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1. INTRODUCTION

Lake Iseo, also known as Sebino, lies in the foothills
of the Alps, and is fed by the streams of the Val
Camonica. It has a maximum depth of 251 m and lies at
an altitude of 185 m a.s.l., so that the bottom is 66 m
below sea level. At the centre of the lake is the island of
Monte Isola which is the largest and highest island in
the southern Alpine lakes: it is 4.3 km2 with a maximum
height of 599 m a.s.l., which corresponds to 414 m
above the surface of the water.

The two mountain chains that run parallel to the lake
from north to south have a mean elevation between
1000 m and 1400 m; the mean altitude of the watershed
is 1429 m, with a highest point of 3554 m (Mount Ada-
mello). The main characteristics of Lake Iseo and its
watershed are reported in table 1 and figure 1.

The landscape of the western shore is rugged and
vegetation is scarce, except for the stretch between Sar-
nico and Predore where the steep shore is broken and
descends gradually into the lake. There are also many
other small breaks in the steep, high shoreline, with
mountain streams forming little gorges. The eastern
shoreline is radically different, being formed mainly of
gentle slopes, with abundant vegetation including agri-
cultural crops.

According to its climatic area, Lake Iseo should be
classified as warm monomictic. However, as for the
other deep southern Alpine lakes, the complete overturn
takes place only at irregular time intervals, when the
winter is particularly cold and windy (Ambrosetti &
Barbanti 1992; Ambrosetti HW� DO. 1983a; Barbanti &
Ambrosetti 1985, 1989). For this reason, the actual
water renewal time, estimated on the basis of a mean

outflow of 57.4 m3 s-1. (Consorzio dell’Oglio 1952,
1984, 1986, 1993), in about 4.2 years. Climate changes
in the last decade have led to warmer winter tempera-
tures, stressing the already uneven trend of lake over-
turn.

7DE�� �. Main characteristics of Lake Iseo and its
watershed.

Lake area 61 km2

Lake volume 7.6 km3

Lake height (a.s.l.) 185 m
Development of the right bank of the lake 28.56 km
Development of the left bank of the lake 31.77 km
Island surface 4.28 km2

Maximum depth 251 m
Mean depth 123 m
Theoretical water renewal time 4.2 years

Watershed area (lake included) 1842 km2

Highest altitude (M. Adamello) 3554 m
Mean altitude 1429 m
Surface of glacial areas 19.5 km2

Percent of glacial areas 1.1%

The watershed includes 83 municipalities, 21 of
which are on the shoreline, belonging to the provinces
of Bergamo, Brescia and Sondrio, with a total popula-
tion of about 180,000 inhabitants. The whole of the
shoreline area is due to undergo sewage treatment, by
two treatment plants located at the northern and south-
ern ends of the lake. The southern system will ulti-
mately collect sewage from about 90,000 equivalent in-
habitants and treat it in a plant located at Paratico (Fig.
1). According to the project, waste water is to be di-
verted from the lake and discharged, after biological
treatment, into the outflowing River Oglio. The second
treatment plant, located at Costa Volpino, close to the
River Oglio inlet (Fig. 1), will receive sewage from
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80,000 equivalent inhabitants and, besides the conven-
tional primary and secondary treatment, will perform
simultaneous phosphorus removal and denitrification.
The plant will be fed by a couple of shoreline collectors
and by the collecting system of Val Camonica, receiv-
ing sewage from all the municipalities along the in-
flowing River Oglio, downstream of Esine. Data on
population, land use, activities, waste water collection,
treatment and disposal have been considered in a previ-
ous work (Garibaldi HW�DO. 1998).

The first limnological study of Lake Iseo was made
in 1967 (Bonomi & Gerletti 1967); since then several
papers have documented a progressive deterioration of
the water due to eutrophication (Bonomi 1968; Cordella
1973; Cordella & Paganelli-Cappelletti 1975; Cordella
HW� DO. 1976, 1977, 1979, 1980, 1982; Paganelli HW� DO.
1975, 1976, 1979; Trevisan HW� DO. 1979; Bonomi HW� DO.
1979; Mosello 1983; Ambrosetti HW� DO. 1983b, 1992).
Since 1973 annual samplings for chemical analysis have
been performed by the C.N.R. Istituto Italiano Idro-

biologia, with the aim of describing the trophic evolu-
tion of the lake and recording the occurrence of full cir-
culations. However, a thorough study of phytoplankton
and chemistry which documents the seasonal variations
has not been made since 1972 (Trevisan HW� DO. 1979).
The importance of the lake and the evidence of its in-
creasing eutrophication prompted a more detailed study
on its chemistry and phytoplankton aimed at specifying
the current trophic conditions of the lake (Garibaldi HW
DO. 1995).

The present paper, based on a two year sampling pe-
riod, aims at estimating the nutrient loads, with special
attention to phosphorus, as related to the present trophic
situation of the lake and its recent evolution. The ex-
perimental P loads will be compared with those calcu-
lated from the population in a previous paper (Garibaldi
HW�DO. 1998), with the aim of evaluating the contribution
from shore areas and from the part of the watershed not
drained by the sampled tributaries.
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)LJ���. Lake Iseo and its watershed. Lake sampling station (n), sampled tributaries. �� R. Rino di Predore; �� R. Acquaiolo; ��
R. Zu; �� R. Borlezza; �� R. Oglio Immissario; �� R. Trobiolo; �� R. Bagnadore; �� R. Opolo; �� R. Oglio Emissario.
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2. MATERIALS AND METHODS

�����5LYHUV

To quantify the nutrient loads entering Lake Iseo,
from June 1995 to May 1997 the main tributaries and
the outlet (River Oglio) were sampled fortnightly and
analysed for pH, total phosphorus, total nitrogen, am-
monia, nitrates, silica, alkalinity and conductivity. Ten
tributaries and the outlet, draining altogether 91% of the
watershed, were considered during the first year of the
study (June 1995 - May 1996). In the second year, both
a consideration of the analytical results and the extent of
the watersheds concerned led to sampling and analyses
being carried out from June 1996 to May 1997 with the
same frequency but only on the main inflow rivers (riv-
ers Oglio and Borlezza), draining 88% of the watershed,
and on the lake outlet. The Italsider Canal, an offtake of
the River Oglio inflow which receives discharge from
several factories located on the northern shore of the
lake, was also sampled.

The water chemistry of the tributaries and the outlet
are described in greater detail in a separate paper
(Garibaldi HW�DO. 1998); the present paper considers only
the concentrations and loads of total phosphorus, total
nitrogen and reactive silica.

�����/DNH

Following a research programme which has been in
progress since 1993, samples of the lake waters were
collected monthly in the area of maximum depth at 0, 1,
3, 5, 10, 20, 30, 50 75, 100, 150, 200, and 245 m. Tem-
perature was measured with a reverse thermometer
during the samplings. The results are expressed as
epilimnion (0-15 m), hypolimnion (20-258 m) and bot-
tom (200-258 m) concentrations, calculated as volume
weighted averages. For more detailed information on
the sampling, see Garibaldi HW� DO. (1995, 1997). These
temperature and chemical results are considered to-
gether with the historical trends, obtained from regular
samplings performed since the seventies. See Ambro-
setti HW�DO. (1983b) and Mosello & Giussani (1997) for
details of these samplings.

�����&KHPLFDO�DQDO\VHV

Total phosphorus (TP) and total nitrogen (TN) were
analysed, after mineralization of the samples, according
to Valderrama (1981); reactive silica (RSi) was ana-
lysed with molybdate (A.P.H.A., A.W.W.A., W.P.C.F.
1985). Dissolved oxygen, measured in the lake water,
was routinely measured with an Oxymeter WTW OXI
196 Microprocessor for every meter along the water
column. The results were periodically confirmed by the
Winkler method (A.P.H.A., A.W.W.A., W.P.C.F.
1985), especially when there was anoxia or very low
concentrations.

On the basis of the average concentration for each
tributary, the mean concentrations for the total inflow-
ing water were calculated as weighted values on the
watershed area of each tributary.

�����(VWLPDWH�RI�FKHPLFDO�ORDGV

The estimates of loads from the tributaries were
made by multiplying the weighted average concentra-
tions of TP, TN and RSi by the total inflow to the lake
as measured by the Consortium responsible for the hy-
draulic regulation of the lake (Consorzio dell’Oglio
1993). The outflowing loads were calculated by multi-
plying the average concentrations of total phosphorus,
total nitrogen and silicates by the total outflow for the
considered periods (Consorzio dell’Oglio 1993, 1997,
personal communication).

The loads in the part of the watershed not drained by
the sampled tributaries (8.8% and 11.8% in the first and
second year of study, respectively) were calculated with
different methods according to the type of nutrient. In
the case of nitrogen and silica, load factors were calcu-
lated from the ratio between the area drained by the
sampled tributaries and total watershed area. This takes
into account the prevailing role of non-point sources of
load for these elements (mainly atmospheric deposition
for nitrogen, watershed weathering for silica). The at-
mospheric input to the lake surface was considered sig-
nificant, compared to the input from the watershed, only
in the case of nitrogen. Loads were estimated from
deposition values measured in the area during a five
year study which involved the whole of Italy (Mosello
& Marchetto 1995). They were 60 and 70 t N y-1 for
1995-96 and 1996-97, respectively. The relative impor-
tance of nitrate and ammonium is about 60 and 40%,
which is the ratio generally found in deposition in the
Po Valley (Mosello 1993). In the case of phosphorus,
deriving mainly from point sources, the loads were cal-
culated taking into account the population of the areas
not drained by the sampled tributaries, using pro-capita
coefficients obtained as described in Garibaldi HW� DO.
1998.

3. RESULTS

�����+\GURORJ\

The two considered years were quite different as re-
gards hydrology if compared to the long-term trend
(1951-1996) (Fig. 2). The outflow was lower (45 and
54.6 m3 s-1) than in the reference period (1951-96 aver-
age value of 57.5 m3 s-1). The monthly values during the
study period are close to the long term means, with the
exception of the peak recorded in November 1996 (100
m3 s-1 YV a mean value of 54.8 m3 s-1). The inflow to the
lake, calculated by the Consorzio dell’Oglio (1997, per-
sonal communication), was 44.9 and 55.5 m3 s-1 in the
two years respectively.
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)LJ�� �. Monthly values of water outflow in the two study
periods compared with the monthly means for 1951-1996.

�����5LYHU�FKHPLVWU\

Table 2 reports the concentrations of TN, TP and
RSi in the sampled tributaries for the two periods of the
study. Mean concentrations of the total inflowing water
are also reported.

In the period June 1995-May 1996 the annual means
of the tributaries ranged between 1.39 and 3.31 mg N l-1

for TN, between 39 and 183 µg P l-1 for TP and between
2.2 and 3.6 mg l-1 for RSi. TP concentrations are high in
most of the tributaries, with mean values over 70 µg P
l-1, with the exception of three cases (River Oglio in-
flow, the Italsider Canal and the Zu Stream). The River
Oglio, the main inflow, draining 88% of the watershed,
shows quite low mean values of TP (39 µg P l-1) and TN
(1.65 mg N l-1). The River Borlezza, the second tribu-
tary in importance (8.4% of the watershed), shows much

higher TP concentrations (88 µg P l-1 annual average),
and TN values (2.05 mg N l-1) only slightly higher than
in the River Oglio. The Borlezza contribution strongly
affects the weighted means, which were 1.72 mg N l-1,
46 µg P l-1 and 2.7 mg Si l-1 for TN, TP and RSi for the
first year of study. In the period from June 1996 to May
1997 only the three main tributaries (96.4% of the
watershed) were sampled; the annual means were al-
most exactly the same as those of the previous year
(Tab. 2). Concentrations in the outflowing river Oglio
were very close in the two periods, both for ranges and
for annual means of nitrogen and phosphorus, and ex-
actly the same for silica. Average values for 1995-96
and for 1996-97 were 1.02 and 1.01 mg N l-1 for TN, 16
and 14 µg P l-1 for TP and 0.5 mg Si l-1 for RSi.

For the lake tributaries the area weighted means for
the three variables were 1.72 mg N l-1, 46 µg P l-1 and
2.7 mg Si l-1 for the first period and 1.72 mg N l-1, 44 µg
P l-1 and 2.7 mg Si l-1 for the second. In both years the
concentrations measured in the Italisider Canal were
close to those measured in the inflowing River Oglio,
from which its water comes.

The differences in RSi concentrations among the
tributaries are lower, indicating the prevalence of
weathering processes over point pollution sources.

�����/DNH

The chemistry of Lake Iseo is strongly influenced by
the overturn. The oligomictic character of the lake, L�H�
water mixing and chemical homogenisation not reach-
ing the deepest waters every year (Ambrosetti & Bar-

7DE���. Watershed area of the sampled tributaries, mean value and standard deviation in the tributaries
and in the outflow of Lake Iseo.

Watershed area TN TP Reactive silica
(km2) (mg N l-1) (µg P l-1) (mg Si l-1)

mean s.d. mean s.d. mean s.d.

Period June 1995 May 1996
Oglio inflow 1433.86 1.65 0.23 39 14 2.7 0.25
Borlezza 136.04 2.05 0.68 88 70 2.3 0.22
Canale Italsider 1.39 0.39 50 35 2.8 0.40
Zu 11.44 3.07 0.76 62 21 2.4 0.43
Acquaiolo 4.08 2.74 0.68 78 27 2.7 0.55
Predore 4.33 3.17 1.5 71 215 3.3 1.41
Opolo 6.51 3.31 1.39 183 139 3 0.54
Bagnadore 18.35 2.54 1.36 124 125 2.2 0.27
Trobiolo 10.43 1.66 0.45 142 236 3.6 1.84
Sampled area 1625.04
Weighted mean concentration 1.72 - 46 - 2.7 -

Oglio outflow 1842 1.02 0.27 16 8 0.5 0.13

Period June 1996 May 1997
Oglio inflow 1433.86 1.66 0.23 36 12 2.7 0.31
Borlezza 136.04 2.34 1.32 123 177 2.5 0.58
Canale Italsider 1.22 0.16 29 8 2.7 0.51

Sampled area 1569.9
Weighted mean concentration 1.72 44 2.7

Oglio outflow 1842 1.01 0.23 14 7 0.5 0.23
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banti 1992), has changed in recent years to a condition
closer to meromixis. This is well illustrated by the tem-
perature and oxygen evolution (Fig. 3): since 1986 the
temperature values have regularly increased in the water
layers below 200 and 50 m, while oxygen has been
regularly decreasing since 1984-86, so that the water
below 200 m reached reducing conditions in 1995. Be-
low 50 m the oxygen saturation is about 20%. The low
oxygenation produced a reduction of total nitrogen con-
centration (Fig. 4a), which decreased from about 1 mg
N l-1 at the end of the 80s to values between 0.4 and 0.7
for the water layers below 200 and 50 m, respectively.
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)LJ���. Mean temperature (D) and oxygen saturation (E) in the
water layers below 50 and 200 m.

This decrease is mostly due to the reduction of ni-
trate, favoured by the poor oxygenation of the hypolim-
nion. The progressive worsening of the water quality is
well also illustrated by the trend of reactive phosphorus
(Fig. 4b), which has accelerated notably since 1984-86,
reaching values close to 150 and 75 µg P l-1 in the water
layers below 200 and 50 m. The mean values over the
whole lake column were 56 and 66 µg P l-1 respectively
for reactive and total phosphorus in spring 1998.

Reactive silica concentrations (Fig. 4c) do not show
such evident variations as those of TN and RP; values
have been quite stable since the end of the eighties,
while values were slightly higher, though with marked
variations, in the seventies.
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)LJ�� �. Mean concentrations of total nitrogen (D), reactive
phosphorus (E) and reactive silica (F).
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Taking into account the differences in the hydrology
of the two years, and the different number of sampled
tributaries, the chemical loads for 1995-96 and 1996-97
were considered and elaborated separately, as shown in
tables 3 and 4. Total inputs of the three variables con-
sidered were 20-25% higher in the second study year,
due to the higher amount of precipitation. Considering
the two experimental periods jointly, the total inputs can
be estimated as around 3100 t y-1 for nitrogen, 90 t y-1

for phosphorus and 4700 t y-1 for reactive silica.
For the first study period (1995-96) loads were cal-

culated using either all the measured concentrations, re-
ferring to 1605 km2 of the watershed area, or using only
the data for the Oglio and the Borlezza (representing the
contribution from 1570 km2) (Tab. 3). The comparison
shows that the differences between the results using the
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two methods are below 6% for TP and 4% for TN and
RSi. These variations are lower than the errors associ-
ated with the estimation of the chemical loads, which
may be evaluated between 20 and 30%. Comparing
inputs and outputs evaluated for the two periods (Tabb
3, 4), the lake retention percentage increases from
nitrogen (46-47%) to phosphorus (72-75%) to silica
(86-85%). The higher in-lake retention for TP and RSi
may be related to the higher percent uptake by phyto-
plankton, and to the subsequent sinking with the dead
biomass.

7DE�� �. Mass balances for nitrogen, phosphorus and
reactive silica from June 96 to May 97. The values are
given with two significant digits. Lake surface: input from
atmospheric deposition on lake surface.

km2 TN TP Reactive Si
(t y-1) (t y-1) (t y-1)

Rivers 1569.9 2900 78 4600
Not sampled areas 211.1 400 19 620
Total watershed input 1781 3300 97 5200
Lake surface 61 70 0 0
Total input 1842 3400 97 5200
Output 1800 24 820
Input-Output 1600 54 4400
In-lake retention (%) 47 75 85

4. DISCUSSION

Because of the importance of phosphorus as the
limiting factor for algal productivity, particular attention
was paid to TP load assessment. To define the overall
amount of TP entering the lake, loads calculated from
experimental data on the main lake tributaries were in-
tegrated by theoretical estimates, carried out according
to Marchetti (1995) on non-sampled areas. Criteria and
coefficients were verified by comparing results of indi-
rect estimates for areas drained by sampled tributaries
(82 t P y-1) with those deriving from experimental data
(81 and 97 t P y-1 for the two study periods, respec-
tively). The good agreement between them made it pos-
sible to follow the criteria adopted by Marchetti (1995)
for calculating the P loads from shoreline areas and
those reaching the lake in the past, as well as to evaluate
the relative importance of point and non-point sources.
This was calculated on the basis of the ratio between

point and non-point loads and total loads resulting from
theoretical estimates. The values obtained were multi-
plied by the total experimental load.

To investigate the relationships between P loads and
the trophic level of the lake, estimates were made for
the past and for the situation which will probably
emerge from the implementation of the measures envis-
aged by the Regional Water Recovery Plan (Regione
Lombardia 1985).The final estimates are reported in ta-
ble 5. According to the estimates, the load has dropped,
in the last few years, from 200 to 93 t P y-1. A further is-
sue is that of the increasing importance of non-point
sources, which rose from 25% to 53%. This increase is
clearly related to the decrease of point source loads due
to the gradual connection of waste water to collectors
and sewage treatment plants discharging either into the
lake (after specific treatment steps for phosphorus re-
moval leading to mean concentrations around 0.35 mg P
l-1) or just outside the lake basin, into the outlet. Only a
modest further reduction in P load can be expected once
all the civil and industrial waste water is connected to
the treatment plants, with an estimated decrease in the
total load from the present 93 t P y-1 to 85 t P y-1.

7DE���. Calculated P loads (t P y-1) for point and
non-point sources in the present situation, before
the construction of the sewage treatment plants
and in the likely future when the planned recovery
interventions will be completely realized.

Watershed Shoreline Total

Present
Point 37 7 44
Diffuse 45 4 49
Total 82 11 93

Past
Point 112 49 151
Diffuse 45 4 49
Total 147 53 200

Future
Point 33 3 36
Diffuse 45 4 49
Total 78 7 85

To investigate the relationships between the external
phosphorus load and the trophic state of the lake, the

7DE���. Mass balances for nitrogen, phosphorus and reactive silica from June 95 to May
96. The values in brackets are obtained from the concentrations of rivers Oglio inlet and
Borlezza only (see text). Lake surface: input from atmospheric deposition on lake surface.

km2 TN TP Reactive Si
(t y-1) (t y-1) (t y-1)

Rivers 1605 (1569.9) 2400 (2300) 70 (64) 3800 (3600)
Not sampled areas 176 (210.1) 260 (310) 11 (12) 410 (510)
Total watershed input 1781 (1781) 2700 (2600) 81 (76) 4200 (4100)
Lake surface 61 60 0 0
Total input 1842 2800 81 4200
Output 1500 23 600
Input-Output 1300 58 3600
In-lake retention (%) 46 72 86
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theoretical average phosphorus concentration in the lake
waters was calculated according to Vollenweider (1976)
and OECD (1982). The first statistical approach relates
the phosphorus loading, expressed as grams of P per
square meter of lake surface per year, to the ratio be-
tween mean depth (m) and theoretical water renewal
time (year). The plots of the evaluated loads for the
three periods (1986, 1995-97 and on completion of the
planned recovery plants) versus the morphometric and
hydraulic variables (Fig. 5) clearly show that the present
of high trophic level of the lake is fully explained by the
P loads, and that even when the recovery plants are
completed the P load will be too high to keep the lake at
an acceptable mesotrophic level.
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)LJ�� �. Position of Lake Iseo P load at three stages of the
waste water treatment following the approach by
Vollenweider (1976).

The second statistical approach (OECD 1982),
which is a development of the first, uses the theoretical
water renewal time and the mean TP concentrations in
inflowing waters to evaluate the trophic level of the
lake, by calculating the in-lake TP concentration and
chlorophyll a concentration. The nature of the OECD

approach is probabilistic, and can be applied to a spe-
cific lake only if (a) the morphometric and hydrological
characteristics of the lake, and the values of the chemi-
cal and biological variables, fall within the range of
variation of the OECD lakes and (b) if the requisites of
the models used in the OECD approach are fulfilled, L�H�
steady state conditions, no change in concentration in
the water column and no internal loading.

As is shown in table 6, the morphometric, hydro-
logic and chemical characteristics of Lake Iseo do fall
within the range of the OECD lakes. The second condi-
tion, however, is not entirely satisfied, as there is in the
lake no complete homogeneity of TP concentration on
the water column, due to the lack of complete overturn.
Bearing this limitation in mind, the result of the plot of
the three load patterns (1986, 1996, 2016) is shown in
figure 6. Average phosphorus concentration in the in-
flowing waters was derived from calculated loads in the
three chosen options and annual inflow data supplied by
Consorzio dell’Oglio; hydraulic retention time was es-
timated as 4.2 years, on the basis of the 1951-1996 hy-
drological data.

The graph uses a different range of TP concentra-
tions to define the areas of higher probability of oligo-
trophy, mesotrophy and eutrophy. The two threshold
concentrations used in the original OECD approach are
8 and 25 µg P l-1, respectively; the higher value was
lowered to 15 µg P l-1, taking into account the charac-
teristics of the deep southern Alpine lakes, which begin
to show clear signs of eutrophication when TP concen-

trations exceed 10 µg P l-1 (Ravera & Vollenweider
1968; Ambrosetti HW� DO. 1983b, 1992; Salmaso HW� DO.
1997).

The plot of the loads corresponding to the three pe-
riods clearly shows that the lake before 1986 was in the
area of high probability of eutrophy, which is in agree-

7DE���. Morphometric and hydrological parameters, loads and concentrations of nitrogen and phosphorus, in-lake
concentrations of chlorophyll-D (0-10 m means) compared with the range and geometric means of the same variables
in the OECD lakes.

Symbol Unit L. Iseo OECD lakes
Min. Geometric mean Max. Studied lakes

Lake area Ao km2 61 0.025 6.6 58000 126
Mean depth ] m 123 1.7 14.3 313 126
Water residence time τω years 4.2 0.016 1.2 700 112
Loading of TP /�3� g m-2 y-1 1.31 0.017 1.2 80 102
Outflow of TP 2�3� g m-2 y-1 0.38 0.040 0.74 80 61
Annual mean inflow of TP [P]

L
mg m-3 50 4.7 112 1425 92

Annual mean in-lake concentration of TP [P]λ mg m-3 64 3.0 47 750 115
Loading of TN /�1� g m-2 y-1 51 0.81 28 1710 56
Outflow of TN 2�1� g m-2 y-1 27 0.20 20 1710 48
Annual mean inflow of TN [N]

�L
mg m-3 1920 - - - -

Annual mean in-lake concentration of TN [N]
�λ mg m-3 810 263 1244 6095 58

Mean annual chlorophyll-D [Chl
D
] mg m-3 5 0.3 8.4 89 96

Annual peak of chlorophyll [max Chl
D
] mg m-3 18 2.0 22.8 275 61

TP residence time τ
S

years 5.4 0.006 0.53 24.5 97
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ment with the trophic evolution observed in Lake Iseo
from the first study in 1965 (Bonomi & Gerletti 1967,
Garibaldi HW�DO. 1997). On the other hand, the in-lake TP
concentrations which should be currently expected on
the basis of the statistical relationship (about 35 µg P l-1)
is significantly lower than the present P concentrations
(60-65 µg P l-1). This may be explained by (a) an under-
estimation of the present TP load, (b) the presence of a
significant internal P load or (c) a discrepancy between
some characteristics of the lake and the requirements of
the model. Point (a) may reasonably be rejected on the
basis of the detailed sampling of the tributaries per-
formed in the first year of this study. On the other hand,
a detailed study on soil use and productive activities in
the watershed (Garibaldi HW�DO. 1998) did not indicate the
presence of significant potential P sources in the areas
not drained by the tributaries. The importance of the in-
ternal P load (point b) is certainly not substantial in a
lake with a maximum depth of 250 m and little tendency
to present full circulation. Things may have been
changing since 1994, when anoxia appeared in the bot-
tom layer (Garibaldi HW� DO. 1995). However, this does
not seem to be enough to determine the observed differ-
ences in P concentrations. As to the third point, the most
important discrepancy of Lake Iseo with the OECD re-
quirements is the lack of overturn, which produces,
along with phytoplankton uptake and sedimentation, a
gradient of TP concentration over the water column, so
that the TP concentration in the outlet is significantly
lower than the in-lake mean values.
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The complete overturn, which in the deep southern
Alpine lakes would normally be in March-April, has be-
come rare in recent years, with the last complete over-
turn occurring in Lake Iseo, as well as in the other deep
subalpine lakes, in the early 80s. The variations of dis-
solved oxygen and reactive phosphorus in the deeper
water layer well illustrate the lack of overturn in recent
years (Figg 3, 4).

As is shown in figure 6, according to the OECD
model, the estimated water phosphorus concentrations
should be much lower than the measured ones, ranging,

in the present situation, between 16 and 18 µg P l-1 and,
in the past, between 31 and 36 µg P l-1. Completion of
the recovery interventions, on the other hand, would
lead to a further reduction of about 10 t P y-1, resulting,
according to OECD, in a decrease of about 2 µg P l-1 in
lake phosphorus concentration. So, even taking into ac-
count the length of time required for the lake to show
recovery symptoms after phosphorus load reduction,
often much longer than the theoretical water renewal
time, the situation of the lake does not seem consistent
with the load estimates. In fact, according to the OECD
regression, the phosphorus load reaching the lake in the
past would have to have been much lower to justify the
present in-lake concentrations. Actually, while at a first
glance the OECD model would seem to fit the case of
Lake Iseo, it is worth observing that the situation has
been significantly modified by the absence of complete
overturn periods. One of the prime conditions for the
application of OECD models, i.e. the complete mixing
of the lake waters, is therefore lacking, and the source-
receptor relationships seem to follow a different trend. It
is more and more difficult to make an estimate of ex-
pected phosphorus in the lake, and a gradual enhance-
ment of the trophic level is also the result of the accu-
mulation of nutrients deriving from the long lasting
stagnation of the water.

5. CONCLUSIONS

Since the first regular sampling performed in 1973,
the trophic state of Lake Iseo has continued to increase,
as is shown by the growing TP concentrations, the an-
oxia of the water below 200 m and the frequent pres-
ence of toxic algae in the phytoplankton (Garibaldi HW�DO.
1995; 1997). There appears to be no remission of this
process, notwithstanding the significant reduction in the
P load which the construction of treatment plants has
produced over the last 10 years. One cause of the dete-
rioration of the lake is the lack of complete overturns.
This is due partly to climatic factors (mild winters), and
partly to the accumulation of nutrient salts in the hy-
polimnion, which has caused a general increase in sa-
linity and favoured the stagnation of the water observed
in recent years. In its turn, the accumulation of salts de-
pends mainly on the precipitation of calcium carbonate,
which is a direct effect of high productivity in water rich
in calcium and bicarbonate, as is the case with Lake
Iseo. The reduced tendency to total mixing of the whole
water column is likely to result in a higher sensitivity to
the phosphorus load of the lakes, i.e. a higher trophic
state of the lake with the same P load.

The absence of complete overturn is probably the
chief reason why the OECD approach produces mis-
leading results. There is a clear necessity to carry out
further research specifically aimed at defining an ac-
ceptable load, taking into account the lack of regular pe-
riods of water overturn. However, the results we have
are sufficient for us to say that the present load, while
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consistent with the Regional Water Recovery Plan strat-
egy, is still too high not only to allow the recovery of
the lake but also to stop its growing eutrophication. Un-
fortunately, as we have said above, most of the present
phosphorus load derives from non-point sources and is
thus not likely to be reduced, while all the technological
solutions for reducing point source loads have already
been implemented.

Interventions aimed at further reducing the point
source load could be planned, but would involve high
costs and much uncertainty about their cost effective-
ness. Phosphorus removal by chemical co-precipitation,
for instance, could be adopted even in small treatment
plants. The level of storm water overflow could also be
reduced, and storm water collected during rain events
could be precipitated chemically before being dis-
charged into the lake. However, it is improbable that
these options would lead to more than marginal benefits
in terms of mass balance and allow more than a small
decrease in the overall phosphorus load. On the other
hand, more detailed limnological studies should also
consider the processes leading to P elimination from the
water, e.g. co-precipitation with calcium carbonate and
with phytoplankton biomass. In this last process a major
role is played by the sedimentation of diatoms, which
are of great importance in Lake Iseo (Garibaldi HW� DO.
1995, 1997), and by the silica budget, which shows a
marked Si retention in the lake.
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