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WPLYW WIELOLETNIEGO SZTUCZNEGO NAPOWIETRZANIA JEZIORA
METODA DESTRATYFIKACYJNA NA WYMIANE FOSFORU
POMIEDZY OSADAMI A WODA

Badania prowadzono na matym (26,8 ha), lecz dos¢ gigbokim (17,3 m) Jeziorze Dhugim w Olsztynie.
Przez ponad 20 lat jezioro bylo odbiornikiem $cickéw, co doprowadzito do jego catkowitej degradacji.
W latach 1987-2000 zbiornik byt rekultywowany metoda sztucznego napowictrzania z destratyfikacja.
Uzyskane wyniki badan pokazaly, ze sztuczne napowietrzanice skutecznic ogranicza zasilanic wewngtrzne.
Zastosowanic tcj metody rekultywacyjnej poskutkowato obnizeniem stgzen zwiazkow fosforu w badanych
warstwach wod. Obnizenie zawartosci fosforu ogolnego w osadach dennych (do poziomu 3-4 mg P g' s.m.)
byto prawdopodobnic zwigzanc z odtozeniem si¢ nowej warstwy osadoéw, odzwicerciedlajacej zmienione przez
rckultywacj¢ warunki srodowiskowe w jeziorze. Badania przeprowadzone w latach kontrolnych pokazatly, ze
zanotowane zmiany nic mialty charakteru trwatego. Wysokic zawartosci zwiazkow fosforu w osadach, niska
pojemnos¢ sorpeyjna i tendencje do wyczerpywania tlenu w warstwach przydennych oznaczaja, ze mozliwosci
dalszego obnizenia ilosci zwiazkow fosforu w jeziorze za pomocy tej metody sa ograniczone.

Summary

The rescarch was conducted in a relatively small (26.8 ha) but quite deep (17.3 m) Lake Dlugic in
Olsztyn, Poland. For over 20 ycars the lake was collecting scwage which cventually caused its complete
degradation. In 1987-2000 the lake was restored using the artificial acration mcthod with destratification
of water. The results showed that the artificial acration effectively limited the internal loading. Application
of this restoration method resulted in reduction of phosphorus compounds concentrations in the analyzed
water strata. The decrease of TP in bottom sediments (to the level of 3-4 mg P g' DW) was probably
associated with the fact that a new layer of sediments was created, reflecting a change in the aquatic
conditions caused by the restoration. The investigations conducted in the reference years showed that the
changes were not permanent. A high concentration of phosphorus compounds in bottom sediments, low
sorptive capacity and a tendency to oxygen deficiency, indicate that further possibility to decrease the amount
of phosphorus compounds in the lake by this restoration method is limited.
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INTRODUCTION

Phosphorus is commonly regarded as the main factor determining water quality in
lakes [35, 42, 44]. Most phosphorus is accumulated in bottom sediments. As Kajak reports
[28], an only 10-cm top layer of the sediments contains 90-95% of phosphorus occurring in
the whole ecosystem. Bottom sediments comprise not only a phosphorus store but in the
permitting condition also an important source of this element for the primary producers.
Although only a minor fraction of phosphorus found in the dissolved form in interstitial
waters is released from bottom sediments [26, 37], it is regarded as the most frequent reason
for delayed rejuvenation of a lake after reduction of the external loading [2, 35].

Regarding phosphorus compounds’ release and inhibition in bottom sediments, their
chemical composition is very important, especially the content of calcium, iron, aluminium
and silica, silt minerals and organic matter [18, 19,21, 39, 41, 45]. In natural conditions iron is
an element that determines sorptive properties of bottom sediments. However, phosphorus
bound to iron oxides or hydroxides is sensitive to changes in redox and pH conditions [3, 19,
33, 42]. It is also, in addition to loosely bound phosphorus, the most mobile fraction of
sediment phosphorus [3, 14, 15, 29]. Its upkeep in sediments in the form of insoluble
compounds, and thus limitation of its release to water, can be achieved by improved
oxygenation of the near-bottom waters. Therefore, the most frequently used restoration
method in lakes is artificial aeration [6, 7, 14, 30, 34, 47].

An example of lake restored for many years by artificial aeration method with
destratification is the heavily degraded Lake Diugie in Olsztyn. Considerable improvement
of the aquatic conditions observed by Gawronska and Lossow [11] and Grochowska and
Gawronska [20] confirmed that the applied method was effective in improving the trophic
state in the lake. In the opinion of the aforementioned authors, it resulted from the internal
loading reduction. Yet, an explanation is required for the decrease of phosphorus reduction
rate in the water, observed in the following years, and the role of sediments in this process.
This is the reason why the present investigations of the effect of the multi-year artificial
aeration on phosphorus compounds’ exchange across the sediment-water interface were
carried out.

DESCRIPTION OF THESTUDY OBJECT

Lake Dtlugie is situated in the western Olsztyn. It is a small (26.8 ha surface area) yet
deep (17.3 m), elongated (A = 6.95) reservoir, with a high penetration in the bed (Wg =0.3)
[24]. Lake Dlugie can be divided into three distinctive parts, differing by surface area,
maximum depth and bottom profile (Fig. 1), and as a consequence, by the dynamics of water
body and aquatic conditions [8, 36].

Lake Dtlugie, as to its hydrology, is a closed reservoir, with no natural surface inflows
and outflows. It is fed by surface run-off and underground waters. The lake also receives the
storm waters from the nearby housing estate, and for over 20 years was collecting the
untreated domestic waste water. Although in 1976 the input of the sanitary sewage was
totally cut off, the lake remained heavily degraded and that is the reason why in 1987 its
restoration was initiated, using the artificial aeration method.
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Fig. 1. Distribution of the bottom secdiment examination stations in Lake Dtugie
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MATERIALAND METHODS

The restoration of Lake Dlugie by artificial aeration with destratification was conducted
in 1987-2000, in two phases:

— phase I (July 1987 — April 1990) — using air-compressor of 150 m*h capacity and

three ,,minifloks” aerators, located in the middle basin of the lake;

— phase II (August 1991 — November 2000) — using two air-compressors of 80 m*h
capacity, operating in alternate mode, and two ,,minifloks” aerators, one situated in
the middle basin and the other in the northern bay.

In order to determine the effectiveness of the restoration, in 1996 and 1999 aeration

was terminated and the years were regarded as a reference.

The research on the multi-year aeration influence on the content and exchange of
phosphorus compounds between sediments and water was conducted in annual cycles,
throughout the restoration period. Samples of the near-bottom waters and the sediments
were taken 8-9 times a year.

The samples of the near-bottom waters and the bottom sediments were taken with a
Kajak’s sampling tube on three stations (Fig. 1) located over the deepest spots in the
distinguished lake basins:

— station | — in the non-aerated southern bay

— station 2 — in the middle basin, aerated since July 1987

— station 3 — in the northern bay, aerated since August 1991.

The near-bottom waters were obtained by decanting a 10-cm layer of water above the
sediments. Non-disturbed, 10-cm thick cores of the bottom sediments were divided into two
layers (05 c¢cm and 5-10 cm). In order to separate the interstitial waters, samples of the
sediments were centrifuged at 3,000 rpm for 20 min. The near-bottom and interstitial waters,
after filtering through a paper filter, were subjected to chemical analyses. Determined were:

— phosphates (soluble reactive phosphorus — SRP) — by colorimetry with ammonium
molybdate and tin(II) chloride as reducer (650 nm),

— total phosphorus (TP) — after mineralization with sulphuric acid and nitric acid, by
colorimetry with ammonium molybdate and tin(I) chloride as reducer (650 nm),

— organic phosphorus (org. P) — computed as a difference between total phosphorus
and phosphates,

— total iron — by colorimetry with 1.10-phenanthroline (512 nm).

The analyses were conducted according to the methods of Hermanowicz et al. [22].
Bottom sediments, after centrifugation of interstitial waters, were dried at room temperature
and grinded into powder in a porcelain mortar. Amount of total phosphorus and the mineral
fraction in the sediments were determined in accordance to the methods of Golachowska
[16—18]. The content of organic matter, iron, aluminium and calcium in the sediments was
determined by the methods of Januszkiewicz [25].

RESULTS

The restoration of Lake Diugie by the method of artificial aeration has brought a
considerable improvement in the aquatic conditions, displayed particularly in the near-
bottom water layers.
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Before the restoration, the limited dynamics of the water body in the deepest part of
the lake was responsible for low and practically constant temperature of water near the
bottom (4-6°C) (Fig. 2) which was additionally oxygen-deficient throughout the year. The
artificial destratification eliminated thermal and chemical stratification in the lake. In effect,
water temperature near the bottom increased by approximately 15—-17°C and the oxygen
conditions improved considerably (Fig. 2). In phase II of the restoration, the oxygen content
in the near-bottom waters usually exceeded 5 mg O, dm” and only periodically in the middle
of summer, in the middle basin it decreased to trace amounts.

Change in the aquatic conditions near the bottom during the restoration had much
effect on phosphorus compounds content in the near-bottom waters, interstitial waters and
sediments. ’

Data in Fig. 3 show that the near-bottom waters in Lake Dlugie were characterized by
a high content of phosphorus compounds, varying throughout the research from
0.12mg P dm™to 7.02 mg P dm™.

Before the restoration (1987), the highest quantities of TP were detected in the near-
bottom waters, in the deepest middle basin (2.35 mg P dm™ on average) while the lowest
were measured in the northern bay (1.47 mg P dm” on average) (Tab. 1). The phosphates
dominated over the year (approx. 68% TP) whereas organic phosphorus prevailed only in
the summer.

Artificial aeration of the lake noticeably decreased the amount of phosphorus
compounds in the examined water layers (Fig. 3), yet the changes ran differently on the
individual stations. In phase I the decrease of TP was observed mainly in the middle basin
while in phase I in both aerated basins (st. 2 and 3). In the last years of the restoration, the
content of phosphorus compounds in the near-bottom waters of the examined basins was
practically not higher than 1 mg P dm?, with the average of 0.5 mg P dm?. The smallest
changes in total phosphorus amount were observed in the near-bottom waters of the non-
aerated southern bay; thus its average content was twice higher than in the experimental
basins (Fig. 3).

The decrease of phosphorus compounds amount observed in the near-bottom waters
of the two aerated basins was caused mainly by the reduction of the mineral form. The
concentration of phosphates, in comparison to the pre-restoration period, lowered by
approximately 86% on st. 2 and by 68% on st. 3, while on st. 1 it remained practically
unchanged.

The restoration of the lake resulted also in a reduction of organic phosphorus content
in the examined water layer. However, in this case, it regarded all basins, and the content of
organic phosphorus in the last year of the aeration comprised approximately 30% of the
amount measured before the restoration (from 0.25 mg P dm™ on st. 2 t0 0.34 mg P dm™ on
st. 1, on average).

In the reference years (no aeration), the amount of phosphorus compounds in the
near-bottom waters increased again, due to the growth of phosphate amount (Fig. 3). This
" increase of phosphates concentration was correlated with the advancing oxygen deficiency
in the near-bottom waters. Nonetheless, the total quantity of TP was much lower than
before the restoration (in 1996 by approx. 30% on st. 1 and 3 and by approx. 48% on st. 2)
and, decreased with the aeration progress (in 1999 by approx. 50% onst. 1 and 3 and by
approx. 60% on st. 2).

Much higher quantities of the phosphorus compounds were measured in the interstitial
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waters. During the research they varied between 0.55 mg P dm™ (05 cm layer) and 18.6 mg
P dm™ (5-10 cm layer); with phosphate as the dominant form (Fig. 4).

Before the start of the artificial aeration, the maximum amounts of TP in the interstitial
waters, like in the near-bottom waters, were detected in the deepest, middle basin (Tab. 1).

Also in these waters, the artificial destratification caused an obvious reduction of the
TP quantities as a result of the decrease of both examined forms i.e. phosphate and organic
P (Fig. 4). In phase I of the restoration, this reduction was detected only in the middle basin
and observed not until the second year of the aeration (1989) (Fig. 4); i.e., when the mean
amount of TP decreased by approximately 50%.

In phase II of the restoration, a decrease of phosphorus compounds quantities was
detected on all experimental stations (Tab. 1, Fig. 4). The maximum reduction was observed

Table 1. Mcan amounts of total phosphorus in ncar-bottom water, interstitial water and bottom
scdiment of Lake Diugic

Samples Station 1987 | 1988 | 1989 | 1996* | 1997 | 1998 | 1999* | 2000
Near-bottom 1 1.72 1.95 = 1.28 | 0.61 1.21 0.79 | 1.11
water 2 235 | 249 1.19 123 [ 033 | 0.56 | 093 | 048
(mg P dm™) 3 1.47 1.92 1.57 1.00 | 032 | 057 | 0.72 | 0.59

Sediment layer 0-5 cm
Station 1987 | 1988 | 1989 [1996* | 1997 | 1998 | 1999* | 2000

1 448 | 4.96 - 247 | 229 | 354 | 3.16 | 3.26

Interstitial 2 1128 | 1132 | 579 | 227 1.95 1.69 1.51 2.49

water 3 6.40 5.75 540 | 2.84 1.92 | 229 | 222 | 2.01
(mg P dm™) Sediment layer 5-10 cm

Station 1987 | 1988 | 1989 | 1996* [ 1997 | 1998 | 1999* | 2000

1 5.59 | 458 - 254 | 243 3.19 | 3.14 | 3.16

2 1221 | 1198 | 5.82 271 325 285 | 227 | 3.17

6.62 | 517 | 535 | 224 | 2,10 | 267 | 222 | 3.03
Sediment layer 0-5 cm
Station 1987 | 1988 | 1989 [1996* | 1997 | 1998 | 1999* | 2000

1 3.57 | 3.69 - 340 | 340 | 329 | 323 | 3.38

W

Bottom 2 4.65 4.99 432 4.14 | 3.88 | 3.60 | 3.74 | 3.86

sediment 3 3.99 3.28 3.47 3.50 | 3.22 324 | 3.10 | 2.92
(mg P g ' DW) Sediment layer 5-10 ¢cm

Station 1987 | 1988 | 1989 | 1996* | 1997 | 1998 |1999* | 2000

1 3.93 3.89 - 3.71 3.48 3.51 3.28 3.45

2 493 4.73 4.38 3.93 3.86 370 | 3.54 3.61

3 3.65 3.01 3.43 340 | 3.19 329 | 344 | 323

* — control ycars without acration
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in the longest aerated middle basin. Compared to the pre-restoration period, the mean TP
amount decreased by approximately 76% in the waters of 0—5 cm layer and by 49% in the 5—
10 cm layer. The smallest changes in TP quantity were measured in the non-aerated southern
bay, and the reduction resulted from a decrease of the organic phosphorus amount.

Termination of the aeration brought no major changes to TP concentration in the
interstitial waters. It remained on the level similar to the experimental years and in the case of
the aerated basins, the amount even decreased a little.

The use of the lake as a reservoir receiving sanitary sewage and storm and the high
degree of its pollution were reflected in the chemical composition of the bottom sediments:
high quantity of organic matter and nutritive compounds and average (aluminium) or even
low (iron, calcium) amount of the elements responsible for phosphorus inhibition in sediments
[4].

The quantities of TP in the bottom sediments of Lake Dtugie during the survey were
very high and varied in the range: 2.33 mg P g' DW —6.03 mg P g! DW (Fig. 5). The higher
amounts were usually detected in the deeper layers of the sediments. Phosphorus was
deposited in the sediments mainly in the mineral form (70-90% TP).

Before the restoration, the majority of total phosphorus occurred in the sediments of
the deepest middle basin (4.65 mg P g’ DW on average in 0—5 cm layer and 4.93 mg P g'' DW
in 5-10 cm layer) (Tab. 1).

The artificial aeration of the lake clearly modified the quantity of phosphorus
compounds in both examined sediment layers. In phase I of the aeration, the changes were
relatively small. Nonetheless, a downward trend in the content of total phosphorus in the
sediments of the middle basin was noted, with parallel significant oscillations in the northern
bay and practically invariable amount in the southern bay (Fig. 5). In phase II of the restoration,
a noticeable reduction of TP in the sediments was observed in both aerated basins, mainly
as a result of the mineral form reduction (Fig. 5). At the same time, in the sediments of the
non-aerated southern bay, despite considerable reduction of organic phosphorus, its total
amount slightly increased.

Mineral fraction of phosphorus marked in the sediments was mainly bound to calcium,
iron and aluminium. The per cent content of calcium-bound phosphorus was maximal: i.e.,
approximately 28% P min. on average in the sediments of the middle basin and the northern
bay and 47% in the southern bay. The content of iron-bound phosphorus varied from 9%
on st. 1 to 20% P min. on st. 2. The third fraction of phosphorus comprised the aluminium-
bound phosphorus; i.e., approximately 10% in the sediments of the southern bay and 12%
P min. in the sediments of the middle basin. The quantitatively smallest fraction of phosphorus
was the labile phosphorus, loosely bound to sediments (approx. 1 to 2% P min.) (Fig. 6).

Comparison of the research results of the experimental and the reference years indicates
that the artificial aeration caused changes mainly in the amount of iron-bound phosphorus
and to a smaller degree of loosely bound phosphorus. In the reference years, when the near-
bottom waters were oxygen-deficient in both experimental basins, contribution of the Fe-P
fraction was clearly smaller while the amount of phosphorus loosely adsorbed to sediments
increased (Fig. 6). Nonetheless, the direct relationship between iron amount in the sediments
and the quantity of iron-bound phosphorus was not found.
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