81190 e 60- 215.3 167.2 s7790 |87 |
0-15 412.0 105.9 3463.7 5.0
- 15-30 415.8 91.7 3320.3 49
30-60 345.6 184.0 3480.3 5.0
60- 156.0 132.4 3590.3 5.1

Notes: Coloring only indicates deviance between layers with more than a 10% difference relative to the average
nutrient content (AL-P, AL-K, and TN and TOC: 307.8, 165.3, 5005.3 mg/kg and 7.8%); not a significant deviation
as there was no repeated measurement.

Based on the results of the laboratory analyses, the nutrient content of the sediment
varied spatially (vertically within the Bardndi water area and horizontally between layers of
the core samples). The ammonium-lactate-soluble phosphorus (AL-P) content of sediments
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was lower in areas closer to the inflow (sample I) and higher in the middle lake (III) and
along the shorelines (IV, V, and VII), except for sample VI. The AL-P content of the surface
layer (0-15 cm) was generally lower than that of the layer immediately below the surface,
except for core sample VII (surface maximum). In some cases, the AL-P content of the
subsoil was higher than that of the surface layers (IIl and IV). The AL-P maximum was
closer to the sediment surface at samples IV-VII (collected in July and November IV-VII)
than at samples that were sampled after a warm and droughty August (I-III).

Samples I, II, and IV contained more ammonium-lactate-soluble potassium (AL-K)
at the surface or in the second layer. AL-K contents indicated that samples III, V, and VI
were less stratified. The total nitrogen content (TN) of core samples shows lower horizontal
variations near the surface (0-15 cm) of the samples (except in the case of sample V) than in
the sublayers. The higher TN and TOC contents of sediment profiles were found mainly at
sites in the middle lake (I, I1I, and V). TN followed the vertical change in TOC. The TOC
content is higher in deeper layers (except IV and VII).

3.2.2. Comparison of Some Chemical Characteristics of Disturbed and Core Samples

Based on the results of Levene’s test, the homogeneity of variances might be assumed
in the case of the disturbed samples investigated (Table A4).

Significant differences were found between the measured nutrient content of the
disturbed sediment samples at various sampling sites, primarily in the AL-P content, but
it can be also seen in the case of AL-K and TOC contents (only the IV-VII samples were
compared) and sometimes in TN contents (post hoc and Tukey’s test results in Figure 5).
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Figure 5. (A) The AL-P, (B) AL-K, (C) TN, and (D) TOC content of sediments at various sampling
sites. A-E: letters represent different mean values of the investigated property by sampling sites at the
beginning of the column experiment (p < 0.05—SPSS/univariate/post hoc/Tukey—with decreasing
values in alphabetic order); a—c: letters show the differences between the sediment properties of core
and disturbed samples (with decreasing median values in alphabetic order) based on the results
of the Tamhane test (see details in Table A4). The dots indicate where no measurement was taken
from the samples. Sample-type meaning: Dist. sample 1.: disturbed samples at the beginning of the
column experiment; Dist. sample 2.: disturbed samples at the end of the experiment.
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Levene’s test was not significant (p < 0.001) when comparing core and disturbed
samples (by sample types) or when core samples were collected from various sites (by
sampling sites) (Table A4). The variance of the investigated sediment characteristics was
much greater in the case of core samples than in disturbed samples (Figure 5). According
to the results of the Tamhane tests, the deviation between the nutrient and TOC contents
of core and disturbed samples was in some cases significant (p < 0.05), even with greater
differences between various layers of core samples (Table A4 and Figure 5). Furthermore,
the AL-K of disturbed samples was in many cases deviated from the AL-K of core samples
(I-III and VI and VII). These results also showed that the AL-P of core samples is mainly
higher, but the TN and TK of core samples are mainly lower than disturbed samples.

3.2.3. Column Experiment

The total phosphorus (TP) of sediments IV-VII was nearly identical (894.9 mg/kg +
54.4—Table 3). The AL-P content of disturbed samples IIL, IV, and VII was higher than samples
Iand Il and IV and V (Figure 5A). Similarly distinct groups could be established at the end of
the column experiment (I-1I, V-VI, IlI-1V, and VII), with the increase in AL-P content from
inflow (similarly to the results of the investigation on core samples, see Figure 5A).

Table 3. Chemical parameters of sediment samples investigated before the column experiment (for
the whole column, 0-130 cm) and after it (samples at 0-20, 40-60, and 80-100 cm depth from the
bottom of the column/outlet of leachate).

Si Depth TP TK N AL-P ALK Ca Mg AL-P/TP* CDB-P HCI-P pH TOC CaCO3
ite P mg/kg - mg/kg - %
0-130 854.0 10,6440 27940 3285 221.6 82,148 10708 26 (33) 222.7 188.7 7.7 5.3 20.3
v 0-20 2501.3  316.6 224.1 101.3 213.4 5.2
40-60 2570.0  331.7 226.8 120.6 194.4 5.3
80-100 2514.0  353.4 213.9 121.7 211.3 53
0-130 879.4 78243 3213.0 2340 2145 133,064 9323 18 (22) 182.3 139.0 7.9 7.1 33.5
Vv 0-20 3082.0 2252 216.5 113.7 70.2 72
40-60 29020  232.1 209.5 124.3 84.0 7.1
80-100 29587 2414 217.4 170.5 106.8 72
0-130 875.8 7047.1  2858.0  266.0 234.0 128,661 9353 21 (19) 158.4 84.5 8.0 6.8 32.0
VI 0-20 2569.3  289.4 224.4 195.4 114.2 6.4
40-60 24713 2526 250.1 174.7 72.3 6.7
80-100 2566.0  258.5 227.6 216.1 123.8 6.7
0-130 970.5 7766.6 34637 27079 2708 66471 10,599 30 (30) 2159 194.5 8.2 5.0
VII 0-20 977.0 7366.0 35903 289.77 3015 240.3 73.9 5.1
40-60 961.0 7822.0 34803 297.93 2947 275.2 184.1 5.0
80-100 9740 81120 33203 296.73  288.2 238.0 107.7 49

Note: TP, TK, and TN are total phosphorus, potassium, and nitrogen; AL-P, CDB-P, and HCI-P are the ammonium-
lactate-; citrate—dithionite-bicarbonate-, and hydrochloric-acid-soluble phosphorus; Ca and Mg are the calcium
and magnesium contents; pH is the chemistry; TOC and CaCOj are the total organic carbon and calcium carbonate
content of the sediment samples; * AL-P/TP is the rate of ammonium-lactate phosphorus and total phosphorus;
in parentheses are the quotients of readily available and total phosphorus ((CDB-P + HCI-P)/TP).

Regarding the readily available potassium content (AL-K and TK), sample IV was
outstanding, but the total potassium (TK) of sample I was the highest, followed by sample
VIL Various TK contents were measured for sediment samples from different sampling
sites). The mean TN was 3082.2 mg/kg (£76.1), and TOC was 6.05% (£0.1). TN varied
mainly with the TOC of the samples, except for sample site VIL

Our results in Table 3 show that the Ca content of the sediment is lower at the flow
direction of I-IV-VII (at samples IV and VII) than on the western side of the reservoir
(at samples V and VI). The Mg content varies in the opposite direction. The sediment
chemistry was alkaline (pH 7.96 £ 0.19).
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The amount of readily available P (citrate-dithionite-bicarbonate-soluble
phosphorus—CDB-P; and hydrochloric-acid-soluble phosphorus—HCI-P) was less than
half of TP (Table 3). The remaining part of TP could be mainly recalcitrant/residual P
(organic and mineral P) [56]. The CDB-P and HCI-P contents in the sediments decreased
with distance from the inflow. The amount of readily available mineral form P was higher
than Al-P.

According to our results, the HCI-P content of the sediments at sites far from the inflow
was also lower, and even the CaCOj3 content of these samples was significantly higher than
that of samples IV and VIIL The calculated CDB-P/HCI-P ratio was approximately 60:40;
the CDB-P content relative to HCI-P varied from 1:1.11 to 1:1.89 at the experimental setup
and between 0.9:1 and 1.18:1 at the end of the experiment.

In some cases in the column experiment, both HCI-P and CDB-P were changed. The
rate of AL-P/TP and readily available mineral P/TP was different, but overall, away from
the main flow direction (V, VI), they are lower. No vertical nutrient movement was observed
in the sediment of about 1 m thickness (based on the TP, TK, and TN results of samples VII).
The AL-P in the upper layers of the column (80-100) generally seemed to be higher than
deeper locations in the 0-20 or 40-60 cm layers. Not all sediment layers were analyzed in
the laboratory, so our results do not provide a complete nutrient profile. The difference in
the AL-K, TN, and TOC values of the different layers is not significant.

3.3. Evaluation of the Nutrient Loss in the Columns and Settling Pits

The experienced amount of the drained leachate was 4.8 L on average; thus, evapora-
tion loss in the column experiment was approximately 27% (based on the average amount
of drained water and the changes in dry matter content during the column experiment).

The leaching of nutrients showed different “patterns” in the sampling sites and over
time (Figure 6). The observed large variance is the consequence of using 3-3 replicate
samples from the same location. Relatively minor nutrient loss relative to the total nutrient
content was experienced (Table 4).
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Figure 6. The nutrient content of leachates taken at different times (within 100 days) The dashed

red line shows the water quality regional limits for the direct recirculation of treated wastewater in

the Balaton catchment area in Hungary (Decree No. 28/2004 (XII. 25.) for “Direct receivers of Lake

Balaton and its catchment area”).
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Table 4. Nutrient loss in the column experiment.
Drained Water P Loss K Loss N Loss
L %
Mean 4796 1.17 0.39 1.14
Minimum 3610 0.44 0.25 0.27
Maximum 5845 3.13 0.61 3.12

Based on the mean nutrient content of leachate and volume of the sediment extracted
(~350 m®) during experimental dredging, the potential additional load could have been
41kgDP 2.6 kgK, and 13.9 g N in the case of direct recirculation.

Comparing the water quality parameters measured at monitoring points close to the
Barandi water area (Figure 1: z14, kb4, and kb10—during the experiment period; Table A1)
and the leachate quality measured in the column experiment and properties measured
during the three types of desiccations, it can be concluded that the concentration of leachate
of the columns differed from the maximum nutrient content of water from the monitoring
points of the KBWPS I mainly in their TP content. The column experiment modeled the
equilibrium condition during on-site leaching well in the sense that no nutrient leaching
exceeded the experimental value compared to the on-site leaching measured in the column
experiment (Table 5). The amount of nutrients (the average TP, TK, and TN) in the leachate
of columns was higher than that of natural water. The mean loss of the TP and TN of
polyacrylamide-treated sediments was more significant (Table 5).

Table 5. Nutrient content (mg/L) of the leachates of the settling pits at sites I (north) and VII (south)
and the column’s experimental desiccation, the quality of natural water at monitoring points (z15,
kb4, and kb10), and the regulatory limit according to the 28/2004 (XIL.25.) Decree of the Ministry of
Water and Environmental Protection.

Sampling Site

TP TP TP TN TN TN TK TK TK
min. max. mean min. max. mean min. max. mean

Leachate of dehydrating pad (Site I) + PAA * 0.07 0.49 0.28 3.20 6.70 4.95
Leachate of the northern settling pit (Site I) 0.07 0.65 0.20 0.85 9.30 5.00
Leachates of the southern settling pit (Site VII) 0.07 0.56 0.25 3.40 10.70 5.70

Column experiments (I-V1.) 0.10 9.30 2.50 1.50 21.50 8.30 1.40 18.60 7.50

Monitoring points (z15, kb4, and kb10) 0.04 0.55 0.15 0.66 5.20 2.45 2.90 6.60 4.60

Regulatory values

0.70 5.00

Note: * PAA—polyacrylamide; regulatory values are the water quality regional limits for the direct recirculation of
treated wastewater in the Balaton catchment area in Hungary (Decree No. 28/2004 (XIL. 25.); for “Direct receivers
of Lake Balaton and its catchment area”).

In comparison to the water quality regional limits for the direct recirculation of treated
wastewater in the Balaton catchment area in Hungary (Decree No. 28/2004 (XII. 25.); for
“Direct receivers of Lake Balaton and its catchment area”), the nutrient content of the
leachate could be close to the limit, e.g., the average TN content of the leachate of the
on-site desiccation, and might even exceed it for both TP and TN (primarily in the column
experiment—Table 5). No regulatory requirement for a threshold K value has prevailed
(indirectly, the electrical conductivity of leachate may limit its recirculation).

3.4. Relationships Between P Fractions, Loss, and Sediment Properties

Principal components (PCs) with an eigenvalue exceeding one, selected by Kaiser
normalization, are shown in Figure 7.
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Table 6. PCA of sediment properties and P loss (TP;) (SPSS 20.0/PCA /varimax rotation and Kaiser
normalization). The intensity of colors shows the magnitude of component scores.

Principal Components

%:;il;?;gf CDB-P HCI-P Communality
TP; mg/L 0.427 0.115 0.478 0.425
clay% 0.487 —0.013 0.983
silt% —0.714 —0.416 —0.469 0.903
sand% —0.241 0.283 0.965
TP mg/kg 0.674 0.567 —0.382 0.922
TK mg/kg 0.349 0.165 0.848
TN mg/kg 0.697 0.405 0.523 0.923
Al-P mg/kg 0.273 —0.257 0.955
TOC % —0.082 —0.025 0.980
CDB-P mg/kg —0.626 0.634 —0.003 0.793
HCI-P mg/kg —0.544 —0.061 0.646 0.716
Camg/kg —0.165 —0.125 0.973
Mg mg/kg 0.207 0.125 0.985
TON mg/kg 0.743 —0.415 —0.068 0.729
Variance 53.6 22.1 10.7
2. Variance 53.6 75.8 86.4

HCI-P,

sand
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Figure 7. Three-dimensional plot of the principal component analysis (more detailed in Table 6).

The component scores (CSs) determined after varimax rotation were significant. The
three (uncorrelated) PCs explained 86.4 percent of the total variance. The measure of
sampling adequacy in the Kaiser-Meyer—Olkin test (MSA and KMO) reached a value of
0.5, thus being acceptable. Bartlett’s test was significant (chi-square: 637.7; Sig.: <0.001; df:
45), and principal component analysis (PCA) could be performed (Table 6).

Phosphorus loss (TP;) from the leachate had a relatively minor component score in
PCs (and lower communality). Some parameters (e.g., clay content, TOC, P fraction, TP)
are presented with the same and opposite signed CSs (as TP;) in PCs; thus, their role in
nutrient cycles is more complex and may be nonlinear. The variance of other variables was
well characterized by component scores (communality > 0.7). TC, TON, and P fractions
had communality below 0.9.

According to a supplementary Spearman correlation analysis, the sand-size fractions and
AL-P were positively correlated with TP} (rrpi_gand: 0-633; rrpiarp: 0.817 at p< 0.01), but TP
was inversely proportional to the finer fractions (rrp,_gy: —0.517; I'TPl—clay: —0.583).

Principal component I (PC I), the “quality of sediment”, contains sediment properties
that affect both the organic and mineral nutrient cycles with significant CSs. This principal
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component summarizes the characteristics that determine the organic nutrient cycling
and/or affect their mineral composition (usually with opposite signs). Separating the major
component into two components was not statistically possible with the small number of
elements, and a forced increase in the number of factors reduced the measure of sampling
adequacy. In PC, the rate of P loss (TP}) was proportional to the TP content. However, the
amount and change in the available P fractions could also contribute to the reduction in
loss (they were oppositely signed).

AL-P content affected the change and development of nutrient transformation pro-
cesses with the same sign as the other mineral P fractions (since, by definition, AL-P is
supposed to indicate the amount of readily available, mainly mineral P forms). TOC, TON,
Ca, and TP also had positive CSs similar to TP}, in contrast to parameters that affected the
P cycle more strongly in the sediment, such as TK, silt (and sand) fraction, AL-P, and Mg
(with negative signs). The role of Ca and Mg in the P cycle, and also presumably in the
change in other chemical parameters, was opposite (see also PC III).

The internal relationships between sediment properties and CDB-P or HCI-P content
are shown in separate components (PC II and PC III). This indicated that their variation is
significantly determined by the P cycle (in PC I) and can also be affected to a large extent
by partly independent factors (orthogonal rotation results in independent PCs). The CSs of
PC II and III may also provide “background information” on what determines the presence
and amount of this potential “buffer capacity” and the amount of CDB-P and HCI-P forms
in the sediment. PC II, “the formation of CDB-P”, explains 22.1% of the total variance.
The CS indicates that the CDB-P content was very closely related to the clay content of
the sediment (which was also reflected in the negative CS of the sand fraction amount).
CDB-P had an opposite sign with TP in PC I and PC I, which probably refers to the more
significant and complex role of CDB-P in P retention, but the main governing processes
affecting the formation and dissolution of Fe-P fractions (e.g., reductive dissolution) are
not entirely represented in our results. The CS of TN, together with the opposite-sign CS
of TON, probably indicated that the change in CDB-P is not proportional to the organic N
fraction (as the TOC content has not appeared in this PC with a CS > 0.4), but it may have
seemed to depend more on the mineral N forms.

PC II1, “the formation of HCI-P”, accounted for 10% of the variance of the population.
The role of the particle size distribution in the evolution of this P fraction was less apparent
than in PC IL. Processes determining the formation and changes in HCI-P were related to
silt fraction, TN content, and the amount of Pj. The relationship between HCI-P and TN is
difficult to explain, as neither TOC nor TON was represented.

4. Discussion
4.1. Physical Properties of the Sediment

On the northeastern side of the reservoir (I, IV, and VII samples), the higher sand
content is explained by the flow-induced fractionation and partly by the coarser texture of
the original subsoil (Figure 2 sand-covered peaty soils (sampling site 1), peaty marsh soils
(2), and soils changing toward meadow soils (9)). The sediment texture appeared to become
finer (sand, loam, and clay-loam) [52] as one moved from the north to the south. The results
of the physical investigation suggest that the mineral composition of sediments differs
depending on the geology of the catchment and the flow and sedimentation conditions (as
experienced by, e.g., [50,67]). According to the findings of previous investigations in “dead
zones”, silty clay, and clayey sediments may be typical at more favorable settling conditions,
which leads to “zones parallel to the longitudinal axis” at Lake Balaton [12,48]. In the case of
Bérandi water (Kis-Balaton), it was more likely to appear as sedimentation areas along the
flow direction in “patches”, in accordance with the alternating slower /faster or turbulent
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flow conditions within the lake bed and shoreline. It could be assumed that within the
Barandi -water area, a faster (along the I-IV-VII line) and a more complex, slower flow
directions (in the bays - I, III, V, and VI) can be distinguished. This could lead to several
moderately different sub-areas. Similarly, Szilagyi et al. (1990) and Istvédnovics et al. (1997)
had already proposed the consideration of at least two flow directions (Figure 2) [2,50].

From a practical point of view, the clay content of some samples (parallel with the
higher permanent wilting point) might increase the time requirement of desiccation. In par-
ticular, however, maybe the amount and distribution of precipitation might limit dredging
and desiccation in the winter (moreover, e.g., timing of disposal prior to sowing, incorpora-
tion, etc.), and the natural equilibrium nutrient levels of the lake must be restored before
the onset of spring biological activity. Based on the particle-size data, the preliminary
separation of the sand fraction (as it is lower than 30%) of the sediment is not necessary
prior to agricultural disposal.

4.2. Basic Chemical Properties of the Sediments

The significantly higher TOC content of the deeper layers may be mainly related
to the presence of peat, peaty, or humic subsoil [52]. Istvdnovics and Somlyé6di (1998)
observed a “transitional zone” toward the “occluded subsoil”, which occupies 60-70% of
the investigated sediment (>19 cm core) in their research [14].

According to the survey of Kosari-Tarnik (2019), the average thickness of the sediment
layer was approximately 45 cm, so the subsoil was reached in almost all cases during
our sampling [53]. However, the higher TOC content near the surface may also indicate
the formation of a sediment layer by active biological processes (autochthonous organic
matter). This was only supported by the slightly different C/N ratios of the sediments
(17-24), which were lower in areas further from the shore.

The considerable CaCO3% content of the sediment is primarily of alluvial origin
(Table 6). A significant increase in carbonate content with a slight shift in pH was observed
in the 1980s [14]. Similar changes in the water quality of Lake Balaton were reported by, e.g.,
Rostasi et al. (2022) [67] and Voros et al. (2024) [43]. The authors documented an increase in
Ca and Mg content, Mg/Ca ratio, and salinity over the period 1891-2022, mainly caused by
the quality of the inflow water. The annual variation in the Ca content of the water/solid
phase is further influenced by the cyclical biogenic lime production (e.g., [14,68]) and is
also promoted by the presence of clay minerals [69-71]. This may explain the variability
of CaCOs in our results, which was more pronounced further away from the inflow as
experienced by Istvdnovics et al. (1997) [50] and maybe far from the shoreline (where reed
stands—Istvanovics and Somly6di, 1998) at Phase I [14].

Increases in carbonate content may represent a significant buffering capacity in the
continuously thickening sediment layers. After 1990, the accumulation of Ca increased,
but their ratio in the sediment seems to be steady. However, various degrees of nutrient
fixation may be characteristic of the sub-areas within the reservoir as carbonates are not
uniformly distributed (Table 3) and because, according to the literature, the ratio of Ca/Mg
or crystalline/amorphous forms and their different adsorption capacity vary with changing
environmental conditions [67,70].

The chemistry of the sediment was close to the carbonate precipitation limit (a higher
pH than 8.5-9 led to a rapid decrease in the ratio of CaHCO3), /CaCO3). The importance of
the small increase in pH with salinity is underlined by the fact that a one-unit change in
water pH (from neutral to alkaline; pH > 7.2) might cause several times higher P loss in this
sediment. According to the experiences of Istvdnovics (1993) and based on the currently
used monitoring data (pointing closer to the Barandi water area—pH?7.1-9), this pH change
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occurs within a year due to chemical and/or biological processes [49], so the system is
considered to be increasingly sensitive to changes in chemistry.

4.3. Amount of Nutrients in the Sediments

With respect to the classification applied to agricultural soils (compared to a common
brown forest soil—corresponding mainly to Luvisols in WRB—with an average nutrient
supply typical of the area [72,73]), the sediment had poor to good available phosphorus
(AL-P), medium to good available potassium (AL-K), and poor to medium total nitrogen
(TN) at the top 30 cm layer. In deeper layers, higher nutrient concentration can also be
found in some sites (up to 16,054 mg/kg TN, 686 mg/kg P, and 22% TOC).

The TP content of the reservoir has not changed markedly over the last 30 years
(Table 7), and P saturation was 40-60% already in the 1990s [49]. Thus, the P saturation of
the sediment of the Barandi water area is close to its threshold, 1000 mg/kg, which may
already be a significant source of internal loading [52]. Istvanovics (1994) noted that the
adsorption isotherm of the sediments of the Bardndi water body (at sampling points 1 and
2—Figure 2) is already flattening at, e.g., pH 7.9 at approximately 1000 mg/kg of P content,
even when different amounts of P were added (0.5-2.5 mg/L) [49]. Istvanovics et al. (1989)
measured an increase in TP contents (in the range of 1080-2030 mg/kg) with the direction
of the flow, indicating a similar situation in other areas [32]. Our results did not reveal
similar changes in TP content from the inflow (probably due to the smaller area studied).

Table 7. Chemical properties of the sediment (Barandi water body) according to previous labo-
ratory analysis and our current measurement during pilot dredging and the relevant data of an
accredited laboratory.

pHpw Loss of

TP N TK AL-P  TOC Ca (pFxer ™) Tomition CaCO;
Samplin;
Sit}; .8 mg/kg ) %
[53] 1,2,9 ~1000 6.6-7.9 1.5-69 0.4-10.6
[50] 1,2 1720-1780 8.12-8.19 12.6-19.2 20.4 %
Our m}.ff;g;gmems -VII 854-977 2471.0-3890.3  7074-10,644  47-393  4.9-72 7.7-82 20.3-33.5 *++
Datafromanac . 4y 990-1090 1000-1100 27-31  236-286 7.57 %

credited laboratory

* Sampling sites are shown in Figure 1; ** pH measured in KCI; *** mean; **** just for samples IV-VIL

A higher percentage of AL-P in TP was observed at sampling points IV and VII (cca.
30%—Table 3) than in areas not directly following the main flow direction (IL, III, V, VI).

The greater variance in the AL-P content of the core samples than that of undisturbed
samples (hence, fewer significant differences) could be explained by the significant vertical
deviations in the available nutrient content of the sediment (Figure 4).

The observed lower AL-P near the inflow is somewhat contradictory to the re-
sults of Istvanovics (1993), who reported decreasing readily available mineral P content
(NaOHrP/Fe-P + HCI-P) further away from the inflow [49]. However, the author found
similarly lower P retention in higher-sand-content and lower-organic-matter-content sedi-
ments closer to the inflow, and the higher adsorption capacity of Fe minerals was observed
far from it.

Seasonal variations in P “profiles” can also be observed in our experimental results.
The P maximum was typically below the surface in late autumn and winter (e.g., due
to burial), while in summer, a maximum was observed closer to the surface (resulting
from physical, chemical, and biological processes [16,18,31,38,43,51,67,74]). However, the
identification of these processes at the Bardndi water would require further investigation.
This could also be important because there are interactions between the composition of
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the pore water and the water phase (TP, soluble reactive phosphorus—SRP and Fe-P [38];
TP [18]; and SRP and Fe [19]). The question remains open as to whether, if some buried
layers of the sediment have higher P and or TOC contents, the consequences might be a
possible internal nutrient load due to temporary seasonal or summer dredging.

There is only limited literature available on the K content of this sediment. The
higher AL-K values in the 0-20 cm layers of points I-IV may reflect the surface location
of the transported recent sediment. The AL-K content of core samples is known to be
more significant in areas with higher mineral colloid content (as at III-VI). The AL-K was
less variable at samples IV and VII. Its spatial variation may be somewhat caused by
the mixing of sediments of various origins and changes in the ratio of organic-mineral
elements. However, if the latter could only be explained by the high degree of mixing [16],
it would also be reflected in the amount (or lack thereof) of other nutrients. Furthermore,
it is difficult to explain why the AL-K content of the disturbed samples I, II, and VI was
significantly different from that of the original layered samples (although the AL-P content
of the columns was generally similar). It can be assumed that the higher sand content
(5i0,), the disturbance (via solubility), and possibly the observed low disaggregation of
the sand fraction during the experiment also influenced the amount of AL-K.

Overall, the composition of the sediment did not restrict its agricultural disposal
according to its chemical and physical properties (for example, lower than 30% of sand
content, not too extreme hydrological properties, and poor to good nutrient content with a
TOC higher than brown forest soils); in addition, it complied with the regulatory limits for
the disposal of sewage sludge in agricultural practice (Government Decree 50/2001 (IV.3))
for heavy metals, major pollutants, etc.—not presented in this study. However, the spatial
variability of nutrient content may determine the optimal location and depth of excavation,
as well as the possible environmental impacts of dredging.

4.4. Phosphorus Fractions in the Sediment

The measured CDB-P and HCI-P content was similar in magnitude to the results of
an investigation by Istvanovics et al. (1989) for sediment Phase I (Table 7) [32], but CDB-P
was higher than that observed by Istvdnovics (1994) [49]. Most Fe-P might be of subsoil
origin [50], but the experienced differences between our results and previous findings are
presumably due to changes in the composition of the alluvial sediment from the watershed
(as it decreases with distance from the inflow, and the relationships between TK and Fe-P
and Al-P in PCA). However, it is not known from our results whether the change in the
CDB-P fraction is related only to the Fe-P fraction or also to the amount of NH4CI-P (the
soluble reactive P, which was not extracted in separate steps before CDB-P measurement).
The latter was not so high in the sediment of the Barandi water area [49], but all these
fractions could compensate for each other in response to seasonal changes in environmental
conditions [18,38,49,74]. Both represent the potentially mobile inorganic P fraction (based
on the results of 3P exchange by Petterson and Istvdnovics (1988) [75]. Ding et al. (2017)
also described the prominent role of Fe-P in microbiologically enhanced redox-induced P
loss [22].

According to Istvdnovics (1994), the amount of NaOH reactive Fe-P fraction and HCI-P
accounts for approximately 60-80% of TP [49]. However, our results indicate that only cca.
25-50% of TP may be extracted with CDB and HCI. If this deviation is not a consequence
of methodological differences [76,77], it may indicate that the residual phosphorus formed
locally at an increasing rate is essentially biological in origin [49].

The spatiotemporal variability of Ca-P and Fe-P was also reported in other investiga-
tions, e.g., [14,18,42,49]. CDB-P content was mostly higher than HCI-P in the sediment of
the Barandi-water. The generally lower AL-P than the total amount of readily available
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mineral P fraction (HCI-P and CDB-P) may be explained by the fact that ammonium lactate
extracts less P than HCl and CDB. Another reason could be that the latter releases a larger
part of the labile organic P present in the sediment [50,75,78]. Moreover, the lower AL-P
content (as easily available mineral P that is inversely proportional to resistant and organic
P) might reflect the higher ratio of more resistant organic P and residual mineral fractions
in the sediment of V and VI sampling points.

Our results show that both the HCI-P and CDB-P fractions play a significant role in
sediment phosphorus retention. Only other studies provide data on the Fe content of the
sediment for our analysis (32.4-30.9, i.e., an average of 31.65 mg/g [49]). The average Fe:P ratio
(free absorption sites in the oxidized sediment [79], calculated with an average of 0.895 mg/g
TP (measured)) was 37:1, indicating an important role of Fe minerals in P retention (reductive
dissolution of P is more pronounced when lower than the 15:1 ratio [79]).

Further studies are needed for the sub-areas (on a larger number of samples, including
detailed sequential extraction procedures and the separation of organic and inorganic P
forms (e.g., SEDEX method of Vink et al., 1997 [80]; Anshutz and Debore, 2016 [64]) or the
development of detection methods (e.g., Liu et al., 2020 [81]) to understand the variation
and change in the P fractions, as they have different environmental “sensitivities”).

4.5. Evaluation of the Nutrient Loss

The slight nutrient loss experienced in the column experiment resulted from the fact
that P is primarily a slightly soluble nutrient. The TK value of the leachate was similar
to that originally measured in natural water. The naturally high TK concentration in the
Barandi water body might be a consequence of urbanization and the salinity increase
associated with the natural life cycle of the lakes (similarly to Lake Balaton [41]). The
observed TN was low. The experienced P loss was lower than the 0.5-10% measured by
Istvanovics (1994) (at points 1 and 2, 0.5-2.1%; and 10% at point 9) using the centrifugal
extraction method [49]. According to their experience (which is consistent with ours), the P
loss was higher in organic-matter-rich areas (e.g., II, III, V) and in sediments containing
more sand fractions (I). The higher P loss measured by Istvanovics (1994) can probably be
explained by methodological differences (application of centrifugal suction forces higher
than cca. 33 kPa at field capacity) [49]. Centrifugation time, force, and equipment geometry
all affect the results of centrifugation (mainly the amounts of soluble salts, but sometimes
also total organic P or molybdate-reactive P [76,77]). Furthermore, the nutrient losses
determined in laboratory experiments do not represent natural processes adequately, as
they neglect some key aqueous/solid phase interaction processes (e.g., no sedimentation) or
even upward P release from organic matter decomposition, enzymatic processes, transport,
and gradient fluxes [12,35,82].

The various patterns of leaching observed (Figure 5) could also be due to seasonal
effects [25,51,83]. Assuming no other losses in the water balance (no plant uptake, infiltra-
tion, etc.), evaporation in the column experiment was ~27% on average. Under natural
conditions, evaporation and water level changes can influence the precipitation of carbon-
ates and silicates [16,36,67] and redox conditions. Thus, redox-induced dissolution and
biological processes occur as well [12,22,28,35,84,85]. A change in temperature alone can
trigger P release [12,30,35]. These may be the main reasons for the observed higher P and N
losses, which were not completely systematic but were mainly measured at the beginning
of our column experiment (I-IIl—samples collected in early September). With continuous
significant evaporation, the nutrient concentration of the leachate fluctuated to a lesser
extent (at samples IV-VI, in summer—Figure 5). Since the C/P ratio of the sediment in
our experiment was approximately 60, the mineralization of organic phosphorus was not
carbon (C/P < 150—as stated by Fiileky for soils [86]) but rather temperature-limited. It
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can also be assumed that the microbial activity of the sediment might contribute to the
results of the column experiments (at least at temperatures higher than 10 °C).

In the experimental on-site desiccation and column experiment, the leachate was
drained only at a certain “point” (no equilibrium P concentration with the surrounding
solid phase was formed), and its concentration might be represented primarily by the
equilibrium sediment/pore water concentration and its changes. In the latter, the nutrient
concentration of the leachate generally decreased after the first month, reflecting gradual
rebalancing. Moreover, the measured TP concentration of the leachate (0.1-9.3 mg/L)
was similar in magnitude to empirical values of the pore water (which might be two or
three times higher, even without considerable mixing (0.2-15 mg/L) [12,34,81,87-89]. This
interfacial deviation in TP content could ensure a strong diffusion driving force [34,35], and
it led to an increase in nutrient concentration in the water phase due to disturbance.

A further investigation is needed to determine the extent to which the TP content of
the sediment in the Barandi water area and, within this, the TP loss of pore water may be
influenced by seasonal effects. It would also be important to understand the impact of the
excess P loads by leachate on the water quality of the receiving reservoir. The experience of
Sasaki et al. (2001) suggests that the arrival of excess nutrients can be buffered by adsorption
up to a nutrient content of 0.03 mmol/L (~2.8 mg TP/I), above which a significant increase
in the water-phase TP content is expected [89]. The adsorption/desorption concentration
limits determined by Istvdnovics (1994) for the Phase I reservoir showed a much lower limit
(~0.9 mg TP /1) [49]. According to our results, these limits were exceeded in several cases by
the TP loss of the model system. Thus, the leachate may not be directly recirculated without
further research. Furthermore, our findings may well characterize the winter desiccation
losses of the Barandi-water sediment, but they cannot be generalized to transitional or
summer drying periods when the opportunity for internal loading is greater.

4.6. Relationships Between P Loss and Sediment Properties

According to the results of PCA, the total phosphate loss TP by leaching was influ-
enced by sediment properties that strengthen and weaken one another and influence each
other’s role in nutrient release.

The lower communality of TP; might be caused by its variance, which is highly
influenced by several environmental factors [18,22,31,35,86,90] or other sediment properties
(e.g., pH, redox potential, etc. [12,26,31,35,49,89,91]). The ratio of certain chemical elements
could also affect TP (e.g., inversely proportional to the Fe/P ratio [79]). The impacts of
sediment parameters on TPl are somewhat contradictory, as found by other researchers in
previous studies (e.g., positive and negative effects of organic matter, even pH [31,75,92-95]).
Similar reasons might be accounted for by the lower communality (<0.9) of TC, TON, and P
fractions. Their variance may be affected by different factors, e.g., TK depends on mineral
composition and dissolution conditions, or TN is formed by biological processes, and the
variation of P fractions may also be influenced by various other sediment or environmental
parameters prevailing during the experiment (as mentioned previously).

The results of the additional correlation analysis showed that TP} was inversely pro-
portional to the clay and silt content, which might directly and indirectly (clays as mineral
colloids or as constituents of organo—mineral complexes) enhance adsorption [75,79,94-97].
P loss increased with sand content [32]. The higher the proportion of finer elemental
particles, the higher the P sequestration rate, especially by Fe-(oxi)hydroxides (e.g., [97]).
This was verified by the fact that TP} was significant at sampling point L. (Figure 6). This is
probably the reason for the relatively higher P saturation (in terms of adsorption capacity)
of the sediment at the Bardndi-water inflow (>40% on average and above 80% at point
1 [49]). The importance of these experiences is emphasized by the sediment’s particle size,
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and it plays a significant role in the regeneration of eutrophicated lakes following exces-
sive nutrient loading [16]; it is also strongly correlated with the TP content of porewater
(inversely proportional to the finer fraction [98]).

Despite the opposite role of AL-P and TP, in “sediment quality” (PCI), their correla-
tion was not inversely proportional (Table 2). The role of readily available P forms in P
loss/retention may even be seen as oppositely related depending on the circumstances, and
their causal relationship is more complex. The Spearman correlation between AL-P and
TP; means that the “factors” that determine the Al-P content may also have a significant
indirect effect on the composition of the leachate.

The amount of TP is related to the release potential (in PCI), but the available forms can
also act as a sink and source of P loss. In addition, TP and TOC had the same negative sign in
PC I, which might highlight the importance of organic matter in P cycles. It is also possible
that it was not the AL-P TP, relationship that was reflected in our results but the correlation
between TP; and the more resistant P fractions near the other direct components of the complex
relationships between organic C and P cycles [75,84,95,99-102]. Since the difference between
TP and AL-P is roughly proportional to the amount of organic and residual P fractions, it is not
possible to determine from the results whether the close inverse proportionality relationship
between TP) and Al-P is due to the organic P content and AL-P or whether it is due to the
leaching reducing effect of the residual P fraction or their interaction.

The formation of iron-oxi/hydroxides (PC II) is a very important process in P retention
(aggregate formation and nutrient fixation [12,35,74,75,79,97]). Fe-P may be the main source
of P available to the phytoplankton [22,90,97]. Petticrew and Arocena (2001) found that the
accuracy of the multivariate regression estimates of P loss was improved by the knowledge
of Fe-P content (correlation between PO4-P and Fe-P (r = +0.59)) [97]. Our results show
that clay/sand contents are important sediment properties that relate to the amount of
CDB-P. The relationship between Fe-P and texture may not only be direct (through ad-
sorption) or indirect (by organo-mineral complexes or by their decomposition) [94-102].
Humic substances, carbonates, and Fe-oxi/hydroxides, which are key components of
chemical and physical adsorption and co-precipitation, may also be predominantly en-
riched in clay and silt fractions [101] as in soils [103]. Further research on these complex
processes is needed. Similarly to the relationship between AL-P and TPj, there may be a
condition-dependent interrelation between CDB-P and TP, (P sorption increases with the
amount of Fe-P fraction in oxic environments, but this decreases near anoxic or reductive
environments [12,26,49,75,89,91]).

The structure-forming effects of Fe minerals were not directly observed in our results
(CS is opposite to CSs of TOC and TON), but the literature suggests that their role in
soil aggregate stability is less significant at higher organic matter contents [103]. Our
results have demonstrated that the TP variation is essentially directly proportional to the
change in PCII Fe-P (as reported in the literature [104]) and texture, which may indicate the
sedimentation-promoting effect of iron-oxi/hydroxides [85] and the importance of mineral
P forms in the P content of suspended solids [12,28,35].

TON in PC II was not correlated with the amount of CDB-P, but the CS of TN sug-
gests that mineral N may be the cause of this. Among the mineral forms of nitrogen, the
amount of nitrate may be the one relative to which Fe-P content is sensitive, since it can
also determine redox conditions (e.g., nitrate feedback to enhance degradation processes in
wastewater treatment or nitrate addition to lakes to maintain an oxidized condition [40,41]).
However, only further studies (sediment and water quality monitoring) can provide infor-
mation on how these processes manifest themselves in the case of the Barandi water area.
Also, the ratio of C, N, and P can also significantly determine the turnover and availability
of nutrients [20,22,75,79,82,103,105].
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CDB-P and HCI-P had opposite signs in components II and III, indicating intercon-
version processes and a somewhat competitive relationship between them [14,75,105].
Transitions between the P fractions are condition-dependent and governed by complex
mechanisms [32,49,70,79,82,91,104]. Li et al. (2020) [87] found that different mechanisms
maintain the equilibrium P levels at various transitions of macrophyte and algal dominance
in lakes. They found that the external P source is important at the beginning of algal growth,
changes in the Fe-P fraction are the governing mechanisms upon algal dominance, changes
in organic P hydrolysis and the Ca-P fraction are important in transitions, and even P defi-
ciency can occur during macrophyte dominance [106]. More detailed research is required to
carry out a better identification of these transformation processes between P fractions, for a
better understanding of the role of organic P fractions in P release or internal P loading, and
to gain more knowledge about the lake-specific role of biological P cycle elements. More
detailed research is required to obtain better knowledge of these transformation processes
between P fractions, to better understand the role of organic P fractions in P release or
internal P loading, and to gain more knowledge about the lake-specific role of biological P
cycle elements. The potential contribution of groundwater to internal loading also needs to
be understood [29,85].

Similar positive CS values for TN in all three PCs suggested the role of the TN:TP ratio
in P release, which may increase inversely proportional to the TN:TP ratio (e.g., [20,105]).

According to our results, Ca?* content (as in the basic statistics) may act as a reducing
factor in P release (in spite of the fact that HCI-P content did not follow a linear relationship
with it) and may also be a significant source of P loss. The role of texture in the formation
of HCI-P was less apparent, probably because the Ca-bearing minerals (adsorbed, co-
precipitated crystalline, and amorphous forms) can be present in soils and sediments in
a wider range of textures than Fe-(oxi)hydroxides [98]. The positive CS of TP} and sand
content, but negative CS of silt content, may be proportional to the higher nutrient fixing
capacity of the finer-sized carbonate elements.

The PCA results indicate an environment-dependent “competition” between Mg2*
and Ca?* ions according to equilibrium conditions (opposite signs) (as observed by other
scientists [67,70,71,101]). Ion competition could play a significant role because the min-
eral composition of sediment from a watershed can change over time (maybe as at Lake
Balaton [11]). One-third of Ca®* can generally sorb incoming phosphorus at chemical
equilibrium [75], and excess Ca?* prevails as CaCOj3 (mainly abiotic precipitation [2,32]),
Ca/MgHCO3, or adsorbed forms on colloids, etc. Phosphates (e.g., apatites) and carbonates
can compete for Ca* at the optimal temperature, chemistry, ionic composition, Ca/P ratio,
etc., for coprecipitation [32,35,70,71]. These processes were probably the reason why the
potential P fixation was not always proportional to the Ca?* content of the sediment (higher
CaCOj; contents (~1.5 times) may correspond to the lower AL-P content of samples V and
VIin the Barandi water area than in samples IV or VII).

In our experimental results, a similar strong impact of Ca?* content and TOC (espe-
cially in PCI, but always with the same sign of CSs) on P cycles was found. The amounts
of carbonates can also be significantly influenced by biologically induced carbonate pre-
cipitation (pH increase during algal blooms provides the driving force [66]), which can be
seasonally dominant [49]. The deep impact of the Ca cycle on P cycles can be highlighted
by the fact that the pH of the Bardndi water area is around the carbonate precipitation
limit. In the CO32~ /HCO;~ system, pH and its seasonal variation play a crucial role in
nutrient loss [31,35,49,91,93]. Istvanovics (1994) found that the precipitation of apatite also
depends on the CO32~ /HCO3 ™ ratio of water [50], which was identified as a key parameter
determining chlorophyll concentrations at some sampling points [35].
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5. Conclusions

The sediment of the Barandi water area (Lake Kis-Balaton) was assessed as poor
to medium in TN, low to medium in AL-P, and medium to good in AL-K content for
agricultural use. Silt-sized particles dominated the sediment. The pre-separation of sand
content (<30%) was not necessary before desiccation and agricultural disposal. The physical
and chemical properties of the sediment did not preclude its agricultural use. However, the
nutrient and organic matter content showed considerable spatial heterogeneity, resulting
from the multiple flow directions and various hydrological conditions (concerning the
sedimentation, turbulent flow areas, etc.), shallow water levels, and the properties of the
bottom sediment or subsoil (e.g., peaty or sandy layers, meadow soils). The formation
of sub-areas with different clay, silt, and sand contents and nutrient, organic matter, and
carbonate contents, etc., may provide different initial conditions for physico-chemical and
even more so biological processes. All these deviations may lead to various environmental
impacts of dredging and/or a possible direct recirculation of the leachate. The results of our
research suggest that sampling at a greater depth than the excavated layer is recommended
before dredging after a preliminary assessment of the sediment’s thickness.

The carbonate content increased significantly (to cca. 30%) before the 2000s, similarly
to Lake Balaton, in parallel with the increase in sediment layer depths. More than half of
the phosphorus was stored in organic and residual form, while a significant amount of P
was retained in HCI-P and CDB-P. Previous experiences showed that closer to the inflow,
changes in sediment quality were mainly governed by physicochemical processes, while
in areas further away from the inflow, the role of the biological nutrient cycle may have
temporarily dominated [12,49]. Our results show that the prevalence of these processes (e.g.,
the formation of various P fractions) can be largely determined by sediment characteristics
and their spatial variability. The interaction of sediment properties and other environmental
conditions leads to areas with different characteristics not only along the flow direction but
also, e.g., in deeper, shallower, mid-lake, and shore areas within the reservoir. Because of
the increasing CaCOj3 content (possibly salinity), the pH close to the CaCOj3 precipitation
limit, the significant amount of CDB-P, and the low water level, the Barandi water area
was found to be highly pH- and redox-sensitive. Further research is needed to understand
how the removal of carbonate-rich sediment may alter the nutrient cycling of the reservoir
relative to the noncarbonate but organic-rich subsoil layers.

During the late autumnal excavation, combined with winter desiccation, nutrient
loss due to drainage was less than 5% (for TP, TN, and TK), somewhat lower than what
was previously observed by others [50]. However, the TP content of the leachate (in the
column experiment and pilot desiccation) could be higher compared to natural water
(at selected monitoring points) and sometimes reached regulatory limits for potential
receivers (28/2004 (XII1.25.) National Decree). The amount of nutrients in the leachate was
similar to the composition of the porewater quality based on general information in the
scientific literature. The balanced (solid /leachate) nutrient content of “pore-water with
gravity drainage” depends on sediment characteristics (or environmental parameters that
determine it indirectly), may be affected by disturbance, and may show seasonal variations.
For on-site desiccation, a possible increase in the threshold for TN or TP was observed.
At present, the possibility of recirculating leachate cannot be considered. This should
only be envisaged if the efficiency of nutrient removal could be enhanced by recirculation
through the appropriate manipulation of biological processes based on sufficiently detailed
knowledge of the internal processes of the reservoir.

According to the results of the PCA, the “quality of the sediment”, its basic properties,
nutrient status, P forms, and P loss were significantly determined by the texture and
readily available mineral P fractions (CDB-P and HCI-P) and indirectly by the organic P,
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organic matter, and carbonate content of the sediment through more complex processes.
The formation of available P forms in various sediment types in the Barandi water sub-
areas (through adsorption, coprecipitation, etc.) also varies with the sediment properties.
Since, at Lake Kis-Balaton, “P desorption is the basic process that determines SRP (soluble
reactive phosphorus) concentration in the Reservoir” [14], further research is needed to
understand and recognize these relationships. As the P release is mainly a physico-chemical
process (adsorption/desorption) but temporarily and seriously governed by biological
factors [10,15,19,74,91,104-106], more research is thus needed concerning the biological P
uptake and release in the Barandi water sediments and the role of N and organic matter in
P cycles (e.g., mineralization and limitations).

The quantification of P loss is lake-specific. Thus, studies could always be carried
out for a specific reservoir, sub-area, or bay [23,31,51,88,106] with given conditions and
processes when considering the disposal of leachate, direct and/or indirect recirculation,
and use options. The spatial heterogeneity of sediment quality, its temporal variation,
and the complex relationships between nutrient loss and sediment properties suggest that,
in addition to water quality assessment, sediment monitoring prior to, during, and after
dredging is necessary. For this purpose, detailed sediment monitoring and mapping are
necessary, similarly to what has been carried out for Lake Balaton [48,107-109]. Experiences
of further research could help us understand the nutrient dynamics, internal loading, and
eutrophication processes in a given reservoir and explore the ways we can control them.
The results of this research could provide the basis for an action plan and technology
documentation to be developed for the dredging and disposal of sediment from different
water bodies (especially shallow, hardwater reservoirs) relative to agricultural purposes.
Mapping the sediment and the development of a well-designed sediment monitoring
system would not only help us understand water quality changes and better dynamically
control the KBWPS but would also provide opportunities for the application of possible
alternatives of dredging (smarter water level control, design of reservoir areas supporting
nutrient removal, and the use of biomanipulation techniques) to prevent internal load or
eutrophication events.
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Abbreviations

The following abbreviations are used in this manuscript:

P Total phosphorus content (mg/kg or mg/L);
TK Total potassium content (mg/kg or mg/L);
TN Total nitrogen (mg/kg or mg/L);

AL-P Ammonium-lactate-soluble phosphorus (mg/kg);
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AL-K Ammonium-lactate-soluble potassium;
TOC Total organic carbon content (%);

DOC Dissolved organic carbon content (%);
TSS Total suspended solid (mg/L);

CDB-P Citrate—dithionite-bicarbonate-soluble phosphorus (mg/kg);
HCI-P Hydrochloric-acid-soluble phosphorus content (mg/kg);
PWP Permanent wilting point (vol%);

NaOH-P  Natrium-hydroxide-soluble phosphorus content (mg/kg);
FC Field capacity (vol%);

NH4Cl-P Ammonium-chloride-soluble phosphorus (mg/kg);

TP Phosphate loss by leaching (mg/L);
TK; Potassium loss by leaching (mg/L);
™ Nitrogen loss by leaching (mg/L);
SRP Soluble reactive phosphorus (mg/L);
EC Electrical conductivity (uS/cm).
Appendix A

Table A1l. Water characteristics of Kis-Balaton at the nearest monitoring points (kb4, kb10, and z15—
Figure 2) to the investigated reservoir (Bardndi water) during the period of the column experiment
(29 September 2022-15 November 2023).

Properties Mean Std. Dew.
pH - 8.2 0.3
EC uS/s 730.8 117.9
HCO; 394.1 87.5
CO; 6.0 114
TSS 39.1 40.1
TP 0.2 0.1
PO,-P 0.1 0.0
Na mg/L 285 8.9
K 4.6 0.8
TOC 10.0 34
DOC 9.4 2.5
TN 24 0.9
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Figure A1l. Water retention of the sediment samples from sampling sites I-VIIL.
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Table A2. Particle size distribution of the sediment samples.

Clay (<7 pm) Silt (7-50 pm) (>§’3““:n)
Sample Depth o H
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

I 0-180 17.9 0.5 54.3 1.1 27.8 1.6

| 0-180 287 0.9 59.9 0.3 114 0.7

I 0-180 30.6 0.2 59.4 0.3 10.0 0.4

v 0-180 26.3 3.6 61.1 0.5 12.7 3.2

\Y% 0-180 28.9 0.1 59.1 0.7 119 0.6

VI 0-180 25.9 2.7 61.0 0.8 13.2 1.9

VI 0-180 253 0.1 55.6 0.2 19.2 0.3

’%‘o 0-20 20.5 0.8 56.8 1.1 227 1.8

= I 40-60 20.7 0.7 57.5 0.9 21.8 14

=y 80-100 20.9 1.0 57.6 1.1 215 2.1
)

o 0-20 33.5 1.0 59.0 0.3 7.6 0.8

< 1 40-60 337 1.5 59.4 0.6 7.0 0.9

5 80100 33.2 1.9 59.0 1.1 7.9 23

. 0-20 35.4 0.6 58.1 0.6 6.6 12

é I 4060 355 0.5 58.4 0.8 6.2 13

£ 80-100 35.1 0.3 58.2 0.4 6.8 0.2
)

g 0-20 29.5 0.4 59.0 0.3 115 0.2

c v 40-60 29.8 0.4 59.2 0.5 10.9 0.8

g 80-100 29.3 0.2 58.7 0.7 11.9 0.8

S 0-20 34.7 0.7 56.3 0.7 9.0 1.2

\% 40-60 34.2 1.0 55.9 0.9 9.8 1.8

80100 345 14 55.4 15 10.1 23

0-20 33.2 0.7 53.3 3.2 13.6 3.8

VI 40-60 333 0.6 54.9 2.1 11.8 2.7

80-100 33.7 0.9 55.7 15 10.6 23

0-20 29.5 0.1 55.1 0.5 15.4 0.6

VI 40-60 29.4 0.1 54.9 0.5 15.8 0.5

80-100 29.5 0.4 54.9 0.4 15.5 0.6
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Table A3. Chemical properties of the sediment at the beginning (1.) and at the end (2.) of the column experiment.

TP TK Ca Mg AL_P AL K TN TOC CDB-P HCI-P
Sample mg/kg % mg/kg
Std. Std. Std. Std. Std. Std. Std. Std. Std. Std.
Mean Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev.
= 1 0-130 102.3 149 3247 5.1 2252.3 121.9
?) 1T 0-130 113.1 18.0 3455 10.7 2803.7 376.3
g /é\b I 0-130 182.1 254 238.4 9.8 2029.5 53.8
:‘«E v 0-130 854.0 9.0 10,644.0  339.0 82,148.0 792.0 10708.0 17.0 328.5 242 2794.0 35.1 53 0.1 222.7 41.6 188.7 844
é %D \Y 0-130 879.0 9.0 7824.0 1623.0 133,064.0 2147.0 9323.0 140.0 234.0 7.8 3213.0 55.1 7.1 0.0 182.3 19.2 139.5 36.7
= - VI 0-130 876.0 8.0 7047.0 149.0 128,661.0 1218.0 9370.0 49.0 266.0 1.6 2858.0 139.2 6.8 0.1 158.4 13.3 84.5 13.8
)
v Vil 0-130 971.0 9.0 7767.0 376.0 66,471.0 619.0 10,616.0 92.0 411.2 52.2 270.8 18.6 3463.7 75.0 5.0 0.0 2159 44.8 194.5 68.9
0-20 95.1 34.2 302.2 39 2793.3 111.5
1 40-60 719 59.6 295.2 6.6 2793.3 51.3
80-100 47.1 7.8 303.2 8.3 2746.7 35.1
0-20 181.6 184.3 296.3 41.7 3132.5 498.3
—~ I 40-60 155.2 143.2 297.1 40.0 3177.5 460.0
'E 80-100 135.0 45.6 305.5 38.4 3177.5 467.1
[
% 0-20 3729 105.2 217.7 4.6 2410.0 70.7
5 11 40-60 393.0 66.9 215.6 19.0 2430.0 0.0
;.’ 80-100 328.5 442 222.0 10.4 2410.0 28.3
E 0-20 316.6 9.4 224.1 11.3 2501.3 96.0 52 0.0 101.3 213.4 0.0
E v 40-60 331.7 9.1 226.8 28.1 2570.0 40.0 53 0.1 120.6 194.3 0.0
a 80-100 353.4 37.2 213.9 14.1 2514.0 61.6 53 0.0 121.7 211.3 0.0
E 0-20 225.2 49.7 216.5 12.8 3082.0 290.8 72 0.1 113.7 70.2 0.0
g \% 40-60 232.1 25.8 209.5 6.3 2902.0 50.5 7.1 0.0 124.3 84.0 0.0
% 80-100 2414 12.0 217.4 12.2 2958.7 137.4 72 0.1 170.5 106.8 0.0
v 0-20 289.4 16.2 2244 5.0 2569.3 134.4 6.4 0.8 195.4 114.2 0.0
VI 40-60 252.6 37.9 250.1 7.4 2471.3 96.7 6.7 0.1 1747 72.3 0.0
80-100 258.5 37.9 227.6 11.7 2566.0 218.2 6.7 0.1 216.1 123.8 0.0
0-20 977.0 7366.0 66,593.0 10,676.0 0.0 522.8 16.9 301.5 13.7 3590.3 303.0 5.1 0.1 240.3 43.1 73.9 86.4
VII 40-60 961.0 7822.0 6,5800.0 10,510.0 0.0 440.5 57.3 294.7 8.2 3480.3 121.8 5.0 0.1 275.2 40.3 184.1 99.2

80-100 974.0 8112.0 67,020.0 10,661.0 0.0 448.4 70.0 288.2 12.5 3320.3 93.5 49 0.1 238.0 9.0 107.7 16.9
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Table A4. Post hoc tests of (A) sediment samples’ sand content (column experiment). (B) AL-P
content of the core samples taken from different sampling sites. (C) AL-P content of the undisturbed
samples at the beginning of the column experiment and (D) AL-P, AL-K, TN, and TOC content of the
disturbed and undisturbed samples.

Tamhane’s Test

Statistical Analysis Sarg.leing Significance Sample Types *
ite o
. Levene’s Univariate . .
Properties Test Anova Core Dist. 1. Dist. 2.
Column experiment 1. **
(at the beginning) A VI sand 0.001 0.001
Column experiment 2. **
(at the end) sand 0.001 0.001
Core samples B I-VII AL-P 0.083 0.001
. x AL-P,
Cot‘;ﬁrﬁ:’geiﬁg‘t;' C VI ALKTN, 0001 0.001
g TOC
I 0.006 0.095 a a a
I 0.309 0.651 a a a
111 0.026 0.270 a ab b
v ALP 0.056 0.029 a b b
\% 0.306 0.001 a b b
VI 0.003 0.129 a a a
Vil 0.229 0.037 a a a
I 0.001 0.001 b a a
I 0.001 0.001 b a a
111 0.233 0.001 b ab a
Comparison of the chemical v AL-K 0.007 0.896 a a
properties of the disturbed D \% 0.002 0.008 b a
(column experiment) and VI 0.126 0.001 b a
undisturbed (core) samples VIl 0.042 0.001 b a a
I 0.002 0.398 b a a
I 0.001 0.035 b a a
11 0.004 0.320 b a a
v TN 0.010 0.001 b a a
\% 0.001 0.006 b a a
VI 0.051 0.571 a a a
VII 0.168 1.00 a a a
v 0.008 0.557 a a a
\% 0.001 0.037 a a a
VI TocC 0.001 0.092 a a a
Vil 0.295 0.993 a a a

Note: * Sample-type meaning: Core: core samples; Dist.1.: disturbed samples at the beginning of the column
experiment; Dist.2.: disturbed samples at the end of the experiment; ** results of Tukey tests are shown in detail
in the text (Figures 4 and 5). Post hoc tests (Tukey or Tamhane) were used depending on the results of Levene’s
test—SPSS/univariate /homogeneity test. The small letters (a—b) indicate samples with significantly different means
of the investigated chemical properties based on the results of the post hoc test (in descending order of abc).

References

1. Tatrai, I.; Matyas, K.; Korponai, J.; Paulovits, G.; Pomogyi, P. The role of the Kis-Balaton Water Protection System in the control of
water quality of Lake Balaton. Ecol. Eng. 2000, 16, 73-78. [CrossRef]

2. Szilagyi, F.; Somlyédy, L.; Koncsos, L. Operation of the Kis-Balaton reservoir: Evaluation of nutrient removal rates. Hydrobiologia
1990, 191, 297-306. [CrossRef]

3. Herodek, S.; Istvanovics, V.; Jolankai, G.; Csath6, P.; Németh, T.; Varallyay, G. P-cycle in the Balaton catchment—A Hungarian
case study. In Phosphorus in the Global Environment; Tiessen, H., Ed.; John Wiley and Sons Ltd.: Chichester, UK, 1995; pp. 275-300.

4. Hatvani, L.G.; Clement, A.; Kovécs, ].; Kovécs Székely, I.; Korponai, J. Assessing water-quality data: The relationship between the
water quality amelioration of the Lake Balaton and the construction its mitigation wetland. J. Great Lakes Res. 2014, 40, 115-125.
[CrossRef]

5. Somlyédy, L. Eutrophication modeling, management and decision making: The Kis—-Balaton Case. Water Sci. Technol. 1998, 37,
165-176. [CrossRef]

6. Istvanovics, V.; Somly6dy, L. Changes in the cycling of phosphorus in the Upper Kis-Balaton Reservoir following external load
reduction. Freshwater Biol. 1999, 41, 147-165. [CrossRef]


https://doi.org/10.1016/S0925-8574(00)00091-4
https://doi.org/10.1007/BF00026065
https://doi.org/10.1016/j.jglr.2013.12.010
https://doi.org/10.2166/wst.1998.0199
https://doi.org/10.1046/j.1365-2427.1999.00388.x

Hydrology 2025, 12, 112 29 of 32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Honti, M.; Gao, C.; Istvdnovics, V.; Clement, A. Lessons learnt from the long-term management of a large (re)constructed wetland,
the Kis-Balaton protection system (Hungary). Water 2020, 12, 659. [CrossRef]

Sisdk, I.; Maté, F. A foszfor mozgésa a Balaton vizgyfijt&jén (Movement of phosphorus in the catchment area of Lake Balaton).
Agrokem Talajtan 1993, 42, 257-270. (In Hungarian)

Sisdk, I.; Pomogyi, P. A Zala tdpanyag terhelésének vizsgdlata (Investigation of the nutrient load of the River Zala). Viziigyi
Kozlemények 1994, LXXV1, 417-434. (In Hungarian)

Jeppesen, E.; Sendergaard, M.; Meerhoff, M.; Lauridsen, T.L.; Jensen, ].P. Shallow lake restoration by nutrient loading reduction—
Some recent findings and challenges ahead. Hydrobiologia 2007, 584, 239-252. [CrossRef]

Hatvani, I.G.; Kovdcs, J.; Mérkus, L.; Clement, A.; Hoffmann, R.; Korponai, J. Assessing the relationship of background factors
governing the water quality of an agricultural watershed with changes in catchment property (W-Hungary). J. Hydrol. 2015, 521,
460-469. [CrossRef]

Gelencsér, P; Szilagyi, F.; Somlyoédy, L.; Lijklema, L. A Study on the Influence of Sediment in the Phosphorus Cycle in Lake Balaton;
ITASA: Laxenburg, Austria, 1982.

Somlyédy, L.; van Traten, G. (Eds.) Modelling and Managing Shallow Lake Eutrophication; Springer: Laxenburg, Austria, 1986;
ISBN 3-540-16227-5.

Istvanovics, V.; Somly6dy, L. The role of sediments in P retention of the Kis-Balaton reservoir. Internat. Rev. Hydrobiol. 1998, 83,
225-234.

Istvanovics, V.; Osztoics, A.; Honti, M. Dynamics and ecological significance of daily internal load of phosphorus in shallow Lake
Balaton. Hungary. Freshwater Biol. 2004, 49, 232-252. [CrossRef]

de Vicente, I.; Cattaneo, K.; Cruz-Pizarro, L.; Brauer, A.; Guilizzoni, P. Sedimentary phosphate fractions related to calcite
precipitation in an eutrophic hardwater lake (Lake Alserio, northern Italy). J. Paleolimnol. 2006, 35, 55-64. [CrossRef]

Orihel, D.M.; Blauch, H.M.; Casson, N.J.; North, R.L.; Parsons, C.T.; Seckar, D.C.M.; Venkiteswaran, J.J. Internal phosphorus
loading in Canadian fresh waters: A critical review and data analysis. Can. J. Fish. Aquat. Sci. 2017, 74, 2005-2029. [CrossRef]
Wu, X.; Ma, T,; Du, Y,; Jiang, Q.; Shen, S.; Liu, W. Phosphorus cycling in freshwater lake sediments: Influence of seasonal water
level fluctuations. Sci. Total Environ. 2021, 792, 148383. [CrossRef]

Lv, Y.;; Zhang, M.; Yin, H. Phosphorus release from the sediment of a drinking water reservoir under the influence of seasonal
hypoxia. Sci. Total Environ. 2024, 917, 170490. [CrossRef]

Chen, N.; Peng, B.; Hong, H.; Turyaheebwa, N.; Cui, S.; Mo, X. Nutrient enrichment and N:P ratio decline in a coastal bay-river
system in southeast China: The need for dual nutrient (N and P) management strategy. Ocean Coast. Manage. 2013, 81, 7-13.
[CrossRef]

Horvéth, H.; Métyas, K; Stile, G.; Présing, M. Contribution of nitrogen fixation to external nitrogen load of water quality control
reservoir (Kis-Balaton Water Protection System, Hungary). Hydrobiologia 2013, 702, 255-265. [CrossRef]

Ding, S.; Chen, M.; Gong, M.; Fan, X.; Qin, B.; Xu, H.; Gao, S; Jin, Z.; Tsang, D.C.W.; Zhang, C. Internal phosphorus loading from
sediments causes seasonal nitrogen limitation for harmful algal blooms. Sci. Tot. Environ. 2018, 625, 872-884. [CrossRef]
Kovdcs, J.; Hatvani, I.G.; Korponali, J.; Székely Kovacs, I. Morlet wavelet and autocorrelation analysis of long-term data series of
the Kis-Balaton water protection system (KBWPS). Ecol. Eng. 2010, 36, 1469-1477. [CrossRef]

Kowalczewska-Madura, K.; Goldy, R. Internal loading of phosphorus from sediments of Swarzedzkie Lake (Western Poland).
Polish |. Environ. Stud. 2009, 18, 635-643. [CrossRef]

Coppens, J.; Ozen, A.; Tavsanoglu, UN,; Erdogan, S.; Levi, E.E.; Yozgatligil, C.; Jeppesen, E.; Beklioglu, M. Impact of alternating
wet and dry periods on long-term seasonal phosphorus and nitrogen budgets of two shallow Mediterranean lakes. Sci. Total
Environ. 2016, 563-564, 456-467. [CrossRef] [PubMed]

Chen, J.; Zhang, H.; Liu, L.; Zhang, J.; Cooper, M.; Mortimer, R.J.G.; Pan, G. Effects of elevated sulfate in eutrophic waters on the
internal phosphate release under oxic conditions across the sediment water interface. Sci. Total Environ. 2021, 790, 1480102021.
[CrossRef] [PubMed]

Kristensen, P.; Sendergaard, M.; Jeppesen, E. Resuspension in a shallow eutrophic lake. Hydrobiologia 1992, 228, 101-109.
[CrossRef]

Sendergaard, M.; Jensen, ].P; Jeppesen, E. Role of the sediment and internal loading of phosphorus in lakes. Hydrobiologia 2003,
506, 135-145. [CrossRef]

Forster, W.; Scholten, J.C.; Schubert, M.; Knoeller, K.; Classen, N.; Lechelt, M.; Richard, J.-H.; Rochweder, U.; Zunker, I.; Wanner,
S.C. Phosphorus supply to a eutrophic artificial lake: Sedimentary versus groundwater sources. Water 2021, 13, 563. [CrossRef]
Andrieux-Loyer, F.; Aminot, A. Assessing exchangeable phosphate and related data in coastal sediments: Theoretical and practical
considerations. Estuar. Coast. Shelf Sci. 2023, 281, 108218. [CrossRef]

Jensen, H.S.; Andersen, F.O. Importance of temperature, nitrate, and pH for phosphate release from aerobic sediments of four
shallow, eutrophic lakes. Limnol. Oceanogr. 1992, 37, 577-589. [CrossRef]


https://doi.org/10.3390/w12030659
https://doi.org/10.1007/s10750-007-0596-7
https://doi.org/10.1016/j.jhydrol.2014.11.078
https://doi.org/10.1111/j.1365-2427.2004.01180.x
https://doi.org/10.1007/s10933-005-6786-2
https://doi.org/10.1139/cjfas-2016-0500
https://doi.org/10.1016/j.scitotenv.2021.148383
https://doi.org/10.1016/j.scitotenv.2024.170490
https://doi.org/10.1016/j.ocecoaman.2012.07.013
https://doi.org/10.1007/s10750-012-1329-0
https://doi.org/10.1016/j.scitotenv.2017.12.348
https://doi.org/10.1016/j.ecoleng.2010.06.028
https://doi.org/10.1016/j.ecoleng.2012.02.004
https://doi.org/10.1016/j.scitotenv.2016.04.028
https://www.ncbi.nlm.nih.gov/pubmed/27151502
https://doi.org/10.1016/j.scitotenv.2021.148010
https://www.ncbi.nlm.nih.gov/pubmed/34111791
https://doi.org/10.1007/BF00006481
https://doi.org/10.1023/B:HYDR.0000008611.12704.dd
https://doi.org/10.3390/w13040563
https://doi.org/10.1016/j.ecss.2023.108218
https://doi.org/10.4319/lo.1992.37.3.0577

Hydrology 2025, 12, 112 30 of 32

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Istvanovics, V.; Herodek, S.; Szildgyi, F. Phosphate adsorption by different sediment fractions in Lake Balaton and its protecting
reservoirs. Water Res. 1989, 23, 1357-1366. [CrossRef]

Ozen, A.; Karapinar, B.; Kucuk, I; Jeppesen, E.; Beklioglu, M. Drought-induced changes in nutrient concentrations and retention
in two shallow Mediterranean lakes subjected to different degrees of management. Hydrobiologia 2010, 646, 61-72. [CrossRef]
Zhang, S.; Yi, Q.; Buyang, S.; Cui, H.; Zhang, S. Enrichment of bioavailable phosphorus in fine particles when sediment
resuspension hinders the ecological restoration of shallow eutrophic lakes. Sci. Total Environ. 2020, 710, 135672. [CrossRef]
[PubMed]

Sendergaard, M.; Jensen, ].P.; Jeppesen, E. Retention and internal loading of phosphorus in shallow, eutrophic lakes. Review. Sci.
World J. 2001, 1, 427-442. [CrossRef]

Toner, ].D.; Catling, D.C. A carbonate-rich lake solution to the problem of the origin of life. Proc. Natl. Acad. Sci. USA 2019, 117,
883-888. [CrossRef] [PubMed]

Andersen, FQ.; Jensen, H.S. Regeneration of inorganic phosphorus and nitrogen from decomposition of seston in a freshwater
sediment. Hydrobiologia 1992, 228, 71-81. [CrossRef]

Cooke, G.D.; Heath, R.T.; Kennedy, R.H.; McComas, M.R. Effects of Diversion and Alum Application on Two Eutrophic Lakes; Ecological
Research Series; Environmental Research Laboratory. U.S. Environmental Protection Agency: Corvallis, OR, USA, 1978.

Balézs, L.; Istvanovics, V. P removal by reed harvest in the Kis-Balaton reservoir—dream or reality? Int. Rev. Hydrobiol. 1998, 83,
635-638.

McAuliffe, T.F.; Lukatelich, R.J.; McComb, A.J.; Qiu, S. Nitrate applications to control phosphorus release from sediments of a
shallow eutrophic estuary: An experimental evaluation. Mar. Freshwater Res. 1998, 49, 463-473. [CrossRef]

Sendergaard, M.; Jeppesen, E.; Jensen, J.P. Hypolimnetic nitrate treatment to reduce internal phosphorus loading in a stratified
lake. Lakes Reserv. Manage. 2000, 16, 195-204. [CrossRef]

Murphy, T.P,; Hall, K.G.; Northcote, T.G. Lime treatment of a hardwater lake to reduce eutrophication. Lake Reserv. Manage. 1988,
4,51-62. [CrossRef]

Voros, L.; Téth, G.I.; Latranyi-Lovasz, Z.; Somogyi, B. A Balaton szalinitdsdnak hosszatava véltozasa (1891-2022) (Long term
changes of salinity in Lake Balaton (1891-2022). Hidrologiai Kozlony. 2024, 104, 48-60. [CrossRef]

Bormans, M.; Marsélek, B.; Jan¢ula, D. Controlling internal phosphorus loading in lakes by physical methods to reduce
cyanobacterial blooms: A review. Aquatic Ecology. 2015, 50, 407-422. [CrossRef]

Jeppesen, E.; Jensen, ].P.; Kristensen, P.; Sendergaard, M.; Mortensen, E.; Sortkjeer, O.; Olrik, K. Fish manipulation as a lake
restoration tool in shallow, eutrophic, temperate lakes 2: Threshold levels, long-term stability and conclusions. Hydrobiologia 1990,
200, 219-227. [CrossRef]

Sendergaard, M.; Lauridsen, T.L.; Johansson, L.S.; Jeppessen, E. Repeated fish removal to restore Lakes: Case study of Lake Vaeng,
Denmark—Two biomanipulations during 30 years of monitoring. Water 2017, 9, 43. [CrossRef]

Dushyantha, N.; Ratnayake, N.; Panagoda, H.; Jayawardena, C.; Ratnayake, A.S. Phosphate mineral accumulation in lake
sediment to form a secondary phosphate source: A case study in lake sediment around Eppawala Phosphate Deposit (EPD) in Sri
Lanka. Int. J. Sed. Res. 2021, 36, 532-541. [CrossRef]

Miété, F. A Balaton Meder Recens Uledékeinek Térképezése (Mapping of Modern Lake Balaton Bottom Sediments); Annual report of 1985;
Hungarian Geological Institute: Budapest, Hungary, 1987; pp. 367-379. (In Hungarian)

Istvanovics, V. Fractional composition, adsorption and release of sediment phosphorus in the Kis-Balaton reservoir. Water Res.
1994, 28, 717-726. [CrossRef]

Istvanovics, V.; Kovécs, A.; Voros, L.; Herodek, S.; Pomogyi, P. Phosphorus cycling in a large, reconstructed wetland, the lower
Kis-Balaton Reservoir (Hungary). Verh. int. Ver. Limnol. 1997, 26, 323-329. [CrossRef]

Sendergaard, M.; Jensen, ].P; Jeppesen, E. Seasonal response of nutrients to reduced phosphorus loading in 12 Danish lakes.
Freshwater Biology 2005, 50, 1605-1615. [CrossRef]

Maté, F. Kis-Balaton Vizvédelmi Rendszer Talajviszonyai (Soils of the Kis-Balaton Water Protection System); Hungarian Academy of
Sciences, Research Institute of Soil Science and Agrochemistry: Budapest, Hungary, 1985. (In Hungarian)

Koséri-Tarnik, E. Sediment Removal Design in the Kis-Balaton Reservoir. Bachelor’s Thesis, Budapest University of Technology
and Economics, Budapest, Hungary, 2019. (In Hungarian).

Labancz, V.; Hernddi, H.; Barna, G.; Bakacsi, Z.; Szegi, T.; Kocsis, M.; Maké, A. The effect of different water types commonly
applied during laser diffraction measurement on the particle size distribution of soils. Hun. Geo. Bull. 2024, 73, 355-377.
[CrossRef]

Maké, A.; Szabé, B.; Rajkai, K.; Szabd, J.; Bakacsi, Z.; Labancz, V.; Hernadi, H.; Barna, G. Evaluation of soil texture determination
using soil fraction data resulting from laser diffraction method. Int. Agrophys. 2019, 33, 445-454. [CrossRef]

MSZ EN ISO 6878:2024; Water Quality—Determination of Phosphorus—Ammonium Molybdate Spectrometric Method (ISO
6878:2004 English Version). Hungarian Standards Institution: Budapest, Hungary, 2024.


https://doi.org/10.1016/0043-1354(89)90074-2
https://doi.org/10.1007/s10750-010-0179-x
https://doi.org/10.1016/j.scitotenv.2019.135672
https://www.ncbi.nlm.nih.gov/pubmed/31785921
https://doi.org/10.1100/tsw.2001.72
https://doi.org/10.1073/pnas.1916109117
https://www.ncbi.nlm.nih.gov/pubmed/31888981
https://doi.org/10.1007/BF00006478
https://doi.org/10.1071/MF97116
https://doi.org/10.1080/07438140009353963
https://doi.org/10.1080/07438148809354813
https://doi.org/10.59258/hk.16462
https://doi.org/10.1007/s10452-015-9564-x
https://doi.org/10.1007/BF02530341
https://doi.org/10.3390/w9010043
https://doi.org/10.1016/j.ijsrc.2020.12.001
https://doi.org/10.1016/0043-1354(94)90152-X
https://doi.org/10.1080/03680770.1995.11900727
https://doi.org/10.1111/j.1365-2427.2005.01412.x
https://doi.org/10.15201/hungeobull.73.4.2
https://doi.org/10.31545/intagr/113347

Hydrology 2025, 12, 112 31 of 32

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

MSZ EN ISO 12260:2024; Water Quality—Determination of Nitrogen—Determination of Bound Nitrogen (TNb), Following
Oxidation to Nitrogen Oxides. Hungarian Standards Institution: Budapest, Hungary, 2024.

MSZ 448-10:1977; Water Quality—Determination of Sodium and Potassium Ion in Drinking Water by Flame Photometry.
Hungarian Standards Institution: Budapest, Hungary, 1977. (In Hungarian)

ISO 11277:2009(E2); Soil Quality—Determination of Particle Size Distribution in Mineral Soil Material—Method by Sieving and
Sedimentation. International Organization for Standardization: Geneva, Switzerland, 2009.

ISO 11274:2019; Soil Quality—Determination of the Water-Retention Characteristic—Laboratory Methods. International Organi-
zation for Standardization: Geneva, Switzerland, 2019.

MSZ-08-0206-2:1978; Evaluation of Some Chemical Properties of the Soil. Laboratory Tests. Hungarian Standards Institution:
Budapest, Hungary, 1978. (In Hungarian)

MSZ 20135:1999; Determination of the Soluble Nutrient Element Content of the Soil. Hungarian Standards Institution: Budapest,
Hungary, 1999. (In Hungarian)

MSZ 21470-50:1998; Environment Protection. Testing of Soils. Determination of Total and Soluble Toxic Element, Heavy Metal
and Chromium(VI) Content. Hungarian Standards Institution: Budapest, Hungary, 1998; (In Hungarian with English Summary).
Anschutz, P; Deborde, J. Spectrophotometric determination of phosphate in matrices from sequential leaching of sediments.
Limnol. Oceanogr. Meth. 2016, 14, 245-256. [CrossRef]

Di Gléria, J.; Klimes-Szmik, A.; Dvoracsek, M. Bodenphysik und Bodenkolloidik; Akadémiai Kiadé: Budapest, Hungary, 1962; p. 795.
Murphey, J.; Riley, ].P. A modified single solution method for the determination of phosphate in natural waters. Analytica Chimica
Acta. 1962, 27, 31-36. [CrossRef]

Rostési, A.; Récz, K.; Fodor, M.A.; Topa, B.; Molndr, Z.; Weiszburg, T.G.; Pésfai, M. Pathways of carbonate sediment accumulation
in a large, shallow lake. Front. Earth Sci. 2022, 10, 1067105. [CrossRef]

Istvanovics, V. Seasonal variation of phosphorus release from the sediment of shallow Lake Balaton (Hungary). Water Res. 1988,
22,1473-1482. [CrossRef]

Andrieux-Loyer, F.; Aminot, A. Phosphorus forms related to sediment grain size and geochemical characteristics in French coastal
areas. Estuar. Coast. Shelf Sci. 2001, 52, 617-629. [CrossRef]

Molnér, Z.; Pekker, P.; Dédony, I.; Pésfai, M. Clay minerals affect calcium (magnesium) carbonate precipitation and aging. Earth
Planet. Sc. Lett. 2021, 567, 116971. [CrossRef]

Molnaér, Z.; Dédony, L.; Pésfai, M. Transformation of amorphous calcium carbonate in the presence of magnesium, phosphate, and
mineral surfaces. Geochim. Cosmochim. Acta 2023, 345, 90-101. [CrossRef]

Debreczeni, B. Kis Agrokémiai Utmutaté (Agrochemical Guide); Mezbgazdasagi Kiad6: Budapest, Hungary, 1979. (In Hungarian)
Debreczeni, B.; Németh, T. (Eds.) Az Orszdgos Miitrdgydzdsi Tartamkisérletek (OMTK) Kutatdsi Eredményei (1967-2001). (Research
Results of the National Fertilization Experiments (1967-2001)); Akadémia Kiadé: Budapest, Hungary, 2009. (In Hungarian)

Deng, P; Yi, Q.; Zhang, J.; Wang, C.; Chen, Y.; Zhang, T.; Shi, W. Phosphorus partitioning in sediments by particle size distribution
in shallow lakes: From its mechanisms and patterns to its ecological implications. Sci. Tot. Environ. 2022, 814, 152753. [CrossRef]
Pettersson, K.; Istvanovics, V. Sediment phosphorus in Lake Balaton—Forms and mobility. Arch. Hydrobiol. Beih. Ergebn. Limnol.
1988, 30, 25-41.

Fraters, D.; Boom, G.J.LEL.; Boumans, L.J.M.; de Weerd, H.; Wolters, M. Extraction of soil solution by drainage centrifugation-
effects of centrifugal force and time of centrifugation on soil moisture recovery and solute concentration in soil moisture of loss
subsoils. Environ. Monit. Assess. 2017, 189, 83. [CrossRef]

Tyler, G. Effects of sample pretreatment and sequential fractionation by centrifuge drainage on concentration of minerals in a
calcareous soil solution. Geoderma 2000, 94, 59-70. [CrossRef]

Istvanovics, V.; Somlyédy, L.; Clement, A. Cyanobacteria-mediated internal eutrophication in shallow Lake Balaton after load
reduction. Water Res. 2002, 36, 3314-3322. [CrossRef]

Jensen, H.S.; Kristensen, P.,; Jeppesen, E.; Skytthe, A. Iron:phosphorus ratio in surface sediment as an indicator of phosphate
release from aerobic sediments in shallow lakes. Hydrobiologia 1992, 235, 731-743. [CrossRef]

Vink, S.; Chambers, R.M.; Smith, S.V. Distribution of phosphorus in sediments from Tomales Bay, California. Mar. Geol. 1997, 139,
157-179. [CrossRef]

Liu, L.; Tang, W.; Huang, J.; Teasdale, PR.; Shu, L.; Zhang, H. In situ, high-resolution measurement of labile phosphate in sediment
porewater using the DET technique coupled with optimized imaging densitometry. Environ. Res. 2020, 191, 110107. [CrossRef]
Sendergaard, M.; Windolf, J.; Jeppesen, E. Phosphorus fractions and profiles in the sediment of shallow Danish lakes as related to
phosphorus load, sediment composition and lake chemistry. Water Res. 1996, 30, 992-1002. [CrossRef]

Sendergaard, M. Seasonal variation in the loosely sorbed phosphorus fraction of the sediment of shallow and hypereutrophic
lake. Envir. Geol. Water Sci. 1988, 11, 115-121. [CrossRef]

Wang, S.; Jin, X.; Bu, Q.; Zhou, X.; Wu, F. Effects of particle size, organic matter and ionic strength on the phosphate sorption in
different trophic lake sediment. J. Hazard. Mater. 2006, 128, 95-105. [CrossRef] [PubMed]


https://doi.org/10.1002/lom3.10085
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.3389/feart.2022.1067105
https://doi.org/10.1016/0043-1354(88)90158-3
https://doi.org/10.1006/ecss.2001.0766
https://doi.org/10.1016/j.epsl.2021.116971
https://doi.org/10.1016/j.gca.2023.01.028
https://doi.org/10.1016/j.scitotenv.2021.152753
https://doi.org/10.1007/s10661-017-5788-7
https://doi.org/10.1016/S0016-7061(99)00080-4
https://doi.org/10.1016/S0043-1354(02)00036-2
https://doi.org/10.1007/BF00026261
https://doi.org/10.1016/S0025-3227(96)00109-0
https://doi.org/10.1016/j.envres.2020.110107
https://doi.org/10.1016/0043-1354(95)00251-0
https://doi.org/10.1007/BF02587770
https://doi.org/10.1016/j.jhazmat.2005.07.048
https://www.ncbi.nlm.nih.gov/pubmed/16181733

Hydrology 2025, 12, 112 32 of 32

85.

86.
87.

88.

89.

90.

91.

92.

93.
94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Wu, X,; Jiang, Q.; Ma, T. Geochemical processes of phosphorus-iron on sediment-water interface during discharge of groundwater
to freshwater lakes: Kinetic and mechanistic insights. Sci. Tot. Environ. 2023, 901, 165962. [CrossRef] [PubMed]

Fileky, G. Tdpanyaggazddlkodds (Nutrient Management); Mez6gazdasagi Kiad6: Budapest, Hungary, 1999. (In Hungarian)

Li, J.; Zuo, Q. Forms of nitrogen and phosphorus in suspended solids: A case study of Lihu Lake, China. Sustainability 2020, 12,
5026. [CrossRef]

Olah, J. Structural and functional quantification in a series of Hungarian hypertrophic shallow lakes. In Hypertrophic Ecosystems.
Developments in Hydrobiology; Barica, J., Mur, L.R., Eds.; Springer: Dordrecht, Switzerland, 1980; Volume 2, pp. 191-202. [CrossRef]
Sasaki, K.; Noriki, S.; Tsunogai, S. Vertical distribution of interstitial phosphate and fluoride in anoxic sediment: Insight into the
formation of an authigenic fluoro-phosphorus compound. Geochem. J. 2001, 35, 295-306. [CrossRef]

Li, X;; Guo, M.; Duan, X.; Zhao, J.; Hua, Y.; Zhou, Y.; Liu, G.; Dionysiou, D.D. Distribution of organic phosphorus species in
sediment profiles of shallow lakes and its effect on photo-release of phosphate during sediment. Environ. Int. 2019, 130, 104916.
[CrossRef]

Herodek, S.; Istvdnovics, V. Mobility of phosphorus fractions in the sediments of Lake Balaton. Hydrobiologia 1986, 135, 149-154.
[CrossRef]

Hieltjes, A.H.M.; Lijklema, L. Fractionation of inorganic phosphates in calcareous sediments. J. Environ. Qual. 1980, 9, 405-407.
[CrossRef]

Boers, P.C.M. The influence of pH on phosphate release from lake sediments. Water Res. 1991, 25, 309-311. [CrossRef]

Gerke, J. Humic (organic matter)-Al(Fe)-phosphate complexes: An underestimated phosphate form in soils and source of
plant-available phosphate. Soil Sci. 2010, 175, 417-425. [CrossRef]

Turner, B.L.; Frossard, E.; Baldwin, D.S. (Eds.) Organic Phosphorus in the Environment; CABI Publishing: Wallingford, UK, 2005.
Li, Z,; Tang, H.; Xiao, Y.; Zhao, H.; Li, Q.; Ji, F. Factors influencing phosphorus adsorption onto sediment in a dynamic environment.
J. Hydro-Environ. Res. 2016, 10, 1-11. [CrossRef]

Meng, J.; Yao, Q.; Yu, Z. Particulate phosphorus speciation and phosphate adsorption characteristics associated with sediment
grain size. Ecol. Eng. 2014, 70, 140-145. [CrossRef]

Bridghem, S.C.; Johnston, C.A.; Schubauer-Berigan, J.P.; Weishamples, P. Phosphorus sorption dynamics in soils and coupling
with surface and pore water in riverine wetlands. Soil Sci. Am. J. 2001, 65, 577-588. [CrossRef]

Wen, S.; Lu, Y.; Luo, C.; An, S.; Dai, J.; Liu, Z.; Zhong, J.; Du, Y. Adsorption of humic acids to lake sediments: Compositional
fractionation inhibitory effect of phosphate, and implications for lake eutrophication. |. Hazard. Mater. 2022, 433, 128791.
[CrossRef]

Sundman, A ; Karlsson, T.; Sjoberg, S.; Persson, P. Impact of iron-organic matter complexes on aqueous phosphate concentrations.
Chem. Geol. 2016, 426, 109-117. [CrossRef]

Murphy, T.P,; Hall, K.J.; Yesaki, I. Coprecipitation of phosphate with calcite in a naturally eutrophic lake. Limmnol. Oceanogr. 1983,
28,58-69. [CrossRef]

Gichter, R.; Meyer, ].S.; Mares, A. Contribution of bacteria to release and fixation of phosphorus in lake sediments. Limmnol.
Oceanogr. 1988, 33, 1542-1558. [CrossRef]

Totsche, K.U.; Amelung, W.; Gerzabek, M.H.; Guggenberger, G.; Klumpp, E.; Knief, C.; Lehndorff, E.; Mikkuta, R.; Peth, S.;
Prechtel, A.; et al. Microaggregates in soils. J. Plant Nutr. Soil Sci. 2018, 181, 104-136. [CrossRef]

Petticrew, E.L.; Arocena, ].M. Evaluation of iron-phosphate as a source on internal lake phosphorus loadings. Sci. Total Environ.
2001, 266, 87-93. [CrossRef] [PubMed]

Xie, L.; Xie, P; Li, S.; Tang, H.; Liu, H. The low TN:TP ratio, a cause or a result of Microcystis blooms? Water Res. 2003, 37,
2073-2080. [CrossRef]

Li, H,; Song, C.; Yang, L.; Qin, H.; Cao, X.; Zhou, Y. Phosphorus supply pathways and mechanisms in shallow lakes with different
regime. Water Res. 2021, 193, 116886. [CrossRef] [PubMed]

Csermaék, K.; Maté, F. A Balaton Talaja (Soil of Lake Balaton); Pannon University, Georgicon Faculty of Agriculture: Keszthely,
Hungary, 2004; ISBN 9639495441. (In Hungarian)

Kocsis, M.; Pasztor, L.; Mako, A.; Kassai, P.; Csermak, K.; Csermak, A.; Aradvari-Toéth, E.; Szatmari, G. Geospatial data on the
sediments of Lake Balaton. Sci. Data 2024, 11, 91. [CrossRef]

Szatmari, G.; Kocsis, M.; Mako, A.; Pasztor, L.; Bakacsi, Z. Joint spatial modelling of nutrients and their ratio in the sediments of
Lake Balaton (Hungary): A multivariate geostatistical approach. Water 2022, 14, 361. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.scitotenv.2023.165962
https://www.ncbi.nlm.nih.gov/pubmed/37543329
https://doi.org/10.3390/su12125026
https://doi.org/10.1007/978-94-009-9203-0_21
https://doi.org/10.2343/geochemj.35.295
https://doi.org/10.1016/j.envint.2019.104916
https://doi.org/10.1007/BF00006466
https://doi.org/10.2134/jeq1980.00472425000900030015x
https://doi.org/10.1016/0043-1354(91)90010-N
https://doi.org/10.1097/SS.0b013e3181f1b4dd
https://doi.org/10.1016/j.jher.2015.06.002
https://doi.org/10.1016/j.ecoleng.2014.05.007
https://doi.org/10.2136/sssaj2001.652577x
https://doi.org/10.1016/j.jhazmat.2022.128791
https://doi.org/10.1016/j.chemgeo.2016.02.008
https://doi.org/10.4319/lo.1983.28.1.0058
https://doi.org/10.4319/lo.1988.33.6_part_2.1542
https://doi.org/10.1002/jpln.201600451
https://doi.org/10.1016/S0048-9697(00)00756-7
https://www.ncbi.nlm.nih.gov/pubmed/11258838
https://doi.org/10.1016/S0043-1354(02)00532-8
https://doi.org/10.1016/j.watres.2021.116886
https://www.ncbi.nlm.nih.gov/pubmed/33581400
https://doi.org/10.1038/s41597-024-02936-7
https://doi.org/10.3390/w14030361

	Introduction 
	Materials and Methods 
	Site Description 
	Sampling and Experiments 
	Determination of the Physical and Chemical Parameters of Sediments and Leachates 
	Statistical Analysis and Calculation 
	Comparison of Column Experiment Leachate, Experimental Drying, and Relevant Monitoring Points of Water Quality Data 

	Results 
	Physical Properties of the Sediment (Disturbed Samples of I–VII Sampling Sites) 
	Chemical Properties of the Sediment 
	Core Samples 
	Comparison of Some Chemical Characteristics of Disturbed and Core Samples 
	Column Experiment 

	Evaluation of the Nutrient Loss in the Columns and Settling Pits 
	Relationships Between P Fractions, Loss, and Sediment Properties 

	Discussion 
	Physical Properties of the Sediment 
	Basic Chemical Properties of the Sediments 
	Amount of Nutrients in the Sediments 
	Phosphorus Fractions in the Sediment 
	Evaluation of the Nutrient Loss 
	Relationships Between P Loss and Sediment Properties 

	Conclusions 
	Appendix A
	References

