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ABSTRACT 
This paper illustrates the results of an analysis performed on historical data of the main meteorological and water quality 

variables collected during the last fifty years in the basin of Lake Trasimeno, a shallow lake subjected to important water level 
fluctuations. The results reveal a significant increase of the annual mean of minimum and maximum air temperature, water 
temperature and solar radiation, and a significant reduction of precipitation and cloud cover, which have mostly occurred during the 
last twenty years. The decadal rate of warming observed in the last twenty years for air temperature (0.33 °C decade-1) is consistent 
with the estimate reported by the IPCC for the land-surface temperature in the Northern Hemisphere, whereas the surface water 
temperature in Lake Trasimeno shows a more marked increase (0.65 °C decade-1), comparable to that observed in other lakes of 
Mediterranean areas. On a monthly scale, the most significant variations are observed in late-spring and early summer months for 
temperature and solar irradiation, and in winter and spring months for rainfall, which result in an appreciable modification of the 
seasonal progression. The alterations of the thermal and hydrological balance of the lake have caused a progressive lowering of the 
water level and the emergence of evaporative conditions. As a consequence of the drought, a progressive accumulation of dissolved 
salts (3.5 106 kg y-1) is observed, which is partially explained by meteoric loading. The analysis also shows that an increase in the 
total alkalinity has occurred during the main drought phases of the last forty years, which has been shown to be consistent with what 
expected on the basis of the changes in the ionic composition of the waters. With decreasing water levels, a strong reduction in water 
transparency has also been observed, which does not appear to be connected with a change in the trophic state of the lake, but rather 
with the increase of suspended solids from bottom sediments, in agreement with the predictions based on resuspension models in 
shallow waters. On putting the results into the future scenario of climate change, an accelerating drought and progressive worsening 
of the water quality can be predicted for Lake Trasimeno in the near future. 
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1. INTRODUCTION 
Shallow-water ecosystems are widespread world-

wide. They often represent regional "hot spots" of bio-
diversity and are subject to conservation policies. Cli-
mate change can exert severe impacts on the functioning 
of these systems, as their hydrological, thermal and 
hydrochemical regime are strongly affected by meteo-
climatic variations. In a number of these ecosystems, 
problems related to the current climate change (drought, 
flood, warming, salt accumulation, water quality 
changes, etc.), often amplified by water use and pollu-
tion, have been experienced over the last few decades 
(Bates et al. 2008). The impact of drought has been par-
ticularly severe in Central Africa (e.g., Lake Chad and 
Lake Tonga: UNEP 2006), Southeastern Europe (e.g., 
Lake Balaton and Lake Velence: Wantzen et al. 2008) 
and Southeastern Australia (e.g., Lake George: Beeton 
et al. 2006), where the drought risk has been estimated 
to be more significant at a planetary level (Bates et al. 
2008).  

Drought in standing water bodies occurs as stream 
inputs and surface runoff decline and, as it is usually 
associated with high temperature, evaporation may 
increase sharply. The effects of drought on water quality 

may be more or less evident, depending on the hydro-
logical and hydrochemical regime of the water basin. 
They may however be expected to increase rapidly as 
the system approaches evaporative conditions (closed 
basin and water losses exceeding water supplies). In 
these conditions, the water level decreases and the 
accumulation of salt and nutrients is favoured. In shal-
low waters, water lowering is generally accompanied by 
an increase in water turbidity, due both to increasing 
phytoplankton density and resuspended sediments 
(Scheffer 1998). With stagnant conditions, nutrients 
may build up increasing the risk of blooms of toxic blue 
green and golden algae, thus causing a decrease in oxy-
gen levels and stress on aquatic fauna (e.g., Colley 
2004). As drought progresses, water levels recede from 
the normally highly productive littoral zone, stranding 
some of the fauna and flora, such as mussels (Balogh et 
al. 2008) and rooted aquatic macrophytes (Furey et al. 
2006). The study of the effect of climatic changes on 
shallow lakes is therefore of relevance both from a sci-
entific, a conservation and a health point of view. 

Lake Trasimeno (Umbria, Italy) is a shallow lake of 
a remarkable naturalistic importance (Site of Commu-
nity Interest, Special Protection Zone and Regional 
Park). Despite its large extension (about 124 km2) the 
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lake is very shallow and its bathymetry very smooth, 
with a maximum nominal depth of 6.3 m, which can 
only be reached when the water level exceeds the artifi-
cial outlet threshold located, since 1983, at 257.50 m 
a.s.l. The catchment basin of the lake (Fig. 1) lies over a 
substratum of low permeability (turbidite), covered by 
Plio-Pleistocene and Holocene deposits, with a variable 
content of silicatic and of carbonatic minerals (Deffenu 
& Dragoni 1978; Dragoni 1982, 2004).  

 

Fig. 1. Lake Trasimeno and its catchment basin (modified
from Orsomando & Catorci 1991). The dashed line outlines
the areas added to the watershed in the years 1957-62: T -
Tresa river basin; RM - Rigo Maggiore river basin (T and RM
were part of the natural basin of the lake before 1482); MM -
Moiano and Maranzano river basin (this basin is joined to the
lake by a man-made canal crossing over the natural waterways 
- dotted line). The map shows the location of the Hydro-
biology Station of the University of Perugia (circle), the long-
term meteorological stations considered in the present investi-
gation (diamonds) and the automatic meteorological stations
of the S.I.G.L.A. (Informative Agricultural Management Sys-
tem of the Perugia Province) monitoring system (squares). 

 
Because of its small extension (383 km2) relatively 

to the lake area, the water balance of the lake is strongly 
affected by the pluviometric regime, and annual water 
inflows are frequently lower than evaporation losses 
(Ludovisi 1998; Dragoni 2004). The strict dependence 
of the water balance on meteorological conditions has 

caused dramatic floods and droughts over the centuries 
and human interventions have been made in order to 
regulate the lake level since Etruscan or Roman times. 
Starting from the Middle Ages, there is a fair amount of 
documentation on works regarding the hydraulic regu-
lation of the lake (Dragoni 2004; Gambini 1995). The 
outlet restructuring, completed at the end of the 19th 
century, gave inception to a progressive lowering of the 
lake level which led to a dramatic crisis of the 1950s, to 
which contributed several variations of the artificial 
outlet threshold (Fig. 2). The enlargement of the catch-
ment basin performed in 1957-62 (Fig. 1), allowed the 
lake to rapidly recover from drought. However, the 
"Lake Trasimeno problem", at present consisting of a 
phase of very low levels – to which the withdrawals for 
agricultural and civil use have contributed (Morozzi et 
al. 1998) – still remains unsolved, mainly because the 
regulation works and restriction rules on withdrawals 
recently adopted seem to be ineffective in the current 
climate change phase (Dragoni et al. 2003). The rapid 
sequence of fluctuation in the water level, in combina-
tion with the change in the meteorological and atmos-
pheric forcing that has occurred in the last few decades, 
have arguably caused significant effects on the water 
quality as well as on the biocoenotic composition of the 
lake. In addition, these effects may be expected to 
overlap and interact with those due to chemical loadings 
from the watershed, particularly during drought phases. 
However, a thorough evaluation of the impact on water 
quality of such a multiple forcing has not been made yet. 

In the present work, the trend of the main meteoro-
logical forcing variables and water quality variables 
during the last few decades is reconstructed on the basis 
of data collected in the lake basin since 1950, with the 
aim of identifying the most critical issues emerging in 
the lake in relation with current and predictable anthro-
pogenic impacts.  

This research forms part of the National project 
M.I.C.E.N.A. (Modello Integrato per l'Evoluzione degli 
Ecosistemi Naturali e Agricoli in relazione ai cambia-
menti climatici nell’area mediterranea), which is aimed 
to understand the impact of climate change on natural 
and agricultural systems in the Mediterranean areas, and 
to provide integrated models of sustainable development. 

2. METHODS 

2.1. Meteorological data 

The fifty-year long meteorological series analysed in 
this study have been collected daily at a public thermo-
pluviometrical station (at present managed by the 
Umbria Region) located in Monte del Lago, in front of 
the Hydrobiology Station of the University of Perugia 
(Fig. 1), since 1951. Precipitation and min-max air tem-
perature data were extracted from the yearbooks (Annali 
Idrologici) published by the Italian Ministero dei Lavori 
Pubblici – Servizio Idrografico. Fifty-year long series 
collected in the nearby meteorological stations located 



A. Ludovisi & E. Gaino 176 

in S.Savino and Castiglione del Lago (Fig. 1), and more 
recent meteorological series (years 1988 -2006) auto-
matically collected every 30 minutes in the stations of 
S.I.G.L.A. (the Informative Agricultural Management 
System of the Perugia Province - Fig. 1) were also 
organised and examined in order to validate and com-
plete the series collected at Monte del Lago. The quality 
of long-term series of precipitation and air temperature 
collected at Monte del Lago was first checked by per-
forming a cross control against the data series collected 
at S. Savino and Castiglione del Lago. After the 
removal of evident erroneous data, monthly series were 
calculated for the three stations and then their homoge-
neity was tested by applying Craddock's homogeneity 
test (Craddock 1979), under the hypothesis of the con-
stancy of precipitation ratios and temperature differ-
ences (Brunetti et al. 2006). The test was performed in 
two ways: a) testing each series against the others by a 
multiple application of the test (no reference series is 
assumed); b) assuming as a reference the series col-
lected at a meteorological station located in the city of 
Perugia, which has been previously tested for being 
included in an Italian homogenised data set (Brunetti et 
al. 2006). 

For precipitation, the test showed a good level of 
homogeneity for all the series, with the precipitation 
ratios ranging from 0.99 to 1.0 (test a) and from 0.86 
and 0.87 (test b). After the check, the series of Monte 
del Lago was completed by replacing the missing data 
(14% of the total) by those collected at the station of S. 
Savino, whose series showed the highest similarity with 
that collected at Monte del Lago (the difference between 
the daily values is normally distributed around an aver-
age value of -0.02 mm - N~12000). 

The application of Craddock's test to daily maximum 
and minimum air temperature revealed evident break 

signals in the series before 1960. The removal of the 
data collected in the period 1951-1959 significantly 
improved the results of the test applied (test a and b). 
The monthly series of maximum and minimum daily 
temperatures recorded since 1988 at a S.I.G.L.A. station 
located at Polvese Island (station n. 1 - Fig. 1) were also 
tested for homogeneity, and the homogenised data were 
used to complete the series of Monte del Lago, which 
showed several interruptions (by a total of 11% missing 
data) in period 1990-2006. 

Other recent series of meteorological data collected 
in the S.I.G.L.A. stations were organised, cross-checked 
for homogeneity and examined. Here we briefly report 
the 1988-2006 trend for the meteorological variables 
(solar radiation, wind speed and relative humidity) that 
are mostly connected with the hydrological balance and 
the mixing of the lake waters. The data series examined 
were gathered in the stations n. 1 and 2, located at the 
Polvese Island (Fig. 1). 

2.2. Water temperature  

The temperature of the lake waters has been meas-
ured at surface by a mercury thermometer in front of the 
Hydrobiology Station (Fig. 1) since June 1965. The 
water temperature data here presented were directly 
extracted from a logbook filled in by the technicians 
working at the Station. Three data series were available: 
- Series 1: June 1965 - February 1990 – Daily meas-

urement at 9:00 a.m.; 
- Series 2: February 1988 - May 1993 –Weekly meas-

urement at 11:00 a.m.; 
- Series 3: June 1992 - August 2006–Daily measure-

ment at 11:00 a.m.. 
The correlation between the series was evaluated by 

considering time-overlapping data (r2
Series1/Series2 = 0.988, 

 

Fig. 2. Trends of the annual maximum and minimum levels of Lake Trasimeno and main water management intervention from 1884
to 2006 (from Gambini 2000, modified). 
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N = 108; r2 Series2/Series3 = 0.974, N = 37) and a linear 
regression (TSeries2 a.m. = 1.055 + 0.994 TSeries1; S.E.yx = 
0.55) was used to transform the data of the Series 1 into 
a series comparable to the subsequent series collected at 
11:00 a.m.. 

2.3. Water quality 
The historical analysis was mainly focused on a 

limited number of water quality data – water transpar-
ency (as Secchi depth), total phosphorus (TP), soluble 
reactive phosphorus (SRP), dissolved oxygen (DO), pH, 
total alkalinity (TA), water conductivity at 25 °C and 
several major ions (Cl-, SO4

2-, Ca2+, Mg2+) – representa-
tive of the surface waters of the littoral areas located in 
front of Monte del Lago (Fig. 1), for which significant 
long-term time series were available.  

Water quality data collected before 1990 were 
extracted from publications reporting the results of a 
number of sampling surveys carried out in front of the 
Hydrobiology Station since 1950s (Moretti 1958; Man-
nelli & Mancini 1962; Tiberi et al. 1971, 1973; Di Gio-
vanni et al. 1974; Trevisan 1978; Taticchi & Tiberi 
1980; Tiberi 1980, 1985; Gianotti et al. 1982; Mearelli 
1985; Franconi et al. 1987; Mantilacci et al.1990; 
Mearelli et al. 1990). Most of the sampling surveys 
were performed annually with a monthly sampling fre-
quency, in sites located between 150-300 m from the 
shoreline. Only the data collected in sites >2 m in depth 
were included in the data set examined. The analytical 
methods used in the considered investigations complied 
with APHA-AWWA-WPCF's "Standard Methods for 

the Examination of Water and Wastewater" (various 
editions). 

Recent water quality data (years 1990-2006) were 
extracted from a dataset, provided by A.R.P.A. Umbria 
(the Regional Environmental Protection Agency of 
Umbria), collected during the Monitoring Programme 
for the Control of Eutrophication, in a site (Albaia) 
located at about 1 km north of the Hydrobiology Sta-
tion. In addition to the previously quoted variables, the 
monitored variables included chlorophyll-a, total dis-
solved solids (TDS – gravimetrical), nitrates, nitrites 
and ammonia. The analytical protocols adopted in the 
programme complied with CNR-IRSA's methods (see, 
e.g., CNR-IRSA 1994 and APAT-CNR-IRSA 2003). A 
thorough examination of the analytical methods used in 
different periods drove us to omit the examination of the 
long term trend of some important ionic species, such as 
reactive silica, nitrates, nitrites and ammonia, as the 
comparability of the data series was not assured. From 
the prepared database, annual maximum and minimum 
were extracted and annual mean was calculated from the 
seasonal means when a minimum of 2 values for each 
season was available. 

3. RESULTS 

3.1. Meteorology 

Precipitation - During the last fifty years, the annual 
precipitation has shown a marked variability (from 345 
in 1989 to 1100 mm in 1984) around an average value 
of 716 mm y-1 (Fig. 3a). This value is very close to the 

 

Fig. 3. Precipitations at Lake Trasimeno from 1951 to 2006, based on daily data collected at Monte del Lago: a) annual monthly 
moving average precipitation. The dotted line shows the best quadratic fitting curve. The dashed line indicates the critical annual
rainfalls for the lake as estimated by Dragoni (1982); b) number of rainy days: total number (top), number of days with an amount of 
precipitations under the 50th percentile (middle) and number of days with precipitations an amount of precipitations above the 90th

percentile (bottom); c) distribution of monthly precipitations during three selected periods. 
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critical rain (788 mm y-1 for the years 1951-58 and 709 
mm y-1 for the subsequent period), which represents the 
precipitation necessary to balance evapo-transpiration 
and withdrawals (Dragoni 1982). By comparing annual 
rainfall with water level fluctuations (Fig. 2), it is evi-
dent that annual precipitations below the critical values 
(years 1955-1958, 1970-1975, 1988-1990, 1993-1996 
and 2000-2003) resulted in a rapid decrease of the water 
level. The enlargement of the catchment basin, com-
pleted at the end of the 1950s, has significantly reduced 
the risk of water level lowering during the subsequent 
three decades. Starting from the end of the 1980s, how-
ever, yearly precipitations have been frequently below 
the critical value, so that the level of the lake has pro-
gressively decreased. The total number of wet days per 
year does not show (Fig. 3b) a significant reduction in 
the period 1951-2006, but the intensity of precipitations 
shows a decreasing trend: the number of days with rain-
fall below the 50th percentile (<3 mm d-1) shows a 
significant increase, particularly in 1950s and 1960s, 
whereas the number of days with intense rains (above 
the 90th percentile, i.e. >16.8 mm d-1) shows a slightly 
decreasing trend (Fig. 3b). However, one of the most 
significant changes in precipitation deals with the sea-
sonal distribution. The comparison of the trend of 
monthly rainfall, clustered in three different periods 
(1951-69; 1970-1988; 1989-2006), shows that the last 
period significantly differs from the others (Fig. 3c), as 

also confirmed (p <0.05) by the application of the mul-
tivariate Student's t-test (Hotelling T-square test). The 
application of uni-variate Student's t-test showed that 
the monthly precipitations are significantly different (p 
<0.05) in the first half of the year (January to May), 
with the exception of April. In seasonal terms, the pre-
cipitation decreased by about 15% in winter (December-
January-February, from now DJF), 24% in spring 
(March-April-May, from now MAM) and 11% in sum-
mer (June-July-August, from now JJA) with respect to 
the previous periods. By contrast, precipitations 
remained almost unchanged in autumn (+4%). 

3.1.1. Air temperature 
The trend of maximum and minimum daily tem-

peratures (Fig. 4a) shows a concavity with a minimum 
localised in the late 1970s - early 1980s, which is more 
curved for the data of minimum temperature. The fitted 
curves, both statistically significant (p <0.05), show a 
clear increasing trend starting from the beginning of the 
1980s, which allows an increase of about 1.6 and 1.2 °C 
respectively for the maximum and minimum tempera-
ture to be estimated for the last thirty years. The number 
of frost days per year did not show a significant (p 
>0.05) variation, whereas a significant (p <0.01) 
increase in the number of warm days can be estimated 
on the basis of the regression curve (Fig. 4b). The curve 
is strongly affected by the extremely high number of 

 

Fig. 4. Air temperature at Lake Trasimeno from 1960 to 2006, based on daily data collected at Monte del Lago: a) annual monthly 
moving average of maximum (▲) and minimum (▼) air temperature (the dotted lines show the best quadratic fitting curves); b)
number of frost days (days with minimum temperature below 0° C) and number of warm days (days with maximum temperature
above the 90th percentile – 29 °C). The dotted lines show the best quadratic fitting curves; c) distribution of monthly average 
maximum and minimum air temperature during the three selected periods. 
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warm days observed during the "heat wave" of summer 
2003. The comparison of the trend of monthly maxi-
mum and minimum temperature, clustered in three dif-
ferent periods (1960-74; 1975-1989; 1990-2006), shows 
that the latter differs from the others, especially during 
the spring and summer months (Fig. 4c). Hotelling's T-
square test applied to the three aggregated sets of data 
confirmed that, whereas the first two period are statisti-
cally homogeneous, the seasonal progression of tem-
perature (both maximum and minimum) in the period 
1990-2006 was statistically different from the others (p 
<0.06). The uni-variate Student's t-test showed that 
monthly maximum air temperatures were significantly 
higher (p <0.05) in the months ranging from May to 
August, with the difference ranging from +1.21 to +2.05 
°C. As far as minimum air temperature is concerned, a 
statistically significant difference (p <0.05; +0.9 °C) 
was observed for the month of June. In seasonal terms, 
these changes resulted in an increase of the maximum 
air temperature of about 1.5 °C during spring (MAM) 
and summer (JJA), and an increase of minimum air 
temperature of about 0.7 °C in summer.  

The analysis of the air temperature data collected 
half-hourly at the meteorological station located at the 

Polvese Island showed that the annual mean air tem-
perature increased by about 0.6 °C (0.33 °C decade-1) in 
the period 1988-2006 (Fig. 5a), although the linear trend 
is not highly significant (p = 0.13). A more significant 
increasing trend was observed for the late spring and 
early summer months (April-July), with particular refer-
ence to June (p = 0.004) and July (p = 0.06), for which 
an increase of about 2.4 and 1.5 °C can be estimated 
respectively (Fig. 5a). In seasonal terms, these varia-
tions resulted in an average increase of the water tem-
perature of about 1.3 °C during spring (MAM) and 1 °C 
in summer (JJA). 

3.1.2. Solar radiation 
The analysis of the data series of the incoming solar 

radiation showed that, although the linear trend is not 
very significant (p = 0.19), the total annual irradiance 
slightly increased in the period 1988-2006 (Fig. 5b). On 
a monthly scale, a regression analysis revealed that the 
variation in the incoming solar radiation is not signifi-
cant for most months, with the exception of late spring-
early summer months (April-July). The trend is par-
ticularly significant for June (p <0.001), for which an 
increase of about 15% can be estimated (Fig. 5b). On 

 

Fig. 5. Trends of the annual and some selected monthly means of air temperature (a), solar radiation (b), relative humidity (c) and 
wind speed (d) from 1988 to 2006, based on data collected at the S.I.G.L.A. meteorological stations. 
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the other hand, a fairly significant (p = 0.08) decreasing 
trend is shown by August, with a consequent depletion 
of about 7% of the incoming radiation. On the basis of 
the Savinov-Angstrom equation (Budyko 1974), the 
corresponding fraction of sky covered by clouds can be 
estimated to decrease from 40 to 23% in June and to 
increase from 18 to 28% in August.  

As far as the other meteorological variables exam-
ined – relative humidity and wind speed – are con-
cerned, a relatively marked inter-annual variability was 
observed (Figs 5c, d), but no statistically significant 
trend was evidenced in the annual and monthly series. 

3.2. Water temperature 

Similarly to air temperature, the reconstructed trend 
of surface water temperature in Lake Trasimeno at 
11:00 a.m. shows (Fig. 6a) a concavity with minima 
localised in the late 1970s - early 1980s. After a slight 
decrease during the late 1960s, the annual average tem-
perature of the lake fluctuated around a value of about 
15.5 °C up to the early 1990s, after which it increased 
steeply. The comparison of the monthly average tem-
perature, clustered in three different periods (1965-
1978; 1979-1991; 1992-2006), shows that the period 
1992-2006 differs from the other ones (Fig. 6b), espe-
cially during the spring and summer, as confirmed by 
the multivariate Hotelling T-square test (p <0.08). The 
application of univariate Student's t-test showed that 
only the temperature of May, June and August, are 
highly statistically different (p <0.02), the differences 
being +1.8, +1.6 and +1.4 °C respectively. In seasonal 
terms, an average increase of the water temperature of 

about 1.3 °C during spring (MAM) and 1 °C in summer 
(JJA) can be estimated. As shown by Ludovisi (1998) 
the series of data collected at 11:00 a.m. can be taken as 
representative of the mean daily temperature, with an 
average error of 4%. Therefore, on the basis of the 
observed trend, the rate of increase of surface water 
temperature can be estimated of the order of 0. 65 °C 
decade-1 for the period 1988-2006. 

No significant long-term data series concerning the 
depth profile of water temperature were available for 
Lake Trasimeno. As results from literature data (Tiberi 
et al. 1971; Trevisan 1978; Mantilacci et al. 1990) and 
from the examination of the data collected by A.R.P.A. 
Umbria, no real thermal stratification has been observed 
during the last four decades, although vertical gradients 
of a small extent (about 1-2 °C between surface and 
bottom layers) have been occasionally observed during 
the summer period. 

3.3. Water quality 

The long-term trend of the environmental variables 
most continuously monitored in the surface waters of 
Lake Trasimeno is shown in figure 7. As can be seen, 
the annual maxima, minima and means of water trans-
parency have been subjected to consistent and signifi-
cant fluctuations, up to 2 m in amplitude, during the 
period considered (only minima values were available 
after 1993, because the monitoring protocol of A.R.P.A. 
Umbria applied a higher threshold of 1.2 m). Very low 
values were detected in the periods 1958-60, 1973-75 
and 1989-2006, when the lake has experienced the most 
significant water lowering of the last decades (Fig. 2). 

 

Fig. 6. Surface water temperature at 11:00 a.m. in Lake Trasimeno from 1965 to 2006, based on the three series of data collected at
Monte del Lago: a) annual monthly moving average of the surface water temperature (the dotted line shows the best quadratic fitting 
curve. The trend of the original data series collected at 9:00 a.m. on the basis of which the series at 11:00 a.m. was reconstructed for
the period 1965-1990 is also shown (dashed line); b) distribution of monthly average surface water temperature of Lake Trasimeno in
the three selected periods. 
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Such a behaviour, however, is very difficult to explain 
in terms of variation in the trophic state of the lake: in 
fact, on the basis of the data collected in the last two 
decades, the correlation between water transparency and 
chlorophyll-a or total phosphorus (TP) concentration 
(after log-log transformation) is quite poor (chloro-
phyll-a: r2 = 0.28; p <0.001; N = 101 – TP: r2 = 0.05; p 
= 0.013; N = 129). The correlation is particularly weak-
ened by winter data, which often represented annual 
minima of transparency. On a fifty-year time scale, the 

annual mean of the TP concentration varied moderately 
around the 'boundary value' of 0.035 mg L-1, which 
separates the mesotrophic from the eutrophic class, 
according to the criteria adopted by the OECD (Vollen-
weider & Kerekes 1982), but no clear long-term trend 
can be envisaged (Fig. 7). Similar responses were 
obtained when considering the data of chlorophyll-a 
concentration collected in the last two decades: the 
mean annual concentration of chlorophyll-a varied 
between 2.3 and 14.4 µg L-1, with annual maxima 

 

Fig. 7. Trends of the annual maximum, mean and minimum of several water quality variables measured in the surface waters of Lake
Trasimeno from 1956 to 2006. 
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ranging from 7 to 55 µg L-1. Apart from a few cases, the 
concentration of soluble reactive phosphorus (SRP) has 
slightly exceeded the analytical threshold of 1 µg L-1 
during the last forty years (Fig. 7). Such a low 
concentration has certainly been limiting for algal 
growth, the ratio N/P being mostly in excess (70% of 
the cases in the period 1990-2006) of the theoretical 
value of 7.2 suggested by ILEC-UNEP (1989). Among 
the other variables usually connected with the trophic 
state, dissolved oxygen (DO) does not show any 
significant pattern of variations (Fig. 7). The annual 
mean of DO at the surface varied slightly around the 
saturation value, with annual maxima and minima 
generally deviating less than 20% from the mean value. 
Occasionally, very high values have been recorded, as in 
late summer 1956, 1973 and 1994. 

The seasonal pattern of pH has followed the typical 
behaviour observed in calcareous freshwater lakes, with 
minima mostly localised in December and maxima in 
September, when the value occasionally approached 10 
pH units (Fig. 7). The annual mean values of pH lay 
between 8.2 and 8.9 pH units, without showing any 
clear long-term trend, but a marked reduction (about 0.6 
pH units) in the annual range of pH can be observed 
when comparing the data of the period 1969-1973 with 
those of the recent years. This would suggest that the 
buffer capacity of the waters underwent a significant 
increase. This hypothesis is supported by the change in 
the total alkalinity (TA), whose annual means were 
about 30 mg L-1 CaCO3 lower in the period 1969-1973 
than in the period 1987-2006 (Fig. 7). An increasing 
trend can be also envisaged in the last decades, which is 
particularly clear for the annual minima. 

However, the most evident changes in the water 
quality of Lake Trasimeno during the last decades deal 
with salt concentration. The total concentration of dis-
solved solids (TDS) has shown significant long-term 
variations as well as seasonal fluctuations, which were 
strictly linked with the meteorological and hydrological 
events. When the renewal of the waters was hampered 
(i.e., when the water level lay below the outlet thresh-
old), TDS fluctuated significantly during the year, as a 
consequence of the concentration/dilution process due 
to the seasonal variations in the lake volume (±58 106 
m3 on average over the last 20 years). In particular, 
during the last 20 years, the extent of the seasonal 
change in TDS has been of the order of 100 mg L-1, or 
280 µS cm-1 in terms of water conductivity (Fig. 7), 
usually being a maximum in late summer and a mini-
mum after the autumn rainfall. The available historical 
data allowed us to partially reconstruct the inter-annual 
trend of salt content before the end of 1980s. Water 
conductivity and chloride concentration (Fig. 7) attained 
relatively low values in 1969 and during 1980s, when 
the lake level exceeded the outlet threshold (Fig. 2). 
Since 1990, the lowering of the lake level has led to a 
stepped increase of the ionic content, with a small 

decrease in the years 2005-2006. The analysis of the 
data has shown that, besides a concentration effect, a net 
accumulation of salts is occurring in the lake. The total 
amount of dissolved solids increased gradually from 
242 106 kg in 1990 to 325 106 kg in 2006, with an 
accumulation rate of about 3.5±0.6 106 kg y-1, as esti-
mated by linear regression (r2 = 0.72; p <0.001; N = 16). 
In the same period, the content of Cl- increased by about 
1.56 106 kg y-1 (r2 =0.96; p <0.001; N = 16), whereas 
the accumulation rate of sulphate amounted to 0.37 106 
kg y-1 (r2 = 0.76; p <0.001; N = 16).  

Unfortunately, an exhaustive description of the his-
torical changes occurred to the ionic composition of 
lake water was not feasible, due mainly to the incom-
pleteness of the available data about cations. For the 
major anions, a triangular plot (Fig. 8) shows the 
enrichment in chlorides and sulphates in the period 
1969-2006, which moved the water from anion field 
8 [Cl-CO3] in 1969, through to anion field 7 [Cl-CO3-
(SO4)] up to the boundary of anion field 3 [Cl-(CO3)-
(SO4)], according to the scheme of nomenclature 
adopted by Euster & Hardie (1978).  

 

Fig. 8. Brine composition changes in Lake Trasimeno during 
the last forty years in terms of the major anions (as molar 
fraction). 

 
A more detailed pathway of change in the ionic 

composition of the waters can be traced by comparing 
data collected in several distinct surveys. As can be seen 
from table 1, the total concentration of anions and 
cations (whose difference was, in most cases, accept-
able, i.e., less than ±0.2 meq L-1) progressively 
increased during the periods in which the water level lay 
below the outlet threshold (periods 1970-1975 and 
1988-2006). To this trend contributed mostly the change 
in the concentration of the more conservative ions (Cl-, 
SO4

2-, Na+, K+), but also the change in TA, calcium and 
magnesium. The increase of Ca is particularly signifi-
cant, as it has been shown (Giovanardi et al. 1995a) to 
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be controlled by the solubility of calcite. The almost 
constant ratio Ca/Mg = 0.7 observed in the more recent 
samples (after 1980) also suggests that the concentration 
of magnesium is controlled by the solubility of Mg-Ca 
mixed carbonates. The charge imbalance caused by the 
increase of Ca and Mg was partially balanced by sul-
phates (to a greater extent in the more recent samples) 
and by TA, whose observed values are consistent with 
the values of the explicitly conservative alkalinity 
(TAec, Zeebe &Wolf-Gladrow 2001), calculated from 
the charge imbalance (Tab. 1). 

About other important ions, such as reactive silica, 
nitrates, nitrites and ammonia, no significant trends of 
variation emerged from the examination of the data 
series collected by A.R.P.A. Umbria in the period 1990-
2006, a summary statistics of which is reported in table 2. 

4. DISCUSSION 
From the analysis of the available series of data, 

several meteorological and water quality variables have 
shown to vary significantly during the period 1950-2006 
in the basin of Lake Trasimeno. Four main aspects 
deserve a thorough discussion, which will be done with 
the aim of explaining the observed patterns and pre-
dicting possible changes within the current scenarios of 
climate change. 

4.1. Meteorology and hydrology 
The results of the analysis of the fifty-year series of 

meteorological data shows that the changes observed in 
the areas of Lake Trasimeno are in a substantial agree-
ment with previous observations (Brunetti et al. 2004; 
Brunetti et al. 2006). As far as precipitation is con-
cerned, three main negative anomalies have been 
observed in Central Italy (the years '40-50, the first half 

of the 1970s and after 1990), in which annual precipita-
tion remained below the 1860-2000 average for several 
years. These drought phases mostly reflected the fluc-
tuations in spring precipitation (MAM) and, for the 
more recent phase, in winter precipitation (DJF). The 
analysis of the monthly precipitation here performed has 
shown that the period 1989-2006 differed significantly 
from the previous ones, the difference being mostly due 
to the reduction in the amount of precipitation during 
the first half of the year, with the exception of April. In 
contrast with the results of Brunetti et al. (2006), our 
examination did not show a clear reduction in the total 
number of rainy days per year, or an increase in extreme 
events during the last 50 years. 

The trends of maximum and minimum temperature 
in the areas of Lake Trasimeno also turned out to be 
consistent with those detected in Peninsular Italy, for 
which the recent positive anomaly exceeded 1 °C at the 
end of the 20th Century. At a seasonal level, Brunetti et 
al. (2006) found that the anomalies were steeper in 
spring and summer than in autumn and winter. The 
analysis of the monthly series here reported has con-
firmed this conclusion, showing also that the variations 
are significant for late spring and summer months, with 
particular reference to May and June. The decadal rate 
of warming observed for Lake Trasimeno (0.33 °C dec-
ade-1) is also consistent with the estimate reported by the 
IPCC for the land-surface temperature in the Northern 
Hemisphere. Although showing an analogous seasonal 
trend, the water temperature at the surface in Lake Tra-
simeno has undergone a more marked increase (0.65 °C 
decade-1) during the period 1980-2005, which is compa-
rable to that observed in other lakes of the Mediterra-
nean areas (e.g., Lake Maggiore: Ambrosetti et al. 
2006). 

Tab. 1. Ionic composition of water samples collected at surface in Lake Trasimeno in spring months of different years. (a) height 
above the outlet threshold; (b) "explicitly conservative alkalinity" calculated from the charge imbalance: TAec = 
[Na+]+2[Mg2+]+2[Ca+]+[K+]-[Cl-]-2[SO4

2-] (Zeebe &Wolf-Gladrow 2001); (c) total concentration of Ca2+ and Mg2+ estimated from 
hardness data; (d) estimated from chloride concentration by assuming concentration ratios Na/Cl=0.94 and K/Cl=0.021 (Peruzzi et al. 2005).

Year Water level Cond.  pH Cl- SO4
2- TA Ca2+ Mg2+ Na+ K+ Anions Cations TAec(b) Ionic strength

 cm (a) 25 °C µS cm-1
 meq L-1 meq L-1 meq L-1 meq L-1 meq L-1 meq L-1 meq L-1 meq L-1 meq L-1 meq L-1 M 

1969 30 748 8.68 3.63 0.34 2.80 1.04 2.26 3.41(d) 0.08(d) 6.77 6.79 2.82 0.010 
1973 -30 843 9.00 4.60 0.50 2.80 3.66(c) 4.32(d) 0.10(d) 7.90 8.08 2.98 0.011 
1975 -86 1084 8.26 5.52 0.50 3.90 4.86(c) 5.19(d) 0.12(d) 9.92 10.16 4.14 0.015 
1981 42 856 8.33 4.23 0.62 3.75 1.86 2.54 3.97(d) 0.09(d) 8.60 8.46 3.61 0.013 
1984 2 878 8.60 4.65 0.81  1.80 2.47 4.61 0.14  9.02 3.55  
1989 -10 881 8.66 5.16 0.84 3.70 2.00 2.76 4.85(d) 0.11(d) 9.70 9.72 3.72 0.014 
1993 -43 1053 8.53 6.06 1.12 4.00 2.00 3.04 5.70(d) 0.13(d) 11.18 10.86 3.68 0.016 
2005 -119 1440 8.52 8.98 1.41 3.56 2.03 2.93 8.57 0.23 13.95 13.76 3.37 0.018 

 
Tab. 2. Median value and range of variation of reactive silica, nitrates, nitrites and ammonia
measured at the surface waters in Lake Trasimeno in the period 1990-2006. (a)analytical threshold. 

 Reactive silica NO3
– NO2

– NH3 
 mg SiO2 L-1 mg N L-1 mg N L-1 mg N L-1 

Median value 2.20 0.01(a) 0.003(a) 0.04 
Range of variation 0.065 - 5.50 0.01(a) - 0.41 0.003(a) - 0.029 0.02(a) - 0.23 
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The analysis of solar radiation data offers a possible 
partial explanation about the immediate causes produc-
ing the observed patterns of variation in temperature. 
The annual solar irradiance has shown a slightly 
increasing trend during the 1988-2006 period (+2% as 
an overall increase), which becomes more significant 
when considering the late-spring and early-summer 
months (April-July). As previously shown, in these 
months the most significant change in air and water 
temperatures was also observed. This correspondence 
suggests that the increase in the radiative forcing may 
have produced an appreciable effect on air and, espe-
cially, on water temperature, particularly in the period 
of maximum insolation. The observed changes can be 
reasonably interpreted as a consequence of a reduction 
in the cloud cover. A highly significant negative trend in 
yearly and seasonal average cloud amount all over Italy 
(1951-1996) has been evidenced by Maugeri et al. 
(2001), who related this phenomenon to the increasing 
frequency of anticyclones over Southern Europe, due to 
the strengthening of the North Atlantic Oscillation.  

The simultaneous and significant change in the main 
meteorological forcing variables can be expected to 
have produced appreciable modifications on the energy 
and hydrological balance of the lake. In fact, as emerges 
from the application of a model previously calibrated 
for Lake Trasimeno by Ludovisi & Poletti (2003), the 
terms of the energy budget show an appreciable varia-
tion during the period 1988-2006, with the shortwave 
term (incoming) increasing by 1.5%, the longwave term 
(outgoing) increasing by 2.5%, the sensible heat loss in-
creasing by about 12% and the evaporation/condensa-
tion loss increasing by about 1.5%. In hydrological 
terms, these changes result in an estimated increase of 
30 mm of the annual evapora-transpiration from the 
lake. Although seemingly negligible, such an increase 
makes evapo-transpiration losses more likely to exceed 
water supplies by precipitation, thus making a recover 
from drought more difficult. 

4.2. Salinity 

An analysis of the forty-year observations has shown 
that a rapid accumulation of salt is occurring in Lake 
Trasimeno since 1989, as a consequence of the emer-
gence of evaporative conditions (closed basin and low 
precipitations). The lake can still be classified as a 
freshwater system (TDS = 0.8‰ in 2006), but, on the 
basis of the observed accumulation rate (3.5 106 kg y-1), 
and by taking the average water level of 2006 as a refer-
ence, the lake can be predicted to reach the boundary 
value of 5‰ – the threshold usually adopted for distin-
guishing fresh from saline waters (Beadle 1974) – in 
about 5 centuries. Obviously, this expectation must be 
revised by defect if the present drought phase would be 
exacerbated. 

The observed accumulation rate of salts is only par-
tially explained by the load carried by rainwater. From 

the data collected at the ENEL-DCO station located at 
Monte Peglia (Mosello 1991, 1993a, 1993b; Mosello & 
Morselli 1992), the average ionic composition of rain in 
the period 1988-1992 was: Cl- = 2.11 mg L-1; SO4

2- 
=2.59 mg L-1; NO3

- = 2.68 mg L-1; Ca2+ = 2.69 mg L-1; 
Mg2+ = 0.3 mg L-1; Na+ =1.31 mg L-1; K+ =0.34 mg L-1; 
NH4

+ = 0.54 mg L-1; pH = 5.47. By adopting the 
recently revised annual average runoff coefficient of 
0.28 (Dragoni 2004), the average annual water inflow in 
the period 1987-2006 can be approximately estimated as 
125 106 m3 y-1, 48 106 m3 y-1 of which comes from the 
catchment basin. On the basis of these data, the annual 
atmospheric loading of the most conservative ions can 
be estimated as: Cl- =0.26 106 kg y-1; SO4

2- = 0.33 106 
kg y-1; Mg2+ =0.04 106 kg y-1; Na+ = 0.16 106 kg y-1; K+ 
= 0.04 106 kg y-1), which amount to about 0.83 106 kg 
y-1. As can be seen, the last value is about four times 
lower than the annual increase of TDS estimated by the 
accumulation curve. Similarly, the estimated atmos-
pheric loading of chloride is considerably lower than 
that obtained from the accumulation curve (1.56 106 kg 
y-1), whereas the value obtained for sulphates is fairly 
well in agreement with the accumulation in the last two 
decades (0.37 106 kg y-1). The relatively low accumula-
tion of sulphate can be explained by considering that 
this anion is less conservative than chloride in condi-
tions which favour the activity of sulphate-reducing 
bacteria, as in the organic-rich muds of Lake Trasimeno 
(M.A.R.U. 1994). 

However, the ionic load from lake's watershed is 
certainly higher than that due to atmospheric deposition. 
As shown by several observations performed in 2005-
2008 (Selvaggi, pers. comm.) on water samples col-
lected in the Anguillara channel (the main tributary of 
the lake, which collects waters from about 30% of the 
catchment basin) the concentration of the major conser-
vative ions is usually one order of magnitude higher 
than that of the rainwater. In particular, by taking a con-
centration of about 40 mg L-1 as representative of the 
concentration of chloride, a total load of 0.7 106 kg y-1 
can be calculated from the Anguillara channel. Extend-
ing the calculation to the whole catchment basin, the 
total load of chloride can be estimated at about 1.7 106 
kg y-1, which roughly matches the value obtained by the 
accumulation curve. Although inaccurate, this calcula-
tion suggests that the most significant load of salts in the 
lake comes from the watershed, as a consequence of 
weathering processes or wastewater discharge.  

4.3. Alkalinity and pH 

The analysis of mean and extreme annual values of 
pH and TA suggested that the buffering capacity of the 
waters has significantly varied in Lake Trasimeno dur-
ing last forty-years period, the main changes in TA 
being related to the changes in the ionic composition of 
the waters. The strict link between TA and salinity is 
well known for surface waters and, particularly, open 
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ocean waters, where TA is typically found to behave 
conservatively (Millero et al. 1998). The reason of this 
connection relies on the fact that TA is inherently asso-
ciated with the charge balance (Stumm & Morgan 1970; 
Zeebe &Wolf-Gladrow 2001): in surface waters, the 
sum of the charges of the major cations is not exactly 
balanced by the major (non-carbonatic) anions, and this 
charge imbalance is mainly balanced by the anions of 
carbonic acid, the main contributors to TA. It follows 
that the surface TA of aquatic systems is mainly con-
trolled by ionic composition, although biological proc-
esses can exert a little direct effect by removing or 
releasing nutrients (Brewer & Goldman 1976; Redfield 
et al. 1963). TA is therefore expected to vary in water 
systems experiencing changes in the ionic composition, 
such as in lakes subjected to evaporative conditions. 
The evolution of the chemical composition of such sys-
tems is very complex and largely dependent on the spe-
cific lithological characteristic of the lake basin and the 
intensity of weathering processes. In general, as a con-
sequence of the unbalanced concentration of ions, TA is 
observed to increase with salinity in freshwater (e.g., 
Lake Chad, Carmouze et al. 1983) and saline (Euster & 
Hardie 1978) lakes subjected to drought. An increase in 
TA and base cations (Ca2+, Mg2+, Na+, K+) has also been 
observed in several freshwater lakes located in moun-
tain areas that are experiencing a drying and warming 
climate (Schildler et al. 1990; Wögrath & Psenner 1995; 
Rogora et al. 2003). In mountain lakes, the observed 
increase in solute content and alkalinity has been essen-
tially attributed to the reduction in the renewal rate of 
the waters (Schindler et al. 1990) and to the increasing 
weathering of easily soluble salts such as calcium and 
magnesium sulphate from the catchment basin, due to 
increasing temperature and reduced snow cover (Rogora 
et al. 2003). 

In Lake Trasimeno, a progressive increase in TA 
was observed during the periods in which the lake 
experienced phases of salinisation due to the occurrence 
of evaporative conditions (periods1970-1975 and 1988-
2005). In both periods, the increase in TA has been 
shown to be consistent with what expected on the basis 
of the changes in the charge balance of the major non-
carbonatic ions, which was mostly due to the unbal-
anced increase of sulphates and alkaline earth ions Ca 
and Mg.  

Whereas the increase in the concentration of sul-
phate can be mostly explained in terms of a progressive 
accumulation and concentration of external inputs, the 
explanation of the increase in calcium and magnesium is 
more problematic, since these ions appear to be mostly 
controlled by the solubility of calcite (Giovanardi et al. 
1995a) and Ca-Mg mixed carbonates. Among the possi-
ble explanations, the effect due to the ionic strength 
must certainly be taken into account, as this factor sig-
nificantly affects the solubility of alkaline earth carbon-
ates. For example, it can be calculated that an increase 

in the ionic strength from 0.01 to 0.02 M, which is com-
parable in extent to the range of variation observed in 
Lake Trasimeno (Tab. 1), is able to enhance the solubil-
ity of calcite by about 20%. 

As a whole, the pattern of evolution of TA and pH 
appears to be dominated by the effects of increasing salt 
content and differential concentration of ionic species 
during drought phases. Therefore, further changes have 
to be expected in Lake Trasimeno in the perspective 
offered by the current regional scenario of increasing 
temperature and decreasing precipitation, acidity and 
sulphate content in atmospheric depositions (Rogora et 
al. 2006), to which the impact of local water and 
wastewater management has to be added. However, the 
global effects of such a multiple forcing is rather unpre-
dictable, as it strictly depends on which facet (hydrol-
ogy, atmospheric input, weathering) will play the 
prominent role. 

4.4. Trophic state and water transparency 

The trophic classification of Lake Trasimeno has 
long been controversial (Ludovisi & Poletti 2003): 
according to the OECD's criteria (Vollenweider & 
Kerekes 1982), Lake Trasimeno has been classified as 
mesotrophic (Giovanardi et al. 1995b), whereas on the 
basis of Vollenweider-Dillon's phosphorus loading 
model (Vollenweider 1976) and Hillbrich-Ilkowska's 
method (Hillbricht-Ilkowska 1977), the lake has been 
classified as eutrophic (Mearelli et al. 1981; M.A.R.U. 
1994; Hamza et al. 1995).  

The analysis of historical data reported here has 
shown that, on the basis of total phosphorus and chloro-
phyll-a concentration only, the lake has lain around the 
boundary values which separates the mesotrophic from 
the eutrophic class, according to the OECD's criteria. 
Therefore, the classification of the lake based on these 
data can easily shift from one class to the other, 
depending on the year being considered. On the basis of 
the historical data of TP concentration, however, no sig-
nificant change has been envisaged for the trophic con-
ditions of the lake over the last forty years, in spite of 
the significant phosphorus loading coming from the 
watershed (40 106 g y-1: Giovanardi et al. 1995b). Such 
a loading is expected to accumulate in the lake waters, 
particularly during periods when the renewal of the 
water is reduced, unless some natural mechanism of 
removal is working. According to Giovanardi et al. 
(1995a), several precipitation processes (which involve 
the formation of mixed crystals or surface complexes, as 
well as absorption on clay particles) can contribute to 
removing phosphorus and control the concentration of 
SRP in the water column. This hypothesis is supported 
by theoretical calculations (Ludovisi 2009), which show 
that the precipitation of hydroxyapatite [Ca5OH(PO4)3] 
can limit the concentration of SRP to 1-4 µg L-1 in a 
simplified calcareous lake at equilibrium. 
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By contrast, water transparency has shown very 
important fluctuations during the last forty years, which 
appear to be strictly connected with the water level. The 
analysis of historical data here reported has confirmed 
that the Secchi depth is poorly correlated with total 
phosphorus and chlorophyll-a concentration, suggesting 
that both seasonal and long terms variations in water 
transparency cannot be interpreted in terms of variation 
in the trophic state. In fact, the Secchi depth has often 
been considered a non-reliable indicator of the trophic 
conditions in Lake Trasimeno (see, e.g., Giovanardi et 
al. 1995b), because it is supposed to be strongly 
affected by the presence of sediment particles sus-
pended in the water column. This hypothesis is 
supported by the high content of total suspended solids 
(up to 466 mg L-1 - mean value 27 mg L-1) found in 
water samples collected monthly in front of the drinking 
plant of Castiglione del Lago in the period 1996-2004, 
which turns out to be also significantly related to wind 
intensity, as emerged by plotting them against the wind 
speed (as daily mean of the data collected at the 
S.I.G.L.A. meteorological station n. 2). The relation is 
fairly well described by the allometric function: TSS = 
11.1+ 0.106 W3.23 (r = 0.70; N = 92), where TSS are the 
total suspended solids (mg L-1) and W the wind speed 
(m s-1). Regarding the composition of TSS, the analysis 
of settling material in sediment traps placed in the 
central areas of the lake in July 1997 (Ludovisi, 
unpublished data) shows that the most important frac-
tion was inorganic (57% at 1 m, 81% at 2 m and 85% at 
3 m depth). 

These data suggest that a significant amount of sus-
pended material is raised from the superficial layer of 
the bottom sediments to the water column by wind-
induced circulation and waves, and therefore, that wind 
conditions can strongly affect the turbidity of the waters 
in Lake Trasimeno. As shown by Scheffer (1998), sus-
pended sediments have a predominant effect on the tur-
bidity and, particularly, on the Secchi depth in shallow 
lakes, especially in the case of large, wind-exposed 
lakes where sediments mostly consist of easily resus-
pendable clay, as in Lake Trasimeno (M.A.R.U. 1994). 
Furthermore, this effect is expected to increase as the 
thickness of the water column decreases, as evidenced 
by in-field observations and wave resuspension models. 
Wallsten & Forsgren (1989) described the effect of 
water lowering on water turbidity in the very shallow 
Lake Tänmaren, emphasizing that both increasing 
phytoplankton density and resuspended sediments con-
tributed strongly to the reduction of water transparency. 
Carper & Bachman (1984) put forward a resuspension 
model according to which the fraction of lake surface 
where resuspension occurs (α) is an increasing function 
of the wind speed and fetch, and a decreasing function 
of lake depth in a hypothetical square lake of constant 
depth. When calculating α for Lake Trasimeno by 
assuming a constant wind speed of 10 km h-1 and differ-

ent values for the depth of the lake, it may be found that 
α varies strongly in the region of interest (0.36 at 6 m, 
0.77 at 4 m and 0.95 at 2 m of depth). This suggests that 
in the range of variation of lake depth observed over the 
last century (Fig. 2), the resuspension of sediment by 
wave action has strongly affected the amount of sus-
pended solids in the water, thus explaining the observed 
fluctuations of water transparency in relation to lake depth. 

5. CONCLUSIONS 

The results show that several significant changes 
have occurred during the last fifty years on the water 
quality of Lake Trasimeno, which are mostly related to 
the variations in the meteorological regime. The most 
critical issues are certainly related to the effect of 
reduced precipitation and increasing temperature on the 
water balance of the lake, which are causing a severe 
drought on the lake (about - 20% in volume during the 
last two decades). The present phase is likely to become 
exacerbated in the future, if we take into account IPCC 
projections (IPCC 2007). For Southern Europe and 
Mediterranean, the IPCC predicts, for the current cen-
tury, a change of +3.5 °C for air temperature and -12% 
for precipitation (median values on 21 models assumed 
on the basis of the A1B scenario). If this scenario comes 
to pass, it is very likely that evaporative water losses 
from Lake Trasimeno will persistently exceed water 
supplies by precipitation in the near future, thus 
accelerating the draining of the lake. As the impound-
ment of the lake progresses, a worsening of the water 
quality, with particular reference to water transparency 
and salt content, have to be expected in the immediate 
future, but catastrophic transitions, sensu Scheffer 
(1998), may also be expected as a consequence of an 
increasing availability of nutrients in the water column, 
due to the reduced dilution of wastewaters and reduced 
thickness of the water column. Eutrophication-like 
responses (Visconti et al. 2008) can be also expected in the 
lake as a consequence of the warming of lake waters. 

The realisation of a still-in-progress project of water 
transfer from the Tiber River basin for agricultural needs 
(which amount to about 30 Mm3 y-1, corresponding to 
about 250 mm y-1 in terms of water level reduction; 
Morozzi et al. 1998) will certainly contribute to alleviating 
the hydrological crisis of the lake, although the ecological 
impact of such an intervention has not been evaluated yet. 

In conclusion, the fate of Lake Trasimeno is now, 
much more than in the past, entrusted to humankind and to 
its capacity of moderating, both at a local and global scale, 
the impact of its activities. The present study also empha-
sises the importance of shallow water systems as "sentinel 
environments" in relation to global and regional climate 
change, and stimulates the research in this field, which 
could strongly contribute to depict the complex mosaic 
concerning the effects of global change on ecological 
systems. 
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