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Amongst different climatic and anthropogenic drivers, water resources management can cause massive changes
to the natural regime of a lake after its regulation, thereby affecting the quantity and quality of water intended
for satisfying the multiple basin water requirements. Here, we investigate the multi-decadal variation of the
water levels and outflows of Lake Garda, the largest in Italy, where the dam operational rules and the related
basin water needs heavily altered the annual and seasonal trend of the lake regime since its regulation in 1951.
Daily lake levels and outflows were first collected and digitized for the period 1888-2020, thus providing a
unique database of 133 years that allowed a consistent comparison between natural and regulated periods.
Statistical analyses highlighted a significant change of the inter-annual trend of the lake outflows, which passed
from upward to downward after regulation, against a constant increasing trend of the water levels. Conversely,
water levels showed a more remarkable shifts on a seasonal scale if compared to the outflows, revealing the
influence of summer and winter basin water needs. Additional analyses on the inter-annual variation of the main
downstream water demands regulated by the dam, i.e. the irrigation, hydropower and fluvial ecosystem re-
quirements, outlined their relevance in changing the lake regime, influencing dam operational policies, which
progressively limited the share of water released for ecosystem integrity. A comparison between the lake levels
and outflows recorded for the pre-regulation and post-regulation periods of some selected European perialpine
lakes finally highlighted different effects on the lake regime, drawing attention to the importance of defining the
role of the dam operational policies within the current scenario of climate change and changing water demands.

1. Introduction

Lakes are one of the major global sources of renewable freshwater
(Gleick, 1993), and they have been massively turned into regulated
systems since the second half of the XX century (World Commission on
Dams, 2000; Gleick, 2003). Despite the potentially high amount of water
that can be allocated through lake regulation, efficient management of
lake levels and outflows is an increasingly critical issue. Major water
demands, like hydroelectricity production (Zarfl et al., 2015) and crop
irrigation (Oki and Kanae, 2006), long-standing water interests, e.g.
navigation and touristic activities, together with climate change and the
need to ensure decent environmental standards for freshwater bodies
(European Commission, 2000), challenge the way we manage key lake
regulation systems, such as dams, to optimally benefit the human society
and the natural environment (Moore et al., 2010). Dam construction,
even on previously existing natural lakes, indeed determines relevant
alterations both on the downstream riverine system and on the lake
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itself, affecting a variety of hydrological, geochemical and biological
aspects (Ward et al., 1983; Nilsson et al., 2005; Magilligan and Nislow,
2005; Poikane et al., 2020).

Many studies discussed the long-term effects of lake regulation, also
outlining the ecological impacts on the in-lake processes (Matzinger
et al.,, 2007; Wei et al., 2009), on the littoral zones (Aroviita and
Hamaldinen, 2008; Carmignani and Roy, 2017) and the downstream
river (Nilsson et al., 1997; Vinson, 2001).

In general, the lake level regime can be affected at varying degrees by
both climate and human-related factors, which have significantly
changed within few decades, especially in the XX century. For instance,
Khazaei et al. (2019) discussed and explained the drastic decline of Lake
Urmia in terms of human-driven vegetation cover changes and the
associated increase in irrigation water uses; however, Schulz et al.
(2020) indicated climate change as the primary cause of the lake
desiccation. Ever-growing agricultural activities, in fact, caused the
lowering of the water levels of various lakes in the arid and semi-arid
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regions, additionally limiting the ecological flow releases in some cases
(Haghighi and Klgve, 2017). Combined effects of climate and human
drivers were found to affect water level variability in the Great Slave
Lake (Gibson et al., 2006), in Lake Bosten (Guo et al., 2015) and in
Poyang Lake (Mei et al., 2015).

Multiple water uses and their long-term changes are a distinctive
feature of several European perialpine lakes (Fig. 1a), which were
mostly dammed during the second half of the XX century to effectively
address changes mainly in hydropower production, irrigation water
needs and flood control. Very few of these lake systems succeeded in
maintaining their natural conditions. On one hand, Lake Constance,
having the largest catchment area among these perialpine lakes, felt
more limited effects of water regulation despite the widespread presence
of multiple water uses in the catchment (Hammerl and Gattenhoehner,
2003). On the opposite hand, Lake Garda, the largest in Italy, presents
the highest ratio of lake surface per catchment area among such lakes,
which entails a high sensitivity to regulation of its lake regime.

Lake Garda was turned into a multipurpose reservoir with inter-basin
water transfers following the installation of several hydropower and
irrigation schemes within the basin since 1920 (Fig. 1b), and especially
after completion of the Salionze Dam in 1951. Existing studies on Lake
Garda addressed its internal physical processes (Lovato and Pecenik,
2012; Amadori et al., 2018; Piccolroaz et al., 2019), water quality and
ecological dynamics (Brivio et al., 2001; Giardino et al., 2007), at
relatively short time scales. Few long-term studies mainly focused on the
variation of its ecological and biological aspects (Salmaso, 2005, 2010;
Salmaso et al., 2018b). Long-term investigations on the lake water level
regime and its relation with the lake outflows are instead surprisingly
lacking, despite the strategic role played by the largest Italian lake in
water resources management (Berbenni et al., 1992).

Besides Lake Garda, few studies on regulated lakes specifically
focused on joint changes in lake levels and outflow regimes associated
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with specific water uses and with their multi-decadal changes (Ale-
mayehu et al., 2010; Moisello et al., 2013). Here, we aim to fill this gap
by investigating the long-term (133 years) variation of the water levels
and outflows of Lake Garda, and relating the outcomes to the changing
downstream water uses that contributed to lake regime alteration.

We develop a 133 years-long record of daily lake levels and outflows
from a variety of historical sources, on which we perform time series and
statistical analysis. Differences between pre- (1888-1950) and post-
regulation (1951-2020) periods as well as between different seasons
are of particular interest, together with seasonal shifts resulting from
changes in operational rules of Salionze Dam and in the related inter-
annual variability of the basin water needs. A specific comparison be-
tween the main downstream water requirements regulated by the dam,
i.e. for irrigation, hydropower and fluvial ecosystem health, boosts the
discussion on their relative importance in determining the variation of
the lake regime. Outcomes of this work allow to discuss management
strategies for Lake Garda within the broader framework of other Euro-
pean perialpine lakes, and to provide support for future water resources
management in the area.

2. Materials and methods
2.1. Study area

Lake Garda has an average surface area of 368 km? and water volume
of 49 km®. The efficient management of such large amount of water has
been a long-debated issue, as contrasting and asynchronous water in-
terests progressively emerged among the 42 municipalities located
along its lakeshores and belonging to three administrative regions, i.e.
Lombardia, Veneto and Trentino (Berbenni et al., 1992). The completion
of the Salionze Dam in 1951 near the headwaters of the lake emissary,
the Mincio River, allowed to manage the main downstream water needs
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Fig. 1. a) Lake Garda location in the framework of the perialpine lakes considered in this study. Gray areas indicate the lake watersheds while red circles indicate
their main regulation infrastructures, i.e. dams. Solid blue lines indicate the lake main outflows. b) Focus on the Sarca-Garda-Mincio basin and the inter-basin water
transfer system of the Adige-Garda diversion tunnel. c) Sketch of the three watercourses downstream the Salionze Dam regulated to supply water for hydropower and
irrigation seasonal demands. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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of that period, i.e. flood prevention and crop irrigation, through the
regulation of lake water levels. After 70 years of its completion, the
Salionze Dam still guarantees an high level of flood protection, but is
progressively showing difficulties in complying with other water needs
(e.g. irrigation and hydropower production), which have massively
increased in recent decades. First observations on the need and feasi-
bility of regulating Lake Garda date back to 1833 (Lombardini, 1833),
followed by other debates before the start of construction works of
Salionze Dam in 1939, which was completed in 1951. The Salionze Dam
(Fig. 1c) has six gates and three distinct outflow canals to allocate the
total dam releases between the irrigation districts (grouped under two
main consortiums named Consorzio Territori del Mincio and Consorzio
Garda-Chiese) and hydropower plants (the Montecorno, Montina and
Buse hydropower plants) located in the downstream Mincio River basin.
More precisely, three gates release water into the Mincio River, two
additional gates regulate the releases into the Virgilio Canal and one
gate to the Seriola-Prevaldesca Canal. The Italian High Council of Public
Works defined the first regulation rule in 1965, which was subsequently
revisited in 1984, and in 2009, together with the Interregional Agency of
the Po River (AIPo) and the Lombardia Region.

Other hydraulic infrastructures have been installed in the XX century
within its basin to comply with growing water demands. Starting from
1920, several irrigation schemes and hydropower plants were con-
structed in the Mincio River basin as well as in the upstream Sarca River
catchment, thereby modifying also the natural regime of the main lake
inflow. In addition, the construction of a flood diversion tunnel, bringing
water from the Adige River to the lake during extreme flood events,
makes Lake Garda also part of an inter-basin water transfer system.
Finally, the long-standing tradition in tourism of the lake, averaging 20
million of mostly international visitors per year (Simeoni et al., 2019),
further  exacerbated water conflicts within the entire
Sarca-Garda-Mincio system, especially during the summer season.
Water requirements in such composite catchment differ between winter
(October-March) and summer (April-September) seasons. Water uses in
winter are dominated by hydropower, which characterise the whole
year, while April-September is defined as the irrigation season, when
crop water demands are paralleled by other recreational, touristic ac-
tivities (e.g. fishery, navigation), with ecological water needs for the
downstream freshwater ecosystem being also a concern. Resulting
changes in Lake Garda annual regime in the last 70 years, though
evident, haven’t been quantified so far.

The variety of water uses related to Lake Garda is a common feature
of several European perialpine lakes. Indeed, beginning with the
impoundment of Lake Idro in 1923, one of the first lakes regulated in
Europe (the first in Italy), the majority of these lakes were dammed
during the second half of the XX century, mainly for delivering water for
hydropower and agricultural purposes.

The main hydromorphological characteristics of Lake Garda are
presented in Table 1 and compared with those of the other lakes

Table 1
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belonging to the district known as deep subalpine lakes (DSL), i.e.
Maggiore, Lugano, Como, Iseo, the smaller Lake Idro and three major
European perialpine lakes, i.e. Ziirich (Switzerland), Geneva
(Switzerland-France) and Constance (Switzerland-Germany-Austria). In
particular, Lake Geneva (Léman) has the highest values in terms of water
volume and surface area, with a relatively high theoretical renewal time,
while Lake Ziirich presents the smallest average depth and a relatively
low water volume, when compared to its catchment area. The relatively
low average value of Lake Garda outflow, as compared to its water
volume, defines its average theoretical renewal time as the longest of all
the perialpine lakes (Ambrosetti et al., 2003).

2.2. Data collection

Historical data of Lake Garda daily water levels and outflows were
collected and digitized starting from the existing historical documents
partly available online and partly accessible at local municipal archives.
Data obtained from the Italian Annual Hydrological books (Ministero
dei Lavori Pubblici - Servizio Idrografico, 1917) were integrated with
the Registry of hydrometric observations of the AIPo archive (located in
the city of Mantova), starting from 1888. In particular, the observations
recorded at the monitoring stations of Peschiera del Garda (southern
part of the lake) and Monzambano (located in the Mincio River head-
waters), which represent the two main historical stations adopted for
monitoring the Lake Garda regime, cover the period 1888-2020. More
precisely, the first hydrometer located in Peschiera del Garda was
installed in 1860 and its daily value was recorded by reading the in-
strument notches. With regard to lake outflows, the rating curve origi-
nally constructed near the headwaters of the Mincio River (Ministero dei
Lavori Pubblici - Servizio Idrografico, 1917), representative of the nat-
ural lake regime, was subsequently evaluated some 5 km downstream, in
the municipality of Monzambano, after the construction of the Salionze
Dam. Hence, the resulting database enabled the analysis of 133 years of
recorded lake levels and outflows data, yielding an unprecedentedly
long time-series of the pre-regulation (hereby also called “natural”, from
1888 to 1950) and post-regulation (“regulated”, from 1951 to 2020)
periods. In addition, we quantified the downstream water uses (irriga-
tion, hydropower and fluvial ecosystem health) starting from the daily
outflow records of the three watercourses that origin from the Salionze
Dam (i.e. the Mincio River, the Virgilio Canal and the
Seriola-Prevaldesca Canal), each of which presents abstraction points
along its watercourse (Fig. 1c). The tripartite outflow values were
collected from the AIPo Registry of gate-opening manoeuvres for the
available period 1955-2020 and water uses were subsequently esti-
mated on the basis of the current dam management policy, which reg-
ulates the quantity of water that can be diverted into the three
watercourses and consequently be abstracted for hydropower and irri-
gation purposes.

We finally collected and processed the available similar data for the

Hydromorphological characteristics of the perialpine lakes considered in this study. Symbols: d = average lake depth; dpa, = maximum lake depth; A = average lake
surface area; A, = catchment area; A/A. = lake surface area per catchment area ratio; V = average lake volume; L = maximum length of the lake; W = maximum width
of the lake, 7,, = theoretical renewal time, Cr = crypto depression. References: (1) Tolotti et al. (2018), (2) Salmaso and Mosello (2010).

Lake Altitude® v dinax™ A® A A/A v L@ wo 7, cr®
(masl) (m) (m) (km?) (km?) (%) (km?) (km) (km) (year) (m)
Garda 65 133 350 368 2290 16.07 49 51.9 17.5 30 285
Idro 368 77 124 11 617 1.70 0.9 8.3 1.9 1.2 -
Iseo 186 123 251 62 1842 3.36 7.6 25 4.4 4.1 65
Como 198 154 410 146 4508 3.24 22.5 4.5 45.7 4.3 212
Lugano 271 171 288 28 297 9.43 4.7 35 4.3 12.4 17
Maggiore 193 178 370 213 6599 3.20 37.5 64.4 10 4.1 177
Geneva 372 153 310 582 7975 7.27 89 72 13 11.4 -
Ziirich 406 51 136 65 1757 3.70 3.4 40.6 3.8 1.2 -
Constance 539 101 252 493 10900 4.52 48 63 14 4.7 -
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other eight lakes considered in this study and presented in Table 1, thus
putting the long-term variation of the Lake Garda regime into the wider
context of the European perialpine lakes. In this regard, the pre-
regulation data of Lake Idro, Iseo, Como, Lugano and Maggiore were
obtained from the Italian Annual Hydrology books (Ministero dei Lavori
Pubblici - Servizio Idrografico, 1917), while data of Lake Geneva, Ziirich
and Constance were provided by the Federal Office for the Environment
(FOEN). Regarding the post-regulation period, the average values of
lake levels and outflows, along with the related range of the dam
operational rules, were derived from different online sources, such as the
portal www.laghi.net or www.hydrodaten.admin.ch/de/. Further
detailed information were additionally obtained by consulting specific
online documents, such as the summary sheets compiled by the FOEN,
the report drawn up by Autorita del Bacino del fiume Po (2015) or the
legislative document prepared by the State of Geneva for Lake Geneva
(Etat de Geneve, 1997). Further details can be found in the description of
Table 4, which will be discussed in Section 4.

2.3. Data analysis

The historical lake level - outflow record has been first analysed
through a series of statistical techniques and further put in relation with
the reconstructed information on the main downstream water uses.

First, statistical tests were applied on monthly average values to
evaluate the existence of significant trends, using methods adopted for
the analysis of long-term time series of hydro-meteorological data (Yue
et al., 2002; Partal and Kahya, 2006; Han et al., 2016; Brugnara and
Maugeri, 2019; Yagbasan et al., 2020). Specifically, the significance of
the long-term trends before and after the regulation of Lake Garda was
assessed through the rank-based non-parametric Mann Kendall (MK)
test (Mann, 1945; Kendall, 1948), along with its modified version
(Modified Mann Kendall, MMK) proposed by Hamed and Rao (1998)
which considers the possible influence of autocorrelated data. The
Spearman’s Rho (SR) method (Spearman, 1987; Sneyers, 1990) was
used to check the agreement with the results obtained with the MK tests,
as they have comparable power in detecting a monotonic trend (Yue
et al., 2002). The magnitude, i.e. the slope, was further calculated
through the Theil-Sen approach (Theil, 1950; Sen, 1968). A detailed
description of the adopted statistical methods can be found in the Sup-
plementary Material.

We then quantified the impact of the dam operational rules on the

Table 2
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Table 3

Statistical significance of the Mann Kendall (MK), Modified Mann Kendall
(MMK) and Spearman’s Rho (SR) tests for an a of 10%, 5% and 1%. The exis-
tence of a significant trend is labelled with “x”. h = lake level, Q = lake outflow.
The subscript “N” or “R” indicates the natural or regulated period. The test
statistic S, the p-value p, the standardized test statistic Z, the Kendall’s rank
correlation coefficient 7 and the rho coefficient p are also indicated.

S P VA T 0% As94 194
MK
hy 8.50- 1.98 - 1.29 3.18 -
10% 107! 1072
hg  2.08- 1.03 - 2.56 5.91 - X X
10* 102 1072
Qv 258- 2.19 - 4.83 1.28 - X X X
10* 10°° 107!
Qr —4.04- 6.44 - —4.98 -1.15- X X X
10* 1077 107!
S P Z T a0 @se A1
MMK
hy 850- 6.31 - 0.48 3.18 -
10% 107! 1072
hg  2.08- 5.24 - 1.94 5.91 - X
10* 102 1072
Qv 267- 3.63 - 2.09 1.23- X X
10* 1072 107!
Qr —4.04- 263 - -3.00 -1.15- X X X
10* 1073 107!
S p 4 10% As95 19
SR
hy 6.21- 1.98 - 0.049
107 107!
hg  9.00- 1.03 - 0.089 X X
107 1072
Qn 3.92 - 2.19 - 0.18 X X X
107 10°°
Qr 1.15- 6.44 - -0.17 X x x
108 1077

annual and monthly distribution of lake levels and outflows by
computing the Empirical Cumulative Distribution Function (ECDF) as
well as calculating the 16, 20 and 30 standard deviation limits from the
mean, also highlighting seasonal patterns. The computation of these
limits, which describe the 68th, 95th and 99.7th percentiles of the
dataset, enabled to detect changes in the annual lake regime. Moreover,

Statistics of the Lake Garda water levels and outflows series for the natural and regulated periods, for the entire year and for the irrigation and winter seasons. Lake
levels are indicated in accordance to the reference zero of 64.027 m a.s.l. ¢ = standard deviation, CV = coefficient of variation. A, = maximum range, the difference
between the absolute maximum and minimum values in the period; Ap,.., = mean range, the difference between the mean annual maximum and minimum values in

the period.

Lake level Pre-regulation Post-regulation

annual irrigation winter annual irrigation winter
Max (m) +1.96 +1.96 +1.88 +2.12 +1.53 +2.12
Min (m) —0.038 +0.053 -0.038 +0.080 +0.080 +0.090
Mean (m) +0.84 +0.97 +0.72 +0.92 +0.95 +0.89
Median (m) +0.82 +0.98 +0.67 +0.94 +1.00 +0.94
o (m) 0.35 0.33 0.32 0.30 0.29 0.31
cv -) 0.41 0.34 0.44 0.33 0.31 0.35
Amax (m) 2.00 1.91 1.92 2.04 1.45 2.03
Amean (m) 0.88 0.67 0.69 0.84 0.69 0.71
Outflow Pre-regulation Post-regulation

annual irrigation winter annual irrigation winter
Max (m®s71) 133.0 133.0 127.1 190.0 170.0 190.0
Min (m® 571 14.7 15.2 14.7 6.0 7.0 6.0
Mean (m®s71) 60.0 68.1 51.5 53.0 67.0 39.0
Median (m®s71) 57.4 68.1 47.8 50.0 65.0 30.0
o m® s 23.3 22.6 21.0 31.3 26.7 29.2
cv -) 0.39 0.33 0.41 0.59 0.40 0.75
Apmax (m®s71) 117.8 117.4 112.4 184.0 163.0 184.0
Amean (m® 571 59.2 46.5 45.0 98.5 79.6 73.4
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Table 4

Lake levels and outflows variation due to regulation and related dam management policies of the European perialpine lakes considered in this study. Symbols: h,e¢
hydrometer reference zero of the lake (the current place of the hydrometer is also indicated above the related value); h = average lake water level referred to its h
Q = average lake outflows; Ahy = operational range of lake levels referred to the related h,.f; AQg = operational range of lake outflows. “n.d” = not defined. The name
and the year of the completion of the dam are finally indicated in the last column. References: (1) Ministero dei Lavori Pubblici - Servizio Idrografico, 1917, (2) courtesy
of AIPo, (3) www.comunitadelgarda.it, (4) Autorita del Bacino del fiume Po (2015), (5) ARPAL Bulletins (www.arpalombardia.it) (6) www.oglioconsorzio.it, (7)
courtesy of FOEN, (8) Micotti et al. (2010), (9) ARPA Lombardia (2016), (10) Etat de Geneve (1997).

Lake hyef(m a.s.l.) Natural — regulated Management Dam
h(m as.l) Qm® s™) Ahg(m as.1) AQr(m® 571
Garda Peschiera 64.87 — 64.95 60 — 53 64.18 + 65.43 6 <+ 200 Salionze
1,234 64.027 (1888-1950) (1951-2020) (1888-1950) (1951-2020) (1951)
Idro Idro 367.30 — 368.67 29 - 36 367.00 + 368.50 2.5 + 100 Idro
1,2,3,4,5) 359.97 (1917-1923) (1932-2019) (1923) (1934-1989) (1923)
Iseo Sarnico 185.45 — 185.68 66 — 54 184.85 + 186.25 6.5 + 440 Sarnico
1,2,4,6) 185.15 (1895-1930) (1933-2019) (1926-1930) (1937-2019) (1933)
Como Malgrate 197.95 — 197.74 167 — 158 196.97 + 198.67 n.d. Olginate
1,2,4 197.37 (1917-1941) (1946-2019) (1921-1943) (1946-2018) (1946)
Lugano Melide 270.51 — 270.49 25 > 22 n.d. 2 +190 Rocchetta
7,8) 271 (1923-1962) (1965-2019) (1906-1962) (1963-2019) (1963)
Maggiore Sesto Calende 193.17 — 193.43 320 — 282 192.52 + 194.52 n.d. Miorina
1,7,8,9) 193.016 (1917-1941) (1943-2019) (1921-1942) (1943-2015) (1943)
Geneva St-Prex 372.05 — 372.06 250 — 250 371.70 + 372.30 50 = 550 Seujet
(7,10) 372 (1930-1994) (1995-2019) (1919-1994) (1995-2017) (1995)
Ziirich Ziirich 405.97 — 405.93 99 - 95 405.45 + 406.60 50 + 200 Letten
) 406 (1892-1950) (1951-2019) (1906-1950) (1951-2019) (1951)
Constance Romanshorn 395.62 359 Not
) 396 (1930-2019) (1959-2019) Regulated

we computed a centered moving average of daily lake levels and out-
flows to highlight the most impacted months by the dam operational
rules, and carried out a targeted analysis for the 1st of April and the 1st
of October (first and last days of the irrigation season), taken as

66.5—

66.0 —

64.5

64.0

demands.

Monthly average

Annual average — — —Annual trend\

Salionze Dam

representative of the relevant seasonal changes of the downstream water

We finally quantified the annual water volumes associated to each
downstream water use from the total recorded outflows referring to the
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Fig. 2. Multi-decadal trend of the Lake Garda water levels and outflows for the period 1888-2020. The construction of the Salionze Dam (1951) is highlighted by a
solid vertical line, separating the pre-regulated (1888-1950) and post-regulated (1951-2020) periods. The monthly and annual averages are showed by dotted gray
and solid black lines, respectively. Long-term trends are denoted for the two periods by dashed blue and red straight lines. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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official operational rules that are used to manage the outflows from the
Salionze Dam. These rules (entirely reported in the Supplementary
Material, Table 6.1) prescribe the outflow ranges that can legally be
released for each downstream water use (irrigation, hydropower, river
ecosystem) on a seasonal basis and as function of the lake water level.
They essentially prioritize releases for irrigation over hydropower in
summer and regulate hydropower water demands in winter. A Minimum
Environmental Flow (MEF) for safeguarding river ecosystem health in
the downstream Mincio River is legally set at 6 m> -s~! on a purely
hydrological basis. The influence of irrigation, hydropower and
ecosystem water uses on the lake level variations was finally obtained by
comparing the recorded annual lake levels with the hypothetical levels
that could be calculated assuming the absence of hydropower and of
irrigation water uses. The mean annual lake levels corresponding to
these two scenarios were computed from the recorded mean annual
levels by adding the ratio of the annual water volumes for each water use
to the Lake Garda surface area.

3. Results
3.1. Long-term trends and statistics in lake levels and outflows

The variations and long-term trends of the level and outflow of Lake
Garda from 1888 to 2020 are shown in Fig. 2, which highlights the
impact of the Salionze Dam construction in 1951. While the pre-
regulation period is characterized by a similar upward trend for both
the lake level and outflow, in the post-regulation period lake outflows
show a clear downward trend, as opposed to the persistently increasing
trend of the water level. Across the entire regulation period, the average
lake outflow decreased by 6.8 m3 .51 (from 59.8 m? s~ 1t053.0m? -s’l)
(Table 2). Such difference is of the same order of magnitude (11%
higher) than the established downstream MEF requirement of the Min-
cio River.

A significant change is also observed in terms of the outflow vari-
ability, as the standard deviation ¢ increases from 23.3 m® -s~! to 31.3
m> -s7L. Lake regulation also determined an average water level increase
of +0.08 m (from +0.84 m to + 0.92 m), together with a reduction of
0.04 m of the mean range of variability Aneqn (from 0.88 m to 0.84 m),
which corresponds to a decrease of some 14.8 Mm?® of the active lake
storage with respect to the natural period. The higher impact of dam
management on the lake outflows variability, compared to that of lake
levels, is further shown by the coefficient of variation (CV in Table 2),
with similar values for both the lake level and outflow series before
regulation (0.41 and 0.39, respectively), but a much higher difference
after dam construction (0.33 and 0.59, respectively).

On a seasonal scale, considerable modifications of Lake Garda
regime are observed for the winter season, with a relevant increase of
+0.17 m (from +0.72 m to + 0.89 m) of the lake level and a significant
decrease of 12.5 m® -s~1 (from 51.5 m? -s71 to 39.0 m® ~s’1) of the lake
outflow. Such variations mainly reflect the need of constantly storing
water into the lake during the low stressed winter season, in terms of
water requirements, to supply the higher water uses of the summer
season.

The MK and MMK trend tests highlight the existence of significant
trends both in terms of lake levels and outflows after the regulation,
while a significant trend is detected only in terms of lake outflows before
the regulation (Table 3). Precisely, in the MK test, the null hypothesis Hy
of the existence of no trend is rejected for an a level of 5% and 1%
respectively for the regulated lake levels (hg) and outflows (Qg). For the
natural period, the null hypothesis is accepted in terms of lake levels and
rejected for the outflows with an « level of 1%. In addition, the Kendall’s
rank correlation coefficient 7 is lower for the natural lake level and
outflow as compared to the values evaluated for the regulated period,
which further indicates the higher influence of the operational rules of
the Salionze Dam on imposing a modification in the lake regime natural
trends. Outcomes of the MK test are supported by those of the MMK test,

Journal of Environmental Management 301 (2022) 113893

which reveal the substantial absence of autocorrelation in the data se-
ries. A consistent decrease of the p and Z values for the post-regulation
period emerges from the MMK test as compared to the values obtained
by the MK test. The MK and MMK tests in terms of natural lake outflows
indicate the rejection of the null hypothesis for an a level of 1% and 5%,
respectively.

Results given by the MK approach are additionally confirmed by the
SR test, as significant trends at the same « level of the MK and MMK tests
are found for both the natural and regulated periods. In addition, the SR
p coefficient confirms the upward and downward trends calculated in
the MK and MMK tests as well as the higher strength of the regulated
values with respect to the pre-regulation values. In terms of trend
magnitude, the Sen’s slope s indicates a mild increase of both the lake
levels (s = 0.100 cm -y_l) and outflows (s = 0.295 m? 57! ~y_l) for the
pre-regulation period that reflects the natural lake behaviour. Instead,
while the slope of the regulated outflow turns to a meaningful negative
trend (s = — 0.224 m® .s7! -y_l), the lake level maintains an upward
trend (s = 0.129 cm -y’l).

3.2. Lake regime frequency distributions

Regulation of lake regime addressed the need of increasing the water
stored into Lake Garda during the winter season for releasing a larger
amount of water during the summer season. This has affected the fre-
quency distributions (ECDF) of lake levels and outflows (Fig. 3a-d).
During the irrigation season (Fig. 3a) the lake levels ECDF reveals the
existence of a relevant shift of the highest water levels approximately in
accordance with the maximum management level, which is 65.4 m a.s.1.
(+1.40 m above the reference zero). Conversely, during the winter
season (Fig. 3b) a relevant difference appears between the entire dis-
tributions before and after regulation, with a median value reduced by
0.20 m (from 64.9 m a.s.l. to 64.7 m a.s.1.), reflecting the increasing need
of using the lake to store water before the irrigation season.

A coherent behaviour is shown by lake outflows (Fig. 3c-d), with a
consistent reduction of the median value (by 20 m3 -s’l) during the
winter season and a shift of the extreme values towards the minimum (6
m? -s71) and maximum (200 m® -s~!) releases set by management reg-
ulations, which are established to ensure the MEF for fluvial ecosystem
health and to prevent floods, respectively. Regulated lake outflows
below the median value of the ECDFs are systematically reduced
compared to the natural distribution, a behaviour that is particularly
evident in winter (Fig. 3d). This reflects the marked reduction of
downstream releases towards the minimum environmental flow re-
quirements set for the downstream Mincio River.

The annual time series of the median and of the 16, 20, 36 confidence
intervals of the daily distributions (Fig. 3e-h) provides additional insight
into the effect of dam management rules on the seasonal lake regime.
Lake levels variability was highly reduced after regulation, as it emerges
especially observing the upper 3o limit: the mean difference between the
upper 3¢ and 20 limits reduces from 0.47 m to 0.10 m after regulation,
during the main period of water storing in the lake (January-March). As
also suggested by Fig. 3a-b, such alteration reveals that lake regulation
is conceived to reduce the lake levels fluctuation (especially from
January to July), setting a lake level that supplies the main downstream
water requirements.

The o intervals of regulated lake outflows are also highly modified,
and show an impulsive step-function pattern that was absent in the
natural regime (Fig. 3g-h). The same step-function pattern could be
already observed in the red ECDFs in Fig. 3c—d, and it is determined by
the possibility offered by the dam to rapidly modify water releases. In
this respect, high flow events considerably contribute to the increase of
the difference between the upper 2 and 3¢ limits before and after dam
construction, which change from 31.3 m® s7! to 56.2 m® 57!
(Fig. 3g-h).
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3.3. Seasonal and annual shifts

The regulation of Lake Garda has determined seasonal as well as
annual changes of the lake regime, with higher values of lake levels
recorded at the beginning of the irrigation season and lower values of
dam releases registered throughout the year.

The computation of the 20-year centered moving average of daily
water levels (Fig. 4a) indicates lower values from January to June and
considerably higher values from July to November. The seasons of the
year when maximum and minimum lake levels occur have shifted, with
the maximum value moving from July to June and the minimum value
from March to middle September. Such transition is also detected by the
average lake levels recorded on the two dates that set the transition from
the winter and irrigation seasons and viceversa, i.e. the 1st of April and
the 1st of October. For the whole considered time period such values
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display an opposite tendency following lake regulation (Fig. 4b—c). The
maximum lake level at the beginning of the irrigation season was
recorded in 1965-1979, during which the average value was constantly
higher than +1.12 m above the reference zero, a value that was reached
again only in 2019 (Fig. 4b). A significant reduction of lake level fluc-
tuation is also apparent, especially for the 1st of October, as the excur-
sion drops from 0.34 m (period 1888-1950) to 0.12 m (period
1951-2020).

The lake levels’ rate of change between consecutive years (Fig. 4, d-
e), allows to detect specific changes of the lake regime in response to
both natural (e.g. extreme floods and snow melt) and anthropic (e.g.
installation of hydraulic infrastructures) factors. Fig. 4e suggests that the
response of the lake levels to autumn flood events within the regulated
period is quite similar to that registered in the natural period, as the level
increase of +0.04 m between 1950 and 1951 is comparable with the
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values for 2000-2001 and 2018-2019 periods. For the pre-regulation
period, the highest rate of change of water levels is likely to be associ-
ated to the extreme snowfall recorded in 1909 within the Garda basin, as
some 0.55 m of total snowfall were recorded the 10-11 of February, thus
influencing the lake regime with the subsequent snow melt. At a first
look, intra-annual shifts of lake outflows (Fig. 5a) appear less dramatic,
as the highest values are detected in June-July both before and after the
regulation. However, water releases are clearly lower throughout the
winter season, as well as at the end of the irrigation season in October,
particularly in the last decade (red color, 2011-2020). As a result, be-
sides the first annual minimum typically occurring in March, a second,
similar minimum appears in October after the regulation, which is then
followed by a sharp increase, likely associated to the autumn floods.
Average outflow values for April 1st and October 1st show a relevant
reduction at the end of the 1980s, especially for the 1st of October
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(Fig. 5b—c). Since hydropower is the only downstream water use during
the winter season, such decrease of the lake outflow (22 m® -s‘l, from
56.85 m> s~ ! to 34.85 m® -s~! during 1987-2007) is likely associated to
the operation of the Montina hydropower plant, built in 1988 immedi-
ately downstream the Salionze Dam (see Fig. 1c). The absolute value of
the rate of change increases after lake regulation, from an average of
0.96m>®-s 1t01.81 m%s! (April 1st) and from 0.95 m? s t01.23m?
s~ (October 1st).

The modification of the natural relationship between the lake levels
and outflows is highlighted in Fig. 6, where we report their correlation
based on a 10-year centered moving average data analysis for the 1st of
April and the 1st of October. We can recognize the existence of three
different periods of lake regime, in accordance with the change of dam
management rules and the related variation of the basin water re-
quirements, which in turn caused an increase of irrigation schemes and
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respectively.

hydropower exploitation.

Precisely, a first common trend can be observed for the pre-
regulation period (1888-1950) for both the 1st of April and the 1st of
October, showing a clear positive correlation between lake levels and
outflows that reflects the natural lake behaviour (dark-light blue
markers in Fig. 6). After the construction of the Salionze Dam, a second,
transitional period is observed until 1965 (green markers in Fig. 6),
which highlights the lack of a definite management scheme of the dam.
This is particularly apparent for the 1st of April, as the correlation shifts
toward higher values of lake levels. In the period 1966-2020, the rela-
tionship between outflows and lake levels at the beginning of both the
irrigation and the winter seasons is quite different with respect to the
pre-regulation trend, and gets nearly vertical in the (h,Q) plane (yellow-
red markers in Fig. 6). Specifically, the range of variation of lake levels
shrinks, while the range of outflow values greatly increases. This mainly
reflects the constant increase of water requirements within the Sarca-
Garda-Mincio system, stressing the high accuracy needed for regu-
lating the lake regime. Lastly, a further change of the relationship be-
tween lake level and outflow is detectable in the last decade, especially
at the beginning of the winter season, as a consequence of the applica-
tion of the new dam management rule operated by AIPo from 2009.

3.4. Influence of water uses on the lake regime

The variation of the annual water volumes released by the Salionze
Dam to supply irrigation, hydropower and fluvial ecosystem re-
quirements are represented in terms of cumulative curves and percent-
age of use in Fig. 7a-b. Construction of the Montina hydropower plant in
1988 has increased the average share of water released for hydropower
purposes by 16% (8.7 m® -s™1) and caused a strong reduction of the
annual volume released only to support fluvial ecosystem integrity from
an average of 50.8% of the total outflows in 1955-1987 to 22.3% in
1988-2020. Such considerable decrease affects by roughly two thirds a
12 km-long stretch of the Mincio River, at the end of which the Mon-
tecorno powerplant releases the turbinated water back into the river,
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while the rest (nearly one third) of the water used for hydropower
production is reintroduced into the river channel a little further (some
500 m) downstream the Salionze dam (Fig. 1c). Reduction of ecological
water releases has been also consistently affected by the nearly constant
increase of the annual water volumes released for irrigation, which
represents a consumptive water use. Abstraction for irrigation increased
from 27.5% (1955-1987) to 42.8% (1988-2020) of the total annual
outflow (Fig. 7b).

To isolate the effect of each specific water use on the Lake Garda
water levels, we plot in Fig. 7c the hypothetical mean annual levels
computed by assuming the absence of downstream hydropower or irri-
gation water demands, together with the recorded mean annual levels.
Under these hypothetical scenarios, oscillations of annual lake levels
would have been increasing after 1988, with maximum annual oscilla-
tion ranges of 0.26 m (only hydropower water use) and 0.23 m (only
irrigation water use). Moreover, the absence of hydropower or irrigation
releases would have increased the lake level by, respectively, 7 cm and
10 cm after the construction of the Montina hydropower plant. This
allows to single out the effect of these downstream water uses on the lake
levels variability. The hypothetical absence of water abstractions for
hydropower and irrigation would correspond up to 1.2 - 105 m®and 1.5 -
108 m® of water volume into the lake, respectively, considering that a 1
cm increase in the Lake Garda water level corresponds to some 3.7 Mm?®
of additional water stored in the lake. Fig. 7c also shows that the hy-
pothetical absence of the irrigation and hydropower water uses would
cause the exceedance of the maximum management level (i.e. +1.40 m
above the reference level), which is presently fixed mainly for touristic
purposes, up to 0.54 m and 0.42 m, respectively.

4. Discussion

The multi-decadal analysis of the Lake Garda water levels and out-
flows reported in Section 3 has outlined the influence of water uses
evolution on the lake regime modification. We now provide an inter-
pretation of the key outcomes and discuss their implications for future
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lake water management also in the broad context of the European per-
ialpine lakes district.

The long-term analysis of the Lake Garda regime reveals a remark-
ably different response to regulation between water levels and outflows,
from both annual, monthly and averaged daily records. Specifically, the
Salionze Dam has changed the inter-annual trend of the lake outflow
from upward to downward, while maintaining a constantly increasing
tendency of the lake levels. This is also reflected in the significant
modification of the natural, pre-regulation lake levels-outflows relation.
Such shift occurred to the lake levels and outflows at the seasonal scale
in response to the changes in downstream water demands both in winter
and summer. Furthermore, the increased variability of the lake outflows
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compared to that of lake levels can be explained by the strict dependence
of lake outflows on the gate-opening maneuvers, while lake levels are
likely to be influenced by other lake water budget components, such as
the inflows or the evaporation rate. Despite a general decrease of total
lake outflows showed in Fig. 2 after the Salionze Dam construction, we
highlighted a corresponding increasing trend of downstream human
water uses. Such behaviour can be associated with changes in agricul-
tural practices, extension of irrigated areas with low-efficiency distri-
bution schemes and overall changing in the seasonal precipitation
regime of the region (Brunetti et al., 2000), likely to have increased the
irrigation water demand. Preliminary analyses carried out by Valerio
(2018) indicate that increasing the present irrigation distribution
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efficiency has the potential of saving up to 40% of the water currently
abstracted for agriculture.

A particular concern emerging from our analysis is the marked
reduction of releases from the Salionze dam to sustain ecosystem water
needs in the downstream Mincio River, which are now determined on a
purely hydrological basis. Dam construction and operation is known to
highly reduce the downstream flow rates, variability, thus posing threats
to the riverine ecological integrity, as the release of a minimum constant
flow doesn’t represent a sufficient condition to sustain the fluvial
aquatic biodiversity (Poff et al., 1997). Coherently, the present mini-
mum environmental flow of the Mincio River should shift towards a
more variable flow regime. In this respect, the long-term information of
pre-regulation outflows regime reconstructed within this work represent
a key element to better support the ecological flows paradigm. Indeed,
although reintroducing natural flow conditions in highly regulated
systems might be questionable (Acreman et al., 2014), understanding
the pre-impacted flow regime variability remains essential to identify
the role of hydrological alterations in freshwater ecological systems and,
ultimately, to support fluvial ecosystem health under future
hydro-climatic changes and socio-economic developments (Poff, 2018).
In this regard, a promising approach for complex systems with multiple,
competing water demands like Lake Garda is provided by optimization
algorithms, flexible supporting tools that are explored by an increasing
number of studies for finding optimal water allocation policies in
regulated freshwater systems (Nicklow et al., 2010; Ahmad et al., 2014;
Horne et al., 2016), also adopting historical data (Hejazi et al., 2008).

Regulation strategies of Lake Garda can be further analysed in the
light of contemporary regulation processes that characterized other
regulated lakes of the European perialpine region.

In addition to a variety of comparative studies that discussed
ecological and water quality aspects for addressing future management
policies in the area, e.g. Bresciani et al. (2011); Salmaso et al. (2018a),
here we drew attention to published hydrological information of lake
levels and outflows for seven regulated and one nearly unregulated lake
in the European perialpine region (Table 4), to place the response of
Lake Garda regime in a broader framework.

Dam construction and operations have implied an average increase
of lake levels for lakes Garda, Idro, Iseo and Maggiore, and to a decrease
or constant variation for lakes Ziirich, Como, Lugano and Geneva. All
regulated lakes showed a decrease of the average lake outflows. The
behaviour of Lake Idro cannot be assessed, because few pre-regulation
data are available, before its impoundment in 1923. The comparative
analysis shows that changes in the lake regime are, in some measure,
associated with both dam construction and modifications of the lake
management rules, which in many cases were not fixed contextually. As
an example, for Lake Geneva almost identical average values of lake
level and outflow are recorded before and after its present regulation
system (i.e. the Seujet Dam, completed in 1995), but a strong reduction
of the lake variability is registered. In fact, a significant change of the
lake level and outflow regimes is observed since the 1970s, and it might
be attributed to different modifications within the basin, including hy-
dropower plant construction and the related concession contracts
(Ruiz-Villanueva et al., 2015). Also the establishment of Lake Lugano
new regulation rule in 1977, i.e. 15 years after the construction of the
Rocchetta Dam, is considered as a breaking point for the lake regime
(FOEN, 2017). Overall, lake dam management strategies have been
influenced by different types of operational rules, either rigidly fixing
minimum and maximum management thresholds of lake levels and
outflows, such as for Lake Garda, or progressively adapting the thresh-
olds in accordance to the different seasonal lake regime, as set for Lake
Maggiore, for which lake outflows are changed as a function of the lake
levels and inflows (Castelletti and Soncini-Sessa, 2006).

We finally summarize the key limitations of and the developments
suggested by our work, which is based on the consistent reconstruction
of long-term Lake Garda water level and outflow consistent record from
multiple data sources including historical registries since 1888. As data
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collection and systematization is critical to the implementation of a
meaningful time series analysis (Han et al., 2016), an intrinsic charac-
teristic of the long historical record that we assembled for this work is
related to the use of different methods and instruments for recording the
Lake levels and outflows in different periods, with uncertainties that are
hard to be quantified in detail, especially during the first decades, i.e.
1888-1916.

Uncertainties in the developed record might be reduced by devel-
oping a comprehensive hydrological analysis of the lake. This is, how-
ever, surprisingly lacking so far for Lake Garda, despite the fundamental
interest for its management at a national level. The present analysis
focuses on the recorded lake levels regardless of the actual interaction
among the different components of the water balance, which should be
analysed in the future to isolate climatic effects from human-caused
modifications of the lake regime. Climatic drivers may indeed play an
important role, as a clear decreasing trend of annual and seasonal pre-
cipitation was detected in northern Italy during the last century (Bru-
netti et al., 2000). Evapotranspiration, groundwater fluxes and snow
melt are known to be relevant for the lake hydrological budget (Ber-
benni et al., 1992; Longinelli et al., 2008), but no comprehensive and
targeted quantification of these fluxes is presently available. Floods from
the main lake inflow, i.e. the Sarca River, can increase the Lake Garda
level up to 0.5 m, corresponding to 1.85 Mm?® of additional water stored
into the lake. Furthermore, the pronounced hydropower regulation
within the Sarca River basin since the second half of the XX century
(Carolli et al., 2021) are likely to have affected the timing of the water
released into the lake, shifting the annual peaks from summer to winter.
Relevant effects of the alpine reservoirs were for instance studied by
Moisello et al. (2013) for the management of Lake Como and by Loizeau
and Dominik (2000) for the evolution of the Upper Rhone River regime
and its possible implications in terms of sedimentation and oxygenation
of Lake Geneva. Further analyses should be carried out also in rela-
tionship with the effect determined by the opening of the Adige-Garda
tunnel, which can transfer up to 500 m® -s™! into Lake Garda and has
historically discharged a maximum volume of 79 Mm? in 1965, with an
increment of 21.42 cm of the lake level. Thus, although this tunnel has
not relevant implications in terms of the annual lake water budget,
consistent effects might occur in terms of timing of regulation rules of
the lake (Berbenni et al., 1992).

5. Conclusion

In this paper we analysed 133 years of the Lake Garda water levels
and outflows from a water management perspective, investigating the
implications of lake regulation in relationship with the basin water uses
evolution.

The multi-decadal (1888-2020) time series showed opposite trends
of the lake level and outflow as an effect of the dam construction in
1951, with a specific significant decreasing trend in terms of the out-
flows. Furthermore, a relevant annual shift of the lake regime was
observed on a seasonal scale, as the lake regime observed during the
winter season has been increasingly influenced by the multiple summer
water requirements, determining higher amount of water stored
particularly during January-March to be released mostly during
July-September. Analyses of the main downstream water needs
confirmed the major influence of the irrigation and hydropower water
requirements on the Lake Garda water levels variation. The importance
of developing a detailed water budget model to optimize the dam
operational rules was then outlined, indicating the need of analysing
climatic and hydrological drivers as well as stakeholders interests in a
unique perspective. A particularly critical element is the progressive
decrease of the share of water releases to sustain the downstream river
ecosystem health. A comparison with the long-term variation of the
water levels and outflows of other European perialpine lakes finally
pointed out the relevance of carrying out a comparative and integrated
study for regulated lakes to design efficient management policies of the
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available lake water resources in the current global change context.
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