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ABSTRACT

Lake Alserio is located in the subalpine area of Northern Italy, in the Brianza region near Lake Como. In November 1999 an EU
funded project was started with the aim of devising and implementing interventions leading to the recovery of the lake and the sur-
rounding area, which is characterised by a high degree of biodiversity as regards species and natural habitats. Since the seventies,
Lake Alserio has been affected by eutrophication, which has resulted in high phosphorus (P) concentrations (annual average in
1999: 80-100 ug P I''). The EU project envisaged liming the lake with Ca(OH), to reduce P concentrations in the water. This paper
presents and discusses the results of chemical analyses performed on the lake and its tributaries in the first year of the study (No-
vember 1999-November 2000). The efficiency of liming with Ca(OH), to reduce P concentrations in laboratory and enclosure ex-
periments is also discussed. The present condition of Lake Alserio is between eutrophic and hypereutrophic. Anoxic conditions char-
acterise the hypolimnic waters for a prolonged period (May - October) during summer stratification, with a consequent high P re-
lease from the sediments (summer P concentrations in the deep water are close to 1 mg P I'). Inflowing waters are characterised by
high contents of ammonium and phosphorus, showing the importance of domestic sewage in the lake catchment; external load is still
too high to permit the water to reach mesotrophic condition, the ultimate goal of recovery. Results of the liming experiments suggest
that the treatment, if applied to Lake Alserio, could accelerate its recovery, although the specific procedures to be employed are still
to be defined. However, before these or any other remedial operations can be undertaken, the external P load must be reduced by
completing the diversion of sewage from the lake.
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1. INTRODUCTION

Lake Alserio (Fig. 1) is located in Brianza, the part
of the Northern Italian subalpine area enclosed between
the two arms of Lake Como. Five other lakes (Pusiano,
Annone-Oggiono, Segrino and Montorfano) with simi-
lar morphometric features and origins are found in the
same area. All have glacial origin and were formed in
the Quaternary period from the moraine deposits of the
great Valtellina Glacier. The main geographical and
morphometric characteristics of Lake Alserio, the object
of this study, are shown in table 1.

The Lake Alserio area, including the wetland around
the lake, is characterised by a high degree of biodiver-
sity as regards species and natural habitats, so that it has
been recognised as a "Site of European interest".

About 12,900 people live in the lake catchment,
which has an average population density of 755 inhab.
km? (Chiaudani & Premazzi 1992). As in the whole
Brianza area, there was a boom in industrial activity
during the sixties, with serious consequences for the
water quality. Little information is available on the
evolution of the trophic level of the lake. However, the
available data (Bonomi et al. 1967; Gerletti & Marchetti
1977; de Bernardi et al. 1985; Chiaudani & Premazzi
1992; Negri et al. 1995, 1996, 1997) (Fig. 2), leave no

doubts that Lake Alserio was already highly eutrophic at
the beginning of the seventies. Since then, the P content
of the lake water has decreased from about 180 pg P I
(mean values on the whole water column measured at
spring mixing) to 70-80 pug P 1" in recent years. This
was due both to the reduction of phosphorus in deter-
gents, from values above 6.5% in the seventies to values
below 1% in 1988 (Pagnotta & Passino 1992; Provini et
al. 1992), and to the construction of a pipe conveying
urban waste water and runoff to a treatment plant in the
nearby town of Merone, outside the lake watershed.

In spite of these measures, the present phosphorus
concentration in the lake is still too high: values on the
whole water column in autumn 1999, when this study
started, were 80-100 pg P 1", with the highest value of
about 900 pug P 1" in the hypolimnion during thermal
stratification, highlighting the importance of the internal
phosphorus load (Rogora et al. 2001). Moreover, this
deterioration process has involved the whole area, par-
ticularly the surrounding wetland, with a marked regres-
sion of the peat-bog area.

In November 1999 the EU funded a three-year proj-
ect to devise and implement measures for the recovery
of the environment in this area. The project aims are the
recovery of lake water quality, particularly of its origi-
nal mesotrophic conditions, as well as the conservation
and re-naturalization of the vegetal biocenosis in the
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Fig. 1. Location of Lake Alserio in Northern Italy (left); Lake Alserio watershed with the main tributaries (right). *: lake water

sampling point.

surrounding area. The project includes two interventions
to reduce the huge amount of phosphorus in the lake
water: liming with Ca(OH),, following laboratory and
enclosure experiments to test the efficiency of the proc-
ess, and the withdrawal of hypolimnetic water during
thermal stratification.

Tab. 1. Main geographical and morphometric characteris-
tics of Lake Alserio and its watershed.

Latitude N 45°47
Longitude E Greenwich 9°13'
Mean lake altitude ma.s.l. 260
Lake area km? 1.23
Watershed area (lake included) km? 18.3
Watershed area/lake area 14.9
Shore line km 5.02
Max depth m 8.1
Mean depth m 53
Volume m’ 10° 6.55
Outflow discharge (1982-91) m’ s’ 0.54
Theoretical renewal time years 0.33

This paper presents and discusses the results of
chemical analyses performed on the lake and its tribu-
taries in the first year of the study; it focused on quanti-
fying the P load entering the lake from the watershed, in
relation with the lake's current trophic state. The effi-
ciency of liming with Ca(OH), in reducing P concentra-
tions in laboratory and enclosure treatments is also dis-
cussed, as is the question of whether it is necessary or
advisable to lime the whole lake.
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Fig. 2. The long-term trend of Lake Alserio trophic level:
mean phosphorus concentrations measured at spring water
mixing in the different water layers.

2. METHODS
2.1. Study area

The Lake Alserio watershed (Fig. 1) belongs to the
basin of the River Lambro, a tributary of the River Po.
The main tributaries of the lake are the Roggia Careggi,
Roggia Ser, Roggia Parco Anzano, Roggia Fiume and
some minor but not always unimportant watercourses,
making up a complex hydrological pattern. The lithol-
ogy of the watershed is characterised by sediment for-
mations of the Trias and Giurese periods, without
metamorphic or igneous rocks. Most of the watershed is
covered by morainic deposits of the ancient Quaternary
period while more recent material of alluvial origin is
located around the lake. In the southern part of the area,
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Tab. 2. Analytical methods used in the analysis on Lake Alserio water. L.O.D.: limit of detection; R.S.D.: relative

standard deviation.

Variables Methods Units L.O.D. _Repeatability References
Mean R.S.D.
pH Potentiometry Westcott 1978
Conductivity Conductometry uScm® 0.5 14.3 14 APHA,AWWA,WPCF.1992
uS cm’! 186.1 0.6
Alkalinity Potentiometry peq 1" 1 37 5.6 Gran 1952
peq 1" 539 0.7
peq I 1924 14
Nitrate Ton chromatography (Dionex) peq 1" 1 14 3 APHA,AWWA,W.PCF.1992
peq 1" 38 1.7
Nitrite Spectrophotometry ug NI 1 APHA., AW.W.A., WP.CF. 1981
Ammonium Spectrophotometry ugN1! 5 46 8.2  Fresenius et al. 1988
ugN1-! 320 3.4
Total nitrogen Spectrophotometry ug N1 200 540 5.6 Valderrama 1981
pug N1 1210 33 APHA,AWWA, WP.CF. 1981
ug NI 4850 0.8
Reactive phosphorus Spectrophotometry ug P 1! 5 8 12.4 Valderrama 1977
ugP 1! 165 0.8
ug P 1! 355 1.1
Total phosphorus Spectrophotometry ugP1! 6 14 11.5 Valderrama 1981
ugPI! 137 3.9
ugP 1! 303 3.6
Reactive silica Spectrophotometry mg 1" 0.02 0.42 7.1 Golterman et al. 1978
mg 1" 2.61 1.1
Sulphate Ion chromatography (Dionex) peq 1" 2 34 82 APHA,AWWA., WPCF. 1992
peq 1! 58 43
Chloride Ton chromatography (Dionex) peq 1" 0.5 6 10 APHA,AWWA,WPCF. 1992
peq I 9 6.3
Calcium Ton chromatography (Dionex) peq 1" 0.5 27 6.3 E.P.A.1986
peq 1! 74 3.6
Magnesium Ton chromatography (Dionex) peq 1" 1 9 5.7 E.P.A. 1986
peq I 58 2.8
Sodium Ion chromatography (Dionex) peq 1" 0.5 5 10 E.P.A. 1986
peq 1! 11 7.9
Potassium Ion chromatography (Dionex) peq 1" 0.2 3 13.2 E.P.A. 1986
peq I 8 7.7

calcareous formations of the Tertiary period are also
present (Gerletti & Marchetti 1977).

The climate in the Brianza region is sub-continental
temperate (Koppen & Wegener 1940) with average an-
nual temperature between 10 °C and 14.4 °C. The plu-
viometric regime of the region is quite uniform during
the year, with the highest rainfall in autumn and spring-
summer, a lower amount of precipitation in summer and
the minimum in winter. Mean annual precipitation vol-
ume is between 1400 and 1600 mm (Gerletti &
Marchetti 1977).

The outflow discharge for the period 1955-69 was
0.59 m® s (Gerletti & Marchetti 1977) and 0.54 m® s
for the period 1982-91 (Pagotto, unpublished data).
From this value a theoretical renewal time of the water
of 0.33 years has been estimated.

2.2. Sampling and analysis

Lake Alserio was sampled monthly from the begin-
ning of the project (November 1999). Field measure-
ments included Secchi disk transparency, temperature
and dissolved oxygen (multi-parameter probe, Micro-
processor Oximeter WTW OXI 196). Water samples
were taken at the deepest point of the lake, at 5 different

depths: 0, 2, 4, 6 and 7.5 m (bottom). The following
analyses were performed on each sample: pH, conduc-
tivity, alkalinity, reactive and total phosphorus, ammo-
nium, nitrate, nitrite, total nitrogen, reactive silica, chlo-
ride and sulphate. Ca™, Mg™, Na", K™ were measured
three times during the year, in March, June and Novem-
ber 2000, to evaluate the ionic composition of the lake
water. The main tributaries of the lake and the outlet
were sampled fortnightly and analysed for the same
variables routinely measured in the lake water, except
dissolved oxygen. Chemical methods are described in
table 2.

2.3. Liming experiments

Laboratory experiments and tests in enclosures were
performed to evaluate the efficiency of liming in the co-
precipitation of dissolved phosphorus. The laboratory
experiments involved adding Ca(OH), and alternatively,
CaCQOj; to water samples of Lake Alserio, to evaluate the
precipitation process under controlled conditions and to
test the efficiency of the two different treatments.
Variations in pH were closely noted in these experi-
ments, particularly the peak values eventually reached
during the addition. Alkalinity, main ions (Ca"™", Mg™",
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Na', K", nitrogen, phosphorus and reactive silica were
also measured at fixed intervals. The calcium oxide
used for the laboratory experiments, the same as was
used in the lake experiments, is a commercial product
used in building; its chemical composition is shown in
table 3.

Tab. 3. Chemical composition of calcium hydroxide
used for the liming experiments.

Title as Ca(OH), % weight 92.8
Water % weight 0.6
CaO % weight 74.3
MgO % weight 0.2
CO, % weight 3.0
SiO, % weight 0.06
Fe,0; % weight 0.013
AlLO3 % weight 0.06
SO; % weight 0.01
As ppm 0.08
Cr ppm 0.65
Hg ppm 0.09
Pb ppm 0.3
Mn ppm 53

Tab. 4. Characteristics of the two liming experiments in en-
closures.

Liming 1 (August) Liming 2 (December)

Period 07/08/00 - 11/09/00 01/12/00 - 15/01/01
Amount of CaO added (g) 2155 4025
Enclosure height (m) 6 7
Diameter (m) 3 3

Lake water column 5 6

N° of samplings 6 4
Sampling depths (m) 0-2-4 0-3-5

Liming experiments in enclosures on Lake Alserio
were performed twice: in August, during the period of
thermal stratification, and in November-December, at
the winter overturn. Two enclosures were used in both
experiments, one to which Ca(OH), was added (T) and
the second used as a blank (C). The water column near
the enclosures was also sampled. The conditions of the
two experiments are summarized in table 4. The enclo-
sures were made of polyethylene (PET for the upper
part and HDPE for the lower part), and a rigid steel
framework (Fig. 3). They were open at the bottom and
embedded in the sediment. In the first experiment, they
were positioned at more than 150 m from the shore of
the lake, where the depth is about 5 m; in the autumn
experiment they were located in the same part of the
lake, but at a depth of about 6 m. At each sampling,
temperature, pH, conductivity and dissolved oxygen
were measured every 0.5 m using the multi-parameter
probe on the water column, inside the two enclosures
and also in the lake water close to them. Three samples
were taken for each enclosure and for the lake, at 0, 2
and 4 m depth (0, 3 and 5 m in the second experiments).

pH, conductivity, alkalinity, main cations (Ca™, Mg",
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Na®, K and anions (SO, , NO5™ and CI"), reactive and
total phosphorus, ammonium, total nitrogen and reactive
silica were measured on each sample. Alkalinity meas-
urements on the samples from enclosure T were per-
formed after filtration (0.45 um), to prevent part of the
suspended CaCO; from reacting during the acidimetric
tritration and leading to overestimation of the alkalinity
values. Reactive and total phosphorus were always
analysed both before and after filtration. For the analyti-
cal methods see table 2.

300 cm

150 cm

150 cm

Fig. 3. Enclosure used for the liming experiments in Lake
Alserio.

The liming treatment was carried out as follows:
Ca(OH), was mixed with water in a 100 1 tank on a
boat. The solution was then pumped into the enclosure
and distributed at different depths. We used a larger
quantity of Ca(OH), in the second experiment (Tab. 4),
as the in-lake phosphorus concentrations were higher
than those of the summer period.

2.4. Inorganic carbon and calcite equilibria

Inorganic carbon speciation and calcite saturation
were calculated using the stoichiometric approach as
described e.g. by Stumm & Morgan (1981) and
APHA., AWW.A. & W.EF. (1995), from the meas-
ured variables: temperature, conductivity, alkalinity,
pH, calcium. Activity coefficients for mono- and biva-
lent ions and the equilibrium constants for inorganic
carbon and calcite were calculated taking into account
water temperature and ionic strength (IS, mole 1), fol-
lowing A.P.HA., AW.W.A. & WE.F. (1995). IS was
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obtained from conductivity, using a regression calcu-
lated from a subset of analyses of Lake Alserio water
where major ion concentrations were measured.

The departure of calcium and carbonate ions from
calcite solubility equilibrium was evaluated as the ratio
(Q2) between the lonic Activity Product (IAP), i.e. the
product of the calculated activities of calcium and car-
bonate, and the calcite solubility product, Ks:

Q=1AP/Ks=[Ca"*] x [CO;]/Ks

The activities of calcium and carbonate were ob-
tained from the activity factors (extended Debye-Hiickel
approximation, Stumm & Morgan 1981) and from the
concentrations of calcium (ion chromatography, Tab. 2)
and carbonate.

Q values higher than 1 indicate over-saturation of
calcite, while under-saturation is indicated by Q values
lower than 1.

3. RESULTS
3.1. Lake

Lake Alserio was thermally stratified from March to
October (Fig. 4), with a maximum difference between
epilimnion and hypolimnion of 14 °C in June. Thermal
stratification disappeared at the end of October, when
the water underwent a partial mixing: in November the
same temperature of 10 °C was measured over the
whole water column.

The ionic content of the water was high (about 9.0
meq 1", mean values at winter overturn), with conduc-
tivity values between 370 and 400 pS cm™ at 20 °C
(Tab. 5). The dominant cation and anion are calcium
and bicarbonate, which together represented about 80%
of the total ionic content. In June calcium and alkalinity
values in the water surface were lower than those in the
deep water, as a consequence of biogenic precipitation
of calcium carbonate.

Dissolved oxygen and pH varied similarly season-
ally (Fig. 4) because they are mainly influenced by
photosynthesis in the epilimnion and the decomposition
in the hypolimnion. In July-August, when dissolved
oxygen saturation in surface waters was 120-130%, pH
reached its maximum value of 8.5, while during the
winter overturn pH values were 7.5-7.6. The deepest
waters were characterized by anoxic conditions from
mid May to October: in November, at the overturn, dis-
solved oxygen saturation was 25%. The consequent
oversaturation of CO, in the hypolimnion produced a
gradual decrease of pH from 8.2 (March) to 7.0 (No-
vember).

Changes in alkalinity give a clear indication of the
precipitation CaCOs, which started in April-May; in the
epilimnion alkalinity values decreased steadily from 4.0
to 2.0 meq 1" from April to August, slightly increasing
in autumn as a result of inputs from atmospheric pre-
cipitation and runoff. In the hypolimnion, partial disso-
lution of sinking calcite and dissolution from sediments

31

produced an increase of alkalinity, up to the highest val-
ues of 5.2-5.4 meq "' measured in July-September (Fig.
4).

Low redox potential of the deep waters in summer is
highlighted by the trend of nitrogen compounds (Fig. 4):
ammonium concentrations, low at spring overturn,
reached 8.0 mg N I', while nitrates were totally de-
pleted by reduction processes. Mean values of reactive
and total phosphorus (RP, TP) at the overturn were 80-
90 and 100-120 pg P I, respectively (Fig. 4). Phospho-
rus evidently begins to be utilised by phytoplankton in
March, which is when concentrations in the epilimnion
started to decrease; minimum values were measured in
August-September (2 and 40 pg P 1" as RP and TP, re-
spectively), while maximum concentrations (830 and
870 pg P I'") characterized the deepest waters at the end
of August, due to the release of phosphorus from set-
tling materials (calcite and organic matter) and from the
sediments (Fig. 4).

3.2. Rivers

All the streams discharging into the lake present
high ion concentrations, as indicated by conductivity
values, which range from 420 to 609 pS cm-1 at 20 °C;
mean alkalinity values are in the range 4.0-5.4 meq 1-1
(Tab. 6). In the case of Roggia Ser, there are two dis-
tinct periods: before and after June 2000, when sewage
treatment was increased. Added waste water sent to the
treatment plant resulted in a reduction of P and N con-
centrations in stream water, though TP values remained
quite high (about 80 pg P I'') even after the diversion.
On the whole, the river waters were characterized by
high contents of ammonium and phosphorus, an indica-
tion of continuing release of domestic sewage in the
lake catchment. Water from the pipe overflow (Scol-
matore, Tab. 6) still had very high TP and ammonium
concentrations. The pipe overflow was intended to pre-
vent input of large volumes of clean water to the treat-
ment plant, where it would decrease the efficiency of
the treatment; and conversely this causes an extra input
of P to the lake.

3.3. Liming - laboratory experiments

Experiments were carried out in the chemical labo-
ratory of the Istituto per lo Studio degli Ecosistemi,
aimed at evaluating the best operative conditions for the
addition of Ca(OH), to the water of Lake Alserio to ob-
tain the co-precipitation of phosphorus with calcium
carbonate. The purpose was to see how effective this
method was in precipitating phosphorus, compared to
the direct addition of CaCOj; to the lake water, and to
evaluate the different effects on pH of the two methods.

A first set of experiments was performed on small
volumes of water from Lake Alserio (100 - 500 ml).
Small amounts (1 ml) of a solution of Ca(OH), at a con-
centration of 1 g "' were added to the water and the pH
measured during the experiment.
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Tab. 5. Ionic composition of Lake Alserio water at three different samplings. Ionic concentrations:

peq I''; conductivity: pS em™ 20 °C.

Water layer pH Cond. H"™ NH," Ca™ Mg™ Na" K' Alk. NO; SO, CI
March 2000 0-8 m 8.47 407 0 8 3457 949 255 46 4146 125 358 360
June 2000 0-3.5m 817 315 0 7 2344 892 254 40 3016 85 332 255
6.5-8m  7.36 421 0 155 3543 913 257 54 4496 0 271 265
November 2000 0-8 m 7.90 368 0 40 3251 776 204 49 3783 145 286 197
Tab. 6. Mean chemical characteristics of the main tributaries and the outlet of Lake Alserio.
pH Cond. Alk. Total P Total N N-NO; N-NO, N-NH; Reactive Si
(uScm?20°C) (meql™) (ugl") (mgNI") (mgNI") (mgNI") (mgNI") (mgSilh)
Roggia dei Careggi 8.24 447 4.09 179 5.79 5.43 0.08 0.12 4.00
Roggia Ser 7.9 609 5.1 527 12.1 5.8 0.9 4.8 5.60
(Nov. 1999 - May 2000)
Roggia Ser 8.18 511 4.59 78 6.6 6.52 0.02 0.06 4.96
(Jun. 2000 — Dec. 2000)
Roggia Parco Anzano 8.08 541 5.04 52 4.41 3.92 0.03 0.09 4.62
Scolmatore 8.0 543 5.37 168 5.19 3.36 0.16 1.17 5.02
Roggia Fiume 8.26 420 4.09 118 5.71 4.48 0.09 0.50 4.10
Outlet 7.91 369 3.55 66 2.51 1.44 0.04 0.22 1.35

A second series of experiments was used a tank with
a capacity of about 25 1 and a solution of Ca(OH), at a
concentration of 50 g I"'. During the period of lime ad-
dition pH, total alkalinity, calcium, magnesium and re-
active phosphorus were measured (Fig. 5): phosphorus
concentrations went from an initial value of about 50 pg
P I to less than 1 pg P 1"'. Under the same experimental
conditions, a solution of CaCOj; (concentration of 100 g
1) was added to a second tank. As can be seen in figure
5, the phosphorus concentration, as well as pH, alkalin-
ity and calcium, remains quite steady while CaCO; was
added.

Similar results were reported on the liming experi-
ments on eutrophic, hardwater lakes carried out in Can-
ada, where both Ca(OH), and CaCO; were used to pre-
cipitate phosphorus (Prepas et al. 1990; Babin et al.
1989): Ca(OH), proved to be more effective for re-
moving both P and algae through calcite precipitation
than direct applications with CaCOs, probably because
dissociation of Ca(OH), into small, newly formed
CaCO; crystals provides a relatively large surface area
for P adsorption (Babin et al. 1989; Murphy & Prepas
1990).

3.4. Liming - enclosures (August-September 2000)

Before adding the lime to the enclosures, tempera-
ture, dissolved oxygen, pH and conductivity were
measured in the water column, so that the situation in-
side the enclosures could be compared to that of the
lake. Dissolved oxygen concentrations were slightly
higher in the lake water, but none of the other variables
showed significant differences inside and outside the
enclosures. Lake water was thermally stratified, with the
thermocline between 3 and 4 m. Maximum temperature
(26 °C at 0 m) was such that maximum difference be-

tween surface and bottom waters (about 6 °C), was re-
corded in mid August. The water layer below 4 m
showed steep gradients for all the chemical variables;
anoxic conditions were found below 4.5 m.
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Fig. 5. Results of the laboratory experiments on Lake Alserio
water: pH, alkalinity, calcium and reactive phosphorus (RP)
measured during titration with CaCO; (above) and Ca(OH),
(below). Time between consecutive additions: 1 minute;
titrated volume: 18 1; CaCOs; concentration: 100 g I
Ca(OH), concentration: 50 g I"".
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Values of the main chemical variables recorded
during the experiment at 0, 2 and 4 m in the enclosure
treated with Ca(OH), are shown in figure 6. Lime addi-
tions impacted on pH, conductivity, alkalinity and cal-
cium. pH at 0 m, after the Ca(OH), addition, increased
from 8.2 to 9.4, while conductivity dropped from 270 to
160 uS cm™, as a consequence of calcium carbonate
precipitation. In contrast, at a depth of 4.0 m, in the two
weeks following the addition, pH dropped to below 8.0
again and conductivity increased progressively to a final
value of 270 pS cm™ (23 August).

Alkalinity and calcium concentrations in the deep
water, after a marked decrease (from 2700 to 1100-1200
peq I and from about 2000 to 500 peq 1", respec-
tively), returned to their initial values.

These variations were caused by partial dissolution
of the precipitating calcium carbonate as it comes into
contact with the deep water, characterized by low pH
and high CO, saturation. At the last sampling, about 1
month after the lime addition, pH, conductivity, alkalin-
ity and calcium showed similar values at the different
depths: 9.5, 188 uS cm™, 1550 peq I'' and 980 peq 1,
respectively (Fig. 6).

Low in-lake phosphorus concentrations present in
the summer, both in reactive and total form, hindered
the evaluation of the efficiency of lime to precipitate
phosphorus. However, the consequence of CaCO; pre-
cipitation is illustrated with trends in phosphorus con-
centrations during the experiment (Fig. 6): after the ad-
dition of Ca(OH), to the enclosure, total phosphorus
concentrations dropped from 50 to 31 and from 68 to 29
pg P 1" at 2 and 4 m, respectively (unfiltered sample),
then P gradually accumulated in the deep water (to 90
pg P I at 4.0 m). In September the values were similar
at different depths (38-42 pg P I''); undoubtedly partial
dissolution of previously-formed CaCO; contributed to
phosphorus release and to this concentration increased
observed some weeks after the liming.

Nitrogen compounds (nitrate, ammonium and total
nitrogen) did not vary as a result of the lime treatment.
Total N concentrations remained stable (0.8-1.2 mg N
1" during the experiment (Fig. 6). Reactive silica con-
centrations varied between surface and deep water (0.1-
0.3 and 0.8-1.2 mg Si 1", respectively) until the end of
August, then they were homogeneous in the water col-
umn in September (about 0.3 mg Si I""). In the enclo-
sure, values at 4.0 m increased at the end of August
(from 0.9 to 1.6 mg Si I') and then they returned to 0.5
mg Si "' in September (Fig. 6).

Inside the enclosure, transparency changed from
about 2 m to 0.5 m because of suspended CaCOs; crys-
tals, then increased to a maximum value of 3.0 m,
markedly higher than outside the enclosures. This
change in light penetration was due to sedimentation of
phytoplankton cells with the precipitating CaCO;.
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3.5. Liming - enclosures (November-December 2000)

The second liming experiment was performed in late
autumn, when phosphorus concentrations were higher
than in summer (40 and 70 ug P I'' as RP and TP, re-
spectively) and distributed equally throughout the water
column. Owing to a period of heavy rainfall in the Lake
Alserio area, water level increased and one of the enclo-
sures had water spill into it from outside. Due to this the
experiment was interrupted and then restarted some
days later, with only one enclosure being used for the
test and the lake as control. Also on this occasion, be-
fore the lime addition, profiles of pH, conductivity,
temperature and dissolved oxygen were made, to evalu-
ate the initial conditions inside and outside the enclo-
sure. Lake water was not stratified and temperature was
the same through the water column (8.7 - 9.0 °C), while
dissolved oxygen concentrations were between 8.0 and
8.6 mg I"'. Concentrations of the chemical variables
were similar at the three sampling depths (0, 3 and 5 m);
for this reason, results are shown as mean values in the
water column (Fig. 7).

Ca(OH), addition caused a marked increase in pH,
from 7.9 to 8.7 while alkalinity and calcium concentra-
tions decreased (from 3600 to 1700 peq 1" and from
3200 to 1400 peq 1", respectively) (Fig. 7). The effect
of CaCO; precipitation is evident also in the trend of
conductivity, which went from 360 to 210 pS cm™. RP
decreased from an initial value of 40 pg P 1" to 3-5 pg P
I in the two weeks following the lime addition, and
then increased to 11 pg P 1" in January. TP dropped
from 69 pg P 1" to 16-18 pug P I, while the January
concentration was 25 pug P 1" (Fig. 7). No variation
emerged in the other chemicals measured which they
remained fairly constant during the experiment (e.g. TN,
Fig. 7).

4. DISCUSSION
4.1. Present trophic level of the lake

The hydro-chemical and biological investigations
carried out between November 1999 and December
2000 suggest that the present condition of Lake Alserio
is between eutrophy and hypereutrophy. We can draw
this conclusion by applying the O.E.C.D. statistical
model, which considers in-lake phosphorus and chloro-
phyll-a concentrations (O.E.C.D. 1982). Following this
approach, mean annual phosphorus value of 80 pg P I
for Lake Alserio indicates a probability of 65% and
15% for the classes of eutrophy and hypereutrophy, re-
spectively; the remaining 20% is for the mesotrophy
class. The phosphorus value at winter overturn (110 pg
P 1) gives a similar results. Chlorophyll-a values,
measured in the summer period, range from 30 to 40 pg
I, with a peak of 43 pg 1" in August, decreasing to 6
pug I in October. These concentrations are in agreement
with those of phosphorus and put Lake Alserio in the
eu-hypereutrophic class.
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These estimates of the present trophic level of Lake
Alserio are consistent with the seasonal cycles of some
chemical variables:

1) anoxic hypolimnetic waters for a prolonged period
(May - October) during summer stratification, with
production of reducing compounds such as H,S and
NH, (concentrations in the deep waters ranged from
7to 8 mg N I™);

2) high phosphorus release rates from the sediments
(summer phosphorus concentrations in the deep
water close to 1 mg P I""), typical of environments
which have been eutrophic for several years.

A different approach to evaluate the expected tro-
phic condition of a lake considers mean phosphorus

concentrations of inflowing waters and the theoretical
renewal time of the water (t,,), as set out in the synthesis
model (O.E.C.D. 1982) (Fig. 8).

With a t,, value of 0.33 years, we estimated that to
keep Lake Alserio oligotrophic, inflowing phosphorus
concentrations from the tributaries should be lower than
20 pg P I''; average inflowing phosphorus values from
20 to 40 pg P I resulted in mesotrophic conditions,
while with inflowing values over 40 pug P I"' the most
probable trophic condition for the lake is eutrophy. Pre-
sent TP concentrations of the tributaries are much
higher than 40 pg P 1-1 (Tab. 6, Fig. 8) and, in spite of
the sewage diversion, they are too high to permit Lake
Alserio to return to mesotrophic conditions. This is also
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Fig. 8. OECD model applied to Lake Alserio.

true for Roggia Ser, one of the main tributaries to the
lake, even after the diversion of most of the sewage
from its watershed to the treatment plant. However it
must be pointed out that the O.E.C.D. approach does not
take account for P release P from the sediments, which
constitutes an important additional load to the lake.

4.2. Calcite precipitation in Lake Alserio

The chemical and biological processes going on in
Lake Alserio are strongly influenced by inorganic car-
bon-calcite equilibria. High concentrations of bicarbon-
ate, carbonate and calcium, and the high productivity of
Lake Alserio produce the conditions for calcium car-
bonate precipitation in the epilimnion in spring and
summer, as a consequence of CO, uptake and pH and
carbonate increase from photosynthesis. These proc-
esses are common in hardwater lakes and are accentu-
ated by an increased productivity (Wetzel 1972; Kelts &
Hsu 1978; Koschel 1983). In Lake Alserio calcite pre-
cipitation is induced by increased pH in spring and re-
sults in decrease alkalinity and calcium values in surface
water beginning in April. In August alkalinity values in
surface waters are reduced to half those at spring over-
turn. Carbonate equilibrium, and in particular calcite
precipitation, can be better understood using the Q in-
dex (Fig. 9), calculated from the ratio of the ionic prod-
uct of calcium and carbonate present in water and the
solubility product of CaCO;. For Lake Alserio Q values,
calculated for different depths, increased in the winter
months up to 5 to 6 in March; then, as a consequence of
precipitation, decreased to 2 to 3 (Fig. 9). Strong over-
saturation of calcite in lake water, without precipitation,

has been described in several lakes (e.g. Proft & Stutter
1993; Stabel 1986; Schroeder ef al. 1983).

14
12

10

Saturation index 2

Oct-99 Dec-99 Feb-00 Apr-00 Jun-00 Aug-00 Oct-00 Dec-00

Fig. 9. Secasonal variations of the saturation index Q at
different depths in Lake Alserio.

During summer stratification two distinct situations
were present: in epilimnetic water (0 to 2 m) peak val-
ues were recorded in May and in August, while in the
deep water the index values, which were always below
4, decreased to 1, as a consequence of over-saturation of
CO; and decreased pH. CO, supply is determined by the
anoxic conditions which characterised the hypolimnion
during stratification. Mixing in November lead again to
index values of 1 to 2 in the whole water column (Fig.
9). For most of the year water in the epilimnion was
over-saturated with CaCOs;. The importance of re-dis-
solution of calcite in anoxic water was noted in our first
liming experiment. However, although there was partial
re-dissolution, most calcite remains in the sediments: in
Lake Alserio 70 to 80% of their total dry weight is
composed of CaCO; (Guilizzoni et al. 1982).
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Tab. 7. Precipitation of calcite and phosphorus in laboratory and lake experiments.

volume add. Ca(OH), add. Alk. AP
(m’)  (meql’)  (meql™)  (ugl")
Laboratory 1 0.02 2.10 2.10 46
Laboratory 2 0.02 2.15 2.15 48
Liming 1 3534 1.48 1.48 8
Liming 2 42.41 231 2.31 53

AP A Alk ACa CaCO; CaCO;
(umol 1) (mmol 1)  (mmol 1) (umol P mmol™) (gPg")
1.48 3.98 1.90 0.78 242.4
1.55 3.64 1.82 0.85 263.1
0.27 2.52 1.24 0.22 67.4
1.71 4.11 2.03 0.84 261.0

4.3. Liming experiments

The liming experiments in enclosures in August re-
produced the CaCO; precipitation process which occurs
naturally in lake water; the Ca(OH), used for the treat-
ment did not modify the ionic content of the lake water.
As a consequence of liming, pH and calcium values in-
creased and the solubility product of calcite was ex-
ceeded, so that CaCO; precipitated. The Q values were
different in the two liming experiments: in summer
chemical stratification determined a clear difference
between the values at the surface, with an index value
ranging from 4 to 14, and those in the deep water, where
the index value varied from 1 to 8. In the liming carried
out during autumnal turnover, the Q values were homo-
geneous between 2 and 3.

Q values did not indicate the date of initiation nor
the intensity of calcite precipitation. The discrepancy
between thermodynamic and actual calcium and car-
bonate concentrations in lake water is given by Kurz
(2000) and Dittrich (1997) as follows: the index is cal-
culated from variables which are mean values from the
designated water layers; conditions may differ in the
microscopic layer between the algal cell wall and sur-
rounding water. At this interface, during photosynthetic
activity, the degree of over-saturation of CaCO; can be
higher than that recorded in the whole water body. Pi-
coplankton cells (dimensions between 0.2 and 2 um) are
particularly efficient at creating such conditions, making
it possible to reach and exceed the energy barrier
needed to induce the precipitation process (Dittrich
1997; Kurz 2000).

The stoichiometry of the co-precipitation of phos-
phorus with calcite in laboratory and lake experiments is
shown in table 7. The concentration of calcium hy-
droxide, expressed both as calcium and alkalinity addi-
tion, takes into account the volumes of solution treated.
A values for phosphorus, alkalinity and calcium are cal-
culated from initial, added and final concentrations as:

A= Cipitial + Cadgded — Ctinal

A represents the amount of substance precipitated and
hence subtracted from solution. Comparison between
alkalinity and calcium precipitated is close to the stoi-
chiometric ratio of 1 to 2 (molar concentrations). The
amount of P precipitated is 0.6-0.7 pM per mM of
CaCQ;, or 0.02 g of P per g of CaCOj; for both labora-
tory experiments and the second lake experiment.

Lower amounts of P eliminated per unit of calcite in the
first lake liming, which was performed when P concen-
trations in the lake were relatively low (48 pg P I'"), so
that AP was also low (8 ug P I, Tab. 7).

5. CONCLUSIONS

At present Lake Alserio is eutrophic. Partial diver-
sion of sewage resulted in a progressive decrease of P
concentrations in the lake water, from mean values of
over 150 pg P I"" in the 80s to values between 50 and
100 pg P I'" in the 90s (Gerletti & Marchetti 1977,
Chiaudani & Premazzi 1992; Negri et al. 1995, 1996,
1997; Rogora et al. 2001), but this improvement did not
influence the biological productivity of the lake. Studies
on the tributaries showed that external load is still too
high to permit the lake water to become mesotrophic, as
the goal of the recovery measures. A mean P concentra-
tion of below 40 pg P I'' would be required in the in-
flowing water, while present values are between 50 and
180 pg P I''. So sewage diversion must be completed to
improve lake condition. As well as the external P load,
the internal load must also be considered, as indicated
by the very high P concentrations (up to 800 pg P 1) in
the hypolimnion. Part of this hypolimnetic phosphorus
reaches the epilimnion during autumn overturn, thus
delaying lake recovery.

Liming the lake to precipitate phosphorus as well as
other components of the recovery project (e.g. the with-
drawal of hypolimnetic water) have potential to reduce
negative effects of eutrophication. However their use in
the case of Lake Alserio must be carefully. Liming has
been successfully used in other water bodies to amelio-
rate water quality (Murphy & Prepas 1990; Dittrich et
al. 1997, Ghadouani et al. 1998; Koschel 1997), to im-
prove the quality of drinking water (Prepas et al. 1997)
and even to eliminate the effects of cyanobacterial tox-
ins (Angeline et al. 1995a, b, 1997). The liming experi-
ments performed on Lake Alserio confirm that P is re-
moved from the water, but the experimental conditions
must be planned to maximize P precipitated and mini-
mize re-dissolution of calcite. For the first goal, lime
should be added when P concentrations are high, i.e.
during autumn-winter overturn over the whole water
column, or during thermal stratification in hypolimnion.
The re-dissolution of calcite in anoxic water could be
reduced by increased Ca(OH), added to compensate for
excess CO,, or adding lime in more phases (i.e. autumn-
winter and summer stratification). Addition of Ca(OH),
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to lake water had no negative effects on the biota of
Lake Alserio, but care must be taken to keep pH below
9.5 to avoid toxic effects due to free ammonia (Giussani
et al. 1976). Variations induced in the ionic composition
of the water must have no impact on biological proc-
esses; it must be emphasised that, in spite of the addi-
tion of calcium oxide, calcium and alkalinity content of
the water is lower after liming, because of calcite pre-
cipitation.

In conclusion, from a technical point of view it
would be possible to lime Lake Alserio to accelerate its
recovery. However specific procedures for the process
are still to be defined, and a cost-benefit analysis is
needed. Nevertheless, before this or any other remedial
procedures to reduce internal P load, sewage diversion
must be completed.
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