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Abstract

In 2017, the surface water resources of central Italy suffered from a combination of dry weather and increased human extrac-
tion. Specifically, the water level of the main surface drinking water reservoir supplying the City of Rome (Lake Bracciano)
is currently low and the lacustrine ecosystem is in an unstable state. The aim of this study is to describe the current state of
Lake Bracciano via a multidisciplinary approach in the light of the climate and hydrological variation over the past decade.
The digital reconstruction of the lake cuvette made it possible to quantify the effects of oscillations in the level of the lake on
the shoreline, while the potential impact of meteorological forcing on the lake-level oscillations was investigated by monitor-
ing anomalies in precipitation and evaporation rates. The preliminary results indicate that the present Lake Bracciano crisis
mainly results from below-average precipitation since 2015, compounded by significant water extraction. Indeed, in the past
3 years, there has been almost no winter recovery phase, resulting in a total water loss of 114 millions of m®, which has never
been observed before. In November 2017, the lake level reached a historic low of — 198 cm with respect to the hydrological
zero (corresponding to a 13.5% reduction in the area of the lake bed responsible for self-purification), considerably below
the sustainable level of — 150 cm. We conclude that the persistent low precipitation (— 50% in 2017 with respect to the
1961-1990 baseline), intense evaporation (6.7 mm/day during summer 2017), and extraction have brought the ecological
state and associated ecosystem services of Lake Bracciano to conditions of serious stress.
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1 Introduction

Lakes are important surface freshwater reservoirs for drink-
ing and tourism, as well as cultural, agricultural, and other
economic uses (Hadwen et al. 2005; Vilmi et al. 2015). On
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the other hand, lakes play a critical ecosystem role, because
they are important nutrient traps and perform ecosystem
services such as denitrification (Vitousek et al. 1997; Gal-
loway et al. 2003; Kendall et al. 2007; Xu et al. 2010). Lake
Bracciano in particular is of primary importance due to the
fact it is one of the most important surface drinking water
reservoirs near a European capital (Di Matteo et al. 2010;
Calizza et al. 2017). Lakes are large hydrological and hydro-
geological basins, whose replenishment is closely related to
precipitation and infiltration processes (Ayenew and Becht
2008; Demlie et al. 2007). For these reasons, it is funda-
mental to ensure the sustainable use (sensu WCED 1987)
of freshwater resources, taking into account not only the
total available water volume, but also oscillations in rainfall,
hydrology and hydrogeology, evaporation processes, and
water replenishment mechanisms (Strosnider et al. 2007,
Wantzen et al. 2008; Baccetti et al. 2017). On a national
level, 2017 saw a thermometric anomaly of + 1.3 °C (refer-
ence period: 1971-2000), in addition to a rainfall deficit of
more than 50% with respect to the 1961-1990 baseline in
the study area. These data were not considered in drinking
water extraction management. Thus, as a result of rainfall
deficit, evaporation and extraction for human consumption,
Lake Bracciano, suffered substantial water-level reduction.
The water level is currently low and the entire lacustrine
ecosystem is in a very unstable state (Baccetti et al. 2017),
with potential important implications for bottom—up and
top—down processes that regulate nutrient cycling (Costan-
tini and Rossi 1998; Fazi and Rossi 2000; Mancinelli et al.
2007; Calizza et al. 2013; Costantini et al. 2014; Rossi et al.
2018). Lake Bracciano represents an interesting case study,
because it is a regional natural park, it is affected by sev-
eral human activities, (Dragoni et al. 2006; Fiorentino et al.
2017), and it is the main surface drinking water reservoir
for the city of Rome (ACEA 2015). Aware that the value
of water resources requires targeted and careful research
to better understand the complex mechanisms that regulate
and drive these aquatic ecosystems, we hypothesised that
knowledge of lake water-level dynamics can help the man-
agement of water extraction. We analysed the time varia-
tion of rainfall and estimated evaporation in the study area.
Comparing variations in meteorological behaviour with the
observed oscillations in the lake level allowed us to make
some hypotheses on the joint impact of natural and anthropic
forcing on lake-level oscillation.

2 Study area

Lake Bracciano is a sub-circular volcanic lake (Shore-
line Development, SL =1.2) located 32 km Northwest of
Rome (Lazio, Italy), belonging to the Sabatino Volcanic
District, characterised by trachytic and phonolitic products
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(Mattias and Ventriglia 1970; Buonasorte et al. 1991; De
Rita et al. 1983; Karner et al. 2001; Sottili et al. 2004; Pec-
cerillo 2005; Manca et al. 2017). It has a surface area of
57.58 km? and a circular perimeter of 31.981 km. It has an
elevation of 163.04 m a.s.l. (altitude of the River Arrone
emissary, here considered as the hydrometric zero of the
lake), with a maximum depth of 165 m and a total volume
of 5.13 x 10° m>. The lake is characterised by a modest
catchment area of 147.483 km? composed of 24 sub-basins
with different shapes and dimensions (Fig. 1). Within the
catchment area, there are only a few springs, characterised
by very low flow. The high percentage of the lacustrine area
(about 30%) with respect to the hydrological and hydrogeo-
logical basins makes Lake Bracciano particularly sensitive
to climatic variations (Taviani and Henriksen 2015). The
lake is oligo-mesotrophic (Rossi et al. 2010; Costantini et al.
2012 a.r.t.) and is used as a drinking water reservoir for the
city of Rome and the Vatican. The combination of climate
forcing and extraction for human supply (Fig. 3c) produces
irregular water-level oscillations that can drastically change
the shape of the shoreline and the total water volume.

From a hydrogeological point of view, the Lake Brac-
ciano basin is characterised by volcanic deposits with high
heterogeneity at both the local and regional scale. The het-
erogeneity arises partly from the depositional process, and
partly from the presence of multiple volcanic deposits (e.g.,
tuffs and lavas) subject to syn- or post-volcanic alteration.
Alteration of high-permeability and low-permeability geo-
logical deposits affects groundwater flow patterns. Several
studies have sought to explore the hydrogeology of the
Bracciano basin area (Camponeschi and Lombardi 1968;
ACQUAITAL SRL 1997; Capelli et al. 2005), making it
possible to reconstruct the phreatic surface and main direc-
tions of groundwater flows. A substrate of low-permeability
deposits acts as a hydraulic barrier to groundwater flow,
influencing its direction (Taviani and Henriksen 2015).
Based on this reconstruction, the aquifer has an estimated
surface area of 202.05 km? (Fig. 2).

The elevation of the phreatic surface ranges from 420 m
a.s.l. in the north-western part of the basin to 160 m a.s.1.
near the lake’s southern shoreline. The water table is charac-
terised by a steep hydraulic gradient of approximately 65%o
in the northern part (Fig. 2), with groundwater flowing from
the northwest toward the southeast, partly discharging into
Bracciano Lake. The northeast and the south sides of the
lake are also characterised by inflows of groundwater, with
hydraulic gradients of 25 and 5%o, respectively.

The water budget for Lake Bracciano can be summarised
as (Mazza et al. 2015):

P+ SR+ G, + §;—E-G,—S,—W = AS, (1)
where P is the precipitation on the lake, SR is the surface
runoff from the hydrological basin, G; is the groundwater



Rendiconti Lincei. Scienze Fisiche e Naturali

4676000
4674000
4672000
4670000
4668000
4666000
4664000
4662000 (¥
4660000

Surface Area
0 10 20 30 40 50 60

160 —-10
140 30
s Vol.,n,e
3 10 20
«
100 70
E
E
S 80 90
<
£ o qurte®- 110
s N
< 40 \ -130
20 -150
0 170

5 4 3 2 1
100 90 80 70 60 50 40 30 20

260000 262000 264000 266000 268000 270000 272000 274000 276000 278000

Deep (m)

Volume (109m3)
10 Volume (%)

4676000,
Vulsini

Volcanic
District

@

4662000,

AL TINAN
District V% .

~ 30N
\ DO }‘.

0o 10 20

marine, transitional
and non-marine
sedimentary successions

alluvial deposits sedimentary

successions

L] S~ , Faults

} Thrust Faults

and sedi 'y

Ead T :
mmE successions

carbonate
successions

Fig. 1 Superimposed maps of Lake Bracciano with the digital eleva-
tion model, bathymetry, catchment basin, and aerial photos (upper
left); hypsographic curves for volume and surface area (lower left);

inflow, §; is the flow from springs, E is the lake water
evaporation, G, ;, the groundwater outflow, S, is the out-
flow through the emissary (if present), W is the extraction
of water from the lake, and AS is the change in the volume
of the lake. All the budget terms are expressed in volume
per time unit. The terms S; and S, are negligible, as stream
flows are irregular and the River Arrone is currently dry in
its upper reaches.

3 Materials and methods
3.1 Bathymetry and water-table variation

High-resolution aerial photographs were analysed and field
campaigns with GPS equipment were conducted to assess
movement of the shoreline in relation with changes in the
water level. Daily hydrometer field data (Bracciano, Trevi-
gnano and Aguilera pier hydrometers) were used to evaluate
water-level variation over time (Fig. 2). A detailed digital
elevation model was created (Calizza et al. 2016) and the
bathymetry was updated to quantify variations of the lake

and tectonic sketch of the Northern Lazio region in Central Italy
(right). The study area is shown in the inset. Volcanic complexes are
shown with different grey-scale shades

bed. The 3D model was created by digitising the regional
technical maps, while the bathymetry was determined by
measuring campaigns using echo-sounder and multibeam
(Rossi et al. 2006). Kriging interpolation methods were used
to obtain contour maps. A GPS survey conducted from Janu-
ary to December 2017 traced in detail (5 cm resolution) the
modification of the shoreline corresponding to each drop
of 10 cm in the lake surface and evaluated the retreat of the
shoreline and loss of surface area. Specific 3D software was
used to model the morphology of the lake bed and to evalu-
ate reductions in surface area and volume (Table 1). Specifi-
cally, the hypsographic curve of the lacustrine cuvette was
drawn to quantify losses in surface area and volume resulting
from falls in the water level, with a resolution of 10 cm for
the first 25 and 1 m thereafter. Volume and surface area cal-
culations were performed on solids defined by an upper and
lower surface. The lake bed was treated as the lower surface,
while planar surfaces at various altitudes were used as the
upper surface, with the difference then being calculated.
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160.04 -3 55.33 -225 4.96 - 170 -19.6
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3.2 Climate analyses

To frame the current rainfall regime in a climate perspective,
reference was made to regional analyses of precipitation on
the western slopes of the Central Apennine mountain chain
(Romano et al. 2011, 2017; Romano and Preziosi 2013).
Rainfall data for the period 1951-2018 from 102 stations
managed by the regional hydrographic surveys (Centro Fun-
zionale of Lazio Region, Servizio Idrografico of Umbria
Region and Settore Idrologico Regionale SIR of Toscana
Region) were retrieved. To obtain monthly rainfall maps,
the observed precipitation data were interpolated using
the kriging technique (Cressie 1988). The spatial autocor-
relation was modelled by means of a spherical variogram,
whose best-fit parameters were calibrated for each month.
The kriging interpolation was performed on a regular grid
of 5 x5 km squares and the mean monthly rainfall over Lake
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Bracciano (hereinafter referred to as Pgomh]y) was computed
as the average for each square coinciding wholly or partly
with the hydrological basin of the lake. Thus, Pgmmhly was
analysed in terms of: (a) monthly and annual trends over the
period 1951-2018, using Mann—Kendall’s non-parametric
test (Mann 1945; Kendall 1975); (b) periodicity (alternation
of dry and wet periods), using a wavelet analysis (Torrence
and Compo 1998); and (c) anomalies with respect to the
baseline 1960-1990, using the Standardized Precipitation
Index (McKee et al. 1993) over 6, 9, and 12 months.
Penman’s combined heat balance and aerodynamic
equation (Penman 1948, 1956; Romano and Giudici 2007,
2009) was used to estimate evaporation from the open water
surface of Lake Bracciano on the basis of the climate data
measured at the Vigna di Valle weather station (“dati/pro-
dotti meteo del Servizio Meteorologico dell’Aeronautica
Militare”) with the exception of downward solar radiation,
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which was based on ERA data (Dee et al. 2011) using the
modified wind function described by Linacre (1993). The
short-wave reflectivity and emissivity coefficients of the
water surface, as well as long-wave radiation coefficients
of clear skies were estimated following Shuttleworth and
Maidment (1993). The described analyses made it possi-
ble to estimate the terms of precipitation and evaporation
appearing in the water budget [Eq. (1)].

4 Results and discussion

The digital model of the lake cuvette made it possible to
quantify the effects of oscillations in the lake water level on
the shoreline. The changes in the lake water level recorded,
since 2000 leave no doubt as to the significant retreat of
the shoreline (up to 100 m at the end of 2017 with respect
to April of the same year). According to Rossi (2006), the
lake’s self-purification processes (Ostroumov 2010, 2017
a.r.t.) take place on the lake bed at depths of up to — 25 m
with respect to the reference level of the Arrone emissary
(19.7% of the total surface area of the lake bed). The mini-
mum sustainable level ensuring the preservation of good
ecological status is estimated at — 150 cm. This value cor-
responds to 10.6% of the area of the lake bed responsible
for biotic self-purification, which lies at a depth of 0-25 m.

The current situation (March 2018) shows the lake level at
174 cm below the reference level (corresponding to a loss of
12.7% in self-purification surface area). In November 2017,
the lake level reached a historical low of — 198 cm (corre-
sponding to a loss of 13.5% in self-purification surface area,
with a loss of 1.57 km? in the water-surface area).

Analysing the water table, rainfall, evaporation, and
human water supply over the period 2000-2018 allow us to
evaluate changes in the shoreline and to estimate the loss/
increase in water volume. Despite the changes in the water
level recorded over the last decade, 2017 represents one of
the most anomalous ever, with shoreline retreat ranging from
65 to 100 m, corresponding to a loss in water-surface area
of 1.52 km?. The data recorded, since 2000 highlight the
water-level reduction in the last 3 years. Despite the average
water-level reduction of 50-60 cm during the summer sea-
son (a rate of loss that has changed little the last 17 years),
the water level has always partially or totally recovered in
winter, except in 2017 (Fig. 3). A decrease of 60 cm was
recorded in 2015, 45 cm in 2016, and 98 cm in 2017, with
a total loss in volume of 114 millions of m? (Table 1). The
absence of the recovery phase during winter 2016/2017 rep-
resents one of the main causes of the anomalous decrease in
the water level, although water supply to the human popula-
tion (ACEA 2017) has also contributed (Fig. 3).
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Fig.3 Panel a: reconstruction of annual and monthly precipitations
over the Lake Bracciano hydrological basin. Panel b: variation in the
water level of Lake Bracciano (solid grey line) and cumulative SPI4

time series (dashed dark line). Panel ¢: monthly extraction from the
lake (grey bars) and mean monthly extraction over the period 1975—
2017
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To explore the potential impact of meteorological forcing
on the lake water level, the evaporation and precipitation
terms of the water budget were analysed. Mean seasonal
evaporation rates for the past 3 years are similar to those
of the past 10 years (Fig. 4), with the exception of sum-
mer 2017, for which the mean evaporation rate increased by
about 0.7 mm/day (from 6.0 to 6.7 mm/day). This increase
in the evaporation rate corresponds to a further fall in the
water level of roughly 65 mm during summer 2017 when
compared with the previous decade.

The results of the precipitation analysis (not shown
here for the sake of brevity) can be summarised as follows
(Romano et al. 2017): (a) decreasing winter precipitation
over the whole period 1951-2018 (Mann—Kendall test).
This decrease is statistically significant at the 95% level
in December and January. Therefore, the 2017 drought
event took place amid a general decrease in rainfall occur-
ring mostly during the typical recovery period for the lake
and connected aquifer. (b) The 5-year moving window for
annual precipitation highlights the cyclical behaviour of
the precipitation regime, with a period of 4-6 years, mod-
ulated by a longer periodicity of approximately 15 years.
This periodicity was confirmed by the wavelet analysis. (c)
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Precipitation recorded in winter, spring, and summer 2017
was systematically below the monthly means computed from
the 1960-1990 baseline, with an anomaly of about — 50 to
— 60% in winter (including December 2016) and spring and
about — 70% in summer. In contrast, precipitation in autumn
2016 was close to the baseline.

To qualitatively assess the impact of the annual and inter-
annual variabilities of precipitation on the lake water level,
the Standardized Precipitation Index (McKee et al. 1993),
computed at the 4-month scale (SPI4), was cumulated over
the period 2000-2018 (Fig. 3, panel b). This highlights the
lake system’s “memory”. Figure 3 clearly shows that when
extraction is close to its historical mean (represented by
the dotted line in panel c), as in the period 2000-2006, the
seasonal, annual, and inter-annual variabilities of the lake
level are well explained by fluctuations in precipitation. Con-
versely, when extraction is significantly below (2007-2010)
or above (2015-2017) the mean, precipitation alone is not
able to explain inter-annual variability in lake water level.
Indeed, the period 2007-2010 saw a clear recovery of the
lake level, despite the relatively low precipitation.
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5 Conclusions

The reduced precipitation (approximately — 50% on the
annual scale with respect to the 1961-1990 baseline)
and the increased evaporation and extraction led to Lake
Bracciano experiencing serious stress in 2017 due to the
observed record low in the lake water level (163.04 m a.s.1.),
approximately 200 cm below the hydrometric zero (Novem-
ber 2017). This is more than 0.5 m below the minimum for
the period 2000-2016. This situation exposes the lacustrine
system to significant risks, requiring a careful assessment of
its state of health to further improve our knowledge of envi-
ronmental vulnerability. The Lake Bracciano crisis appears
to have started in 2015. In the last 3 years, no recovery in
levels has been recorded, due to the scarce precipitation and
increased human extraction, with the water-level falling by
up to 2.14 m. If the weather conditions and water extraction
continue, causing the lake water level to fall once again by
200 cm as in 2017, this will lead to a 13.5% reduction in the
surface area of the lake bed responsible for self-purification
(the average lake water level for 2000-2014 corresponding
to a 8% reduction). Despite the precipitation from December
2017 to March 2018 being consistent with seasonal aver-
ages, the Lake Bracciano system (groundwater and surface
water) has not yet been able to recover to a level compara-
ble to those observed even in the recent past. From 2000
to 2018, the lake has seen cyclical water-level crises every
3 years, interspersed with complete or partial recovery of
the water level. However, in April 2018, the lake water level
has recovered by only 40 cm with respect to the November
2017 minimum, despite the suspension of human extraction
and the low evaporation rates. Falling lake water levels have
significant repercussions for the circumlacual area (Wantzen
et al. 2008; Costantini et al. 2007, 2012, 2018), which plays
an important role in reducing the risk of triggering eutrophic
processes, influencing nutrient concentrations and shoreline
water circulation (Bentivoglio et al. 2016).

The case of Lake Bracciano represents a perfect exam-
ple of a critical water resource that has been brought to an
almost irreversible situation. Our case study seeks to high-
light, on the national and international levels, the need to
urgently develop predictive models for water resources to
mitigate their vulnerability to climatic fluctuations. Such
vulnerability requires careful and conscious use of water,
knowing that the value of water resources lies not only in
its anthropic uses, but also in the numerous ecosystem ser-
vices that it provides. In its various forms and places, water
deserves respect and must be seen as an essential asset, not
only cultural but civil, ethical, and economic, influencing
the health of the environment, the quality of life and social
well-being.
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