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Abstract

Temperature has been recognized as a pivotal factor shaping ecosystem structure and
functioning; nevertheless, there is still a lack of systematic water temperature monitoring in
rivers. Most of the data are scattered and have been measured sporadicadiyngmrough
estimations of the water thermal regime, especially in mountain streams where fluctuations are
not negligible. Moreover, field studies investigating the relationship between water temperature
and the aquatic biota rarely address the rolato&iannual variability and not always disentangle

the effects of other environmental factors. Given these gaps, this thesis presents six pieces of
work regardingthe water thermal regime and its effect on the aquatic biota.

First, since the thermal regemvaries depending on the type of watercourse, the water
temperature of 16 midltitude stream sites was monitored, and the daily and seasonal patterns
were described. The results show tthegt interaction of different water sources and the presence

of resrvoirs promotea high stream thermal heterogeneity within the watershed, outlining
important ecological implications. Then, hydroelectric plants powered by flowing water can
affect the water thermal regime, but their impacts have not yet been consikspite their
widespread distribution. Thus, the water temperature was monitored along a sequence of riverine
stretches subjected to water diversion. The analysis of the thermal regimes revealethithat

the bypassed stretches, due to the low flow, thie of warming doubles the natural gradient
while in the diverted channel the water temperature remains almost cofstardll, a cascade
system of run of river plants shifts the longitudinal riverine thermal profile from continuous to
Asteppedo.

In the following studies, the relationship between the water thermal regime and the aquatic biota
was investigated by combining a systematic literature review focusing on the effects of water
temperature on freshwater macroinvertebrates witbettiteld studies carried out on biofilm,
macroinvertebrates, and fish, respectively. A-gaar survey with monthly samplings of biofilm

and macrobenthos across streams with different annual thermal variability allowed to examine
the spatiotemporal pattesrof the communities, disentangling the effect of the water thermal
regime from other environmental variabl&$ie results showed that water temperature promotes

a change in the dominance of periphyton groups and macroinvertebrate taxa through the year.
The annual thermal variability induces a phenological desynchronization among the populations
of some macroinvertebrate taxa inhabiting the different strelbassly, since climate change is



one of the first threats to mountain lotic systems, $amo truth habitat suitability of a
regulated river was assessed under different climatic scenarios and a deterioration was pointed
out especially driven by the temperature increase.

Overall, tis thesis contributed to the field of thermal research, with a plartifacus on mid

altitude mountain streams, filling gaps in the characterization of the water thermal regime, its

drivers, and the effects on aquatic taxa and communities.

Keywords
Water temperature, reservoirs, hydropower plants, biofilm, macroinvaesprdish,
bioassessment, climate change



Riassunto

La temperatura € un fattore cruciale che influenza la struttura e il funzionamento degli
ecosistemi; tuttavia, manca ancora un monitoraggio sistematico di tale parametro nei fiumi. La
maggior parte deiati riguarda misure sporadiche e sparse che forniscono stime approssimative

del regime termico dell'acqua, soprattutto in montagna dove le fluttuazioni non sono trascurabili.
Inoltre, gli studi in campo che indagano la relazione tra la temperatura etal dsquatico
raramente affrontano il ruolo della variabilita inranuale e non sempre disgiungono gli effetti

di altri fattori ambientali. Date queste lacune, questa tesi presenta sei lavori riguardanti il regime
termico dell'acqua e il suo effetto subta.

Innanzitutto, dato che il regime termico varia a seconda del tipo di corpo idrico, € stata
monitorata la temperatura dell'acqua in 16 siti situati in torrenti montani e sono state descritte le
variazioni giornaliere e stagionali. | risultati mostarhe diversi tipi di sorgente e la presenza di
bacini idrici, I nsi eme, promuovono un' el eva
appartenenti allo stesso bacino idrografico, con importanti implicazioni ecologiche. Inoltre, gli
impianti idroelettriciad acqua fluente possono influenzare il regime termico fluviale, ma il loro
impatto non e stato ancora considerato, nonostante essi siano molto diffusi. Dunque, € stata
monitorata |l a temperatura dell dacqua daungo
derivazioni idroelettriche. L'analisi del regime termico ha rivelato che nei tratti derivati il tasso di
riscaldamento e doppio rispetto a quello naturale mentre nei canali di derivazione la temperatura
del |l 6acqua ri mane pr es siocerir@d idoalestrictee nin sequentaa pr
determina un cambiamento del profilo termico longitudinale del fiume che passa da continuo a
Agradini o.

Negli studi successivi e stata indagata la relazione tra il regime termico e il biota acquatico
combinando una cerca sistematica della letteratura riguardante gli effetti della temperatura sui
macroinvertebrati d'acqua dolce con tre studi in campo condotti rispettivamente su biofilm,
macroinvertebrati e pesci. Un'indagine di un anno con campionamenti mensiltttbencorsi

d'acqua con diversa variabilita termica annuale ha permesso di esaminare i pattemn spazio
temporali delle comunita, disgiungendo l'effetto del regime termico fluviale da quelli di altri
fattori ambientali. | risultati mostrano che la temperatdell'acqua influisce sulla dominanza dei
gruppi di periit on e dei macroinvertebrat.i e sulla | ol

variabilita termica induce una desincronizzazione fenologica tra le popolazioni di alcuni taxa che



vivono nei dversi corsi d'acqua. Poiché il cambiamento climatico € una delle prime minacce per i
sistemi lotici montani, é stata infine valutata l'idoneita dell'habitat della trota fario in un fiume
regolato, in diversi scenari climatici, evidenziando un deteriorameltivuto soprattutto
all'aumento della temperatura. Complessivamente, la presente tesi ha contribuito al campo della
ricerca termica, con particolare attenzione ai torrenti di media montagna, colmando lacune
riguardanti la caratterizzazione del regime teonfluviale, i fattori che lo influenzano e gli

effetti sugli organismi e sulle comunita acquatiche.

Parole chiave
Temperatur a del | 6acqua, i nvasi , centrald]

cambiamento climatico.
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INTRODUCTION

1. Energy, temperature, and biodiversity

1.1 Energyspecies distribution

One of the main research goals of Ecology is to understand the patterns of biodiversity (the
variety and abundance of species) and the processes and mechanisms involved. Naturalists have
been particularly fascinated by the gradient of increasing biodiyeirsim the poles to the

equator and from high to low altitudg®arwin, 1959; Humboldt, 1808; Wallac4976)

Latitudinal and elevation gradients regard terrestrial and aquatic organisms, both plant and
animals, suggesting the existence of some general mechanisms controlling species diversity
related to climatic conditions that reflect the energy aldite in the environment. Moreover,

the latitudinal gradient is valid for marine organisms too. First discussions about the effect of
energy on the ecosystems go baclkigchinson & MacArthur (1959); Lindeman (1942) and

Odum (1962})hat argued that the energy flow controls the partitioning of biomass along the food
web, affecting the trophic structure of theggstemsWright (1983)extended at larger scale the

idea that the diversity of a trophic level is determined by the amount of energy from the level
bel ow and proposed that #@Athe | atitudinal bi od
maintained as a direct consequence of greater energy availabilfyatr d s t hspeciesqu at or

energy hypothesis

The overall energy of the ecosystems encompasses the radiation energy, the chemical energy, and
the thermal energy. Radiation energy (and specifically photosynthetically active radiation, PAR)
is used by [ants to synthetize biomass by the photosynthesis. Such process requires water that,
besides providing the electrons for the reaction, allows the absorption of nutrients. Therefore,
water availability, more than light, limits the primary production andlaémnp the global
distribution of plantfHawkins et al., 2003; Huang et al., 202%)they use only a small fraction

of the incident PAR (~1%{Opik & Rolfe, 2005) Then, plant tissues feed herbivores and other
heterotrophic organisms in the food web. These organisms, together with the autotrophic ones,
constitute the chemicatnergy of the ecosystems. Higher productivity (the rate of biomass
generation) corresponds to more individugsofuctivity hypothesjsNright (1983))and more
individuals lead to more speciethé moreindividual hypothesisSrivastava & Lawton (1998))

In fact, a greater diversity of plants allows for the evolution of a wider range of specialist
herbivores thanks to the increase of habaatslability (Hutchinson & MacArthur, 1959; Pielou,
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1975) which, in turn, promote a wider range of consumers (predators, parasites and pathogens)
(Gaston, 1996)In sum, radiation and chemical energies together affect the species diversity,
increasing biomass and abundance through population dynamics and speciation p{iecasses

et al., 2005)

The third brm of energy of the ecosystem is the thermal one, quantified by the temperature. It
cannot be used by organisms but influences the biodiversity in two main ways. First, temperature
sets the limits to maximum diversity either as absolute value and asnakeaswiability:
organisms living at low and high temperatures and/or in high thermal variability environments
need physiological adaptation strategies and have high energetiarobg it energy hypothesis
Turner (2004)) Thus, organisis have diversified over time within these limits till saturating the
habitats(Clarke & Gaston, 2006)Second, temperature can affect diversity by influencing the
rate at which organisms make use of radiative and chemical energy. Indeed, temperature controls
the conversion of radiation into biossg(photosynthesis) arite transfer rate of energy along the

food web. Temperature may affect biodiversity also by other ways, for instance affecting the rate
of population speciation and extinctiométabolic theory of biodiversitAllen et al., (2002) and
Stegen et al., (200Pput evidences for thaire equivoca{Clarke, 2017)

Originally formulated to explain biodiversity pattern in terrestrial systems the sp®egy
theories have been extended to f€aaser & Currie, 1996; Rex et al., 2005)

The overall amount of energy in the ecosystems affects biodiversity. However, it is important to
distinguish among the different forms of energy, as they act on plants and animals by very
different processessadescribed above. Variables as temperature and light (PAR) and, for
terrestrial ecosystems, water availability (precipitation) too, can be considered as proxies of the
amount of the different forms of energy. Such climatic axes allow to describe thépgtteans

of biodiversity(Currie, 1991; Hawkins et al., 2008d to distinguish the mechanisms by which
energy influences diversity. Especially at large scale, temperature has often been used as a proxy
of energy to describe biodiversity, but loosely, as it refers ortlyetéhermal energy.

Characterizing biodiversity patterns in freshwater ecosystems is more challenging than in
terrestrial ones as they constitute a smal/l

across the planet. This is especially tiuevers, because of the dendritic nature of hydrographic
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networks.However, studies carried out at a global scale showed that freshwater species diversity
typically decreases with increasing latitu@gaston & Blackburn, 2000; Oberdoff et al., 1995;
Rosenzweig, 2010and altitude(Dodds et al., 2019; Vinson & Hawkins, 200@)lowing the
gradient observed for terrestrial diversity. Indeeitic (lakes, ponds, and wetlands) and lotic
(rivers, streams, and springsyaterbodies areopen heterotrophic systems, connected and
sustained by the terrestrial ones. Thus, environmental gradients on lands reflects also in waters,
influencing for instance flow, water temperature, and resource availability. At the global scale
freshwater biodivesity distribution is driven by the history (evolution and dispersal) and the
climate (temperature and precipitation) while at smaller scales (from regional to microhabitat)
aquatic biodiversity is determined by environmental variables (such as hydrbkyictnermal
regimes, resources, hydrochemistry, morphology, and hydraulics) and biological mechanisms
(species interactions and dispersal dynamics) acting as filters of species distribntiscgpes

filters hypothesis Poff, 1997; Tonn, 1990)The structure and the functioning of aquatic
assemblages at each level depend on pleeiss traits that allow to overcome the challenges
presented by such filters. Water temperature constitutes an important environmental filter that

contributes to set aguatic assemblages mostly at the valley/reach (waterbody) scale.

1.2 Temperature anddaliversity

The relationship between temperature and biodiversity in plants and animals (ectotherms and
endotherms) is controlled by two independent factors: the mean temperature and/or its variability.
Regarding the first, it is recognized that in cold f@lar regions or high altitudes) and warm (as
deserts or hot springs) environments, specific physiological challenges set by extreme
temperatures could be achieved only by certain organisms (Box 1). Moreover, such temperatures
limit the primary productin controlling nutrient availability and transpiration and thereby
constrain the overall diversity (that depends on the total abundance/biomass as described by the
moreindividuals hypothes)s On the other hand, strong thermal variability limits biodivgrsi
because it requires more generalist physiology that is more energetically expensive than a
specialist physiology (Stevens, 1989). Thus, the low diversity at high latitudes and altitudes
might mainly be driven by the large thermal variability (up t6960°C and 185 °C for
terrestrial and aquatic environments respectively) rather than by the low mean temperature (up to

1(30-:60) °C and ~0 °C for terrestrial and aquatic environments respectively). Nonetheless, the



INTRODUCTION

mechanisms underpinning the reductiondofersity in these habitats are not clear yet and the
discussion is still openedClarke, 2014) The two factors (mean temperature and thermal
variability) could act in parallel and synergistically or antagonistically so much that the critical
factor could be the interaction between mean temperature and thermal var(&siléty et al.,
2014; Gaston, 1999)

Ectotherms: animals for which habitat temperatures determine body temperatures. Ecto
may have a variable body temperature or may maintain it stable by moving from one
another.They are unable to produce and conserve adequate metabolic heat to maintair]
temperature above the external temperature. Antonygnddtherms(mammals and birds).

Freshwater ecology has largely investigated the relationship between temigerature and
aguatic communities. To investigate biodiversity patterns along a gradient of temperature several
surveys have been conducted in rivers, from mouth to source, and especially in geothermal and
mountain streams. Such studies highlighted pe#kspecies richness around-20 °C for
invertebrates, macrophyteand microalga€Brock, 1978; Jacobsen et al., 1997; Quédiarera

et al., 2021)and around 2@5 °C fr fish (Griffiths et al., 2014; Oberdorff et al., 2011t low
temperatures (below ~11b °C) the aquatic invertebrate fauna is dominated by insects while at
high temperaturegabove ~25 °C) by crustaceans, nematodes, molluscs, and chironomids. Fish
assemblageemperature pattern strongly varies across biogeographical regions; however,
salmonids dominated in cold waters (at least in the Northern hemisjGeri&jhs et al., 2014;
Oberdorff et al., 2011)Similarly, algae community compositigmhighly variable depending on
biogeography and local environmental fact@khuhta et al., 2020; Morgan, 201@nyway, in

cold wates of mountain and glacier streams algae assemblages are dominated by diatoms and
diatoms/cyanobacteria respectivéiieber et al., 2001; Peszek et al., 2022; Rott et al., 2006;
Tang et al., 1997)

The first research attempting to understand the effect of a temperature increase on aquatic biota
dated back t o tsts efflided With theSavamah River Ecology Laboratory
(Georgia, USA)led by Eugene Odum, started to investigate the effect of heated waters coming

from nuclear and fossfuels power plants on river organisngSmith et al., 2001) Thus,

10
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Savannah River Ecology Laboratogyeatly contributed to the development of aquatic thermal
ecology with numerous field studies focusing on the population dynamic of fish, turtles,
invertebrates, and plants in thermally altered waterbd#idstt et al., 1975; Gibbons & Sharitz,

1974; Gibbonson & Sharitz, 1981)n the other hand, studies investigating aquatic communities

faci ng cold conditions appeared | ater, in the
assemblages of arctic and alpine glacier stre@rnigain & Milner, 2001; Castella et al., 2001;

Milner & Petts, 1994; Milner et al., 2001; Petts & Bickerton, 1994)

Despitethe remarkald advances in the temperatinieta relationship most of the studies carried
out in freshwater systems focused on the effect of mean temperature while thermal variability

responses have not been well addressed so far.

Box 1

1.1 Temperature constraingganism physiology

Temperature sets the limits (upper and lower) of life on Earth constraining the physio
processes of organisms. Increasing temperature corresponds to a greater molecular motic
turn, leads to the thermal denaturation o tmacromolecules (especially proteins) and
disruption of the cellular structure. Some adaptations as the increase of weak interactions
der Wallls interactions) contribute to maintain the structural integrity. Nevertheless, it was
that Eularya complete their life cycles at most at6fh°C while some Bacteria and Archaea
live above 100 °C thanks to their cellular membrane archite¢@leeke, 2014) On the othe
hand, lower thermal limits seem to be set by the freezing pointZ~, for fresh and salt wat
respectively). In fact, the lifeycle of most terrestrial, freshwater, and marine ectothermsg
plants occurs above that point. Some terrestrial species can survive also in colder enar
(up to-70-80 °C for some angiosperms and lichens dt6 °C for some invertebratssichas
tardigrades) by preventing the ice formation in the tissues (freeze avoidance or supercog
by contrast, by allowing the freezing of extracellular water (freeze tolerance or hibernatiq
leads to dehydration and/or vitrification. Endotherms (mauts and birds) can complete their |
cycle at an environmental temperature below the water freezing paihtC or below) since
their body temperature is kept in the range430°C depending on the spec{€darke, 2014)

11
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The ability of ectotherms, endotherms, and plants to tolerate low temperatures is argiie
across species, clades, and geographic locations, while tolerance to heat is strikingly i
across latitudes, altitudeand phylogenyAddo-Bediako et al., 2000; Sunday et al., 201h)
fact, although thermal tolerance limits are strongly related to the adaptation to the current
the upper thermalimit is constrained by a physiological boundary that limits its evolu
beyond certain temperatures whereas the lower limit is partially related to the ancestral cl

the origin and, thereby, more variable among cléBesanett et al., 2021)

1.2 Freshwater organisms at thermal extremes

Geothermal springs and glacial streams are an optimal setup toetishe thermal limits o
aguatic organisms. Research conductetiah springsrevealed that unicellular algae (such
Cyanidium caldariumplive at 4555 °C(Doemel & Brock, 1970as well as some funglansey,
& Brock, 1972)whereas plants (such &chanthelium lanuginosujrare found also at 65 °(
Yet, some invertebratesuychas crustaceans, nematodes, chironomids, and mollusestéx
temperatures around 463 °C (Hoeppli, 1926; Ocafia, 1992vhile some species of fis
belonging to the genuSyprinodonlive in springs at 386 °C (Minckley & Minckley, 1986;
Montejano & Absalon, 2009By contrast, the coldest aquatic environments are glacial str
and lakes wherthe temperature is around zero. In sudbitats the invertebrate community
dominated by Chironomidae (Dipter@aiolini & Lencioni, 2001)surviving in harsh condition
thanks to several strategies. Besides the supercooling and the hibernation that invo
synthesis of specific substances promotorghampering the freezing of the haemolym
physiological mechanisms include the accumulation of digidd glycogen as food resesv
Moreover, adaptative strategies involve changes in morphology (smaller size and 1
protection), and in behaviouhdbitat selection and cocoon building) that allow to ke&mher
body temperature. Invertebrates of cold environments have developed phenological si
including quiescence and dormancy and phenological plasticity to regulate their life

depenthg on environmental chang@sireder, 1999; Lencioni, 2004)

12
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2. Water temperature of running waters

2.1 Water thermal regime

In rivers,the water temperature varies in time and space giving place to a composite of patterns

of absolute temperatures, di el and seasonal a
regi meo. The ther mal regi me can bte frequerexgr i bed
duration, and timing of events (Figure(Brismendi et al., 2013 the same way as the riverine

flow regime(Olden & Poff, 2003; Poff, 1996)

2.1.1 Temporal variability

In temporal scale, the water temperature varies, following both a diel and an annual cycle. The
daily minimum generally occursn the early morning and the maximum ithe late
afternoon/early evening. The daily variability is lower in winter than in summer. Rivers also
experience an annual temperature cycle, which follows a sinusoidal pattern with the annual
maximum and minimumeazurring in the late summer and the late winter respectively (Figure 1).
Such patterns (daily and annual) are more pronounced in headwater streams and at high latitudes
(Ward & Stanford, 1982; Webb & Walling, 199%}lose to the equator the seasonal variability of

water temperature is very low but small streams can experience a marked daily thermal

variability.
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Figure 1.Annual thermal profileshowing descriptors of thermal magnitude (annual maximum and
minimum, daily maximum and minimum, cumulated), variability (annual and daily), duration (i.e:
duration of warm and cold evettiming (day of maximum and day of minimumamd frequency
(number of events exceedittie cold and warm threshold. Warm and cold event thresholds were chosen
at 15 and 2 °C respectively. The annual profile is based on daily water temperatures while the daily

profiles on hourly measures (Sanguigtream, ~1400 m a.s.l, Orobic Alps, ltaly, year 2020).

2.1.2 Spatial variability

Naturally, the mean daily water temperature varies in a downstream direction (as stream order
increases) following different profiles identified as linear, asymptotic, pacahgoliform, and
complex, depending on several factors such as climate, altitude, flow, presence of tributaries and
morphology (Figure 2)(Fullerton et al., 2015) Daily variations are generally smaller in
headwater streams fed by groundwater and deep lowland rivers and greater in streams more

exposed to meteorological conditions.
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Figure 2. A) Mean daily and daily variability of water temperature as a function of downstream direction/
stream order (adapted froGaissie (200§)in the case of an asymptotic profile and B) representations of
five different longitudinal thermal profiles (adapted frémllerton et al., (201%)

2.2 Factors influencing river temperature

The natural thermal regime in rivers is mainly determined by the following factors:
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1 atmospheric conditions, related to the geographical location @etiingitude/altitude),
including air temperature, precipitation, wind, humidity, solar radiation, and
evapotranspiration/condensation;

1 physical descriptors as river flow including the presence of inflows and outflows, volume
and depth of water, slope,dturbulence;

1 local topography, related to riparian vegetation, aspect, and lithology;

1 morphology and streambed features relatedsediments, hyporheic exchangand
groundwater inputgCaissie, 2006)

Thus, for example, in shaded rivers having great flow, groundwater inputs, northtiexpasid
high slope, the water temperature keep, lavile in low flow rivers, exposed to solar radiation,

with low slope and without groundwater or tributaries inflows, the temperature is higher.

Apart from these factors, the natural water temperature regime of rivers can be modified
considerably by anthropogenic factors. Indeed, changes in the catchment land cover and
particular deforestation and removal of riparian vegetation cause an incieaseater
temperaturg(lJohnson & Jones, 20D Similarly, thermal effluents coming from nuclear and
fossitHuel power plants and factories and, to a minor extent, from wastewater treatmest plant
increase the riverine water temperatkeénouchi, 2007; Madden et al., 2013; Raptis et al.,
2016) The decreasén flow caused by water withdrawal for irrigation or water supply or
hydroelectric power generation as well as the presence of dams, aneirseservoirs influence

the riverine thermal regime.

In the case of dams, water temperature dowasstrdepends on the level of the outflow: the
effect is different if the discharge occurs as overflow from the surface layer of the basin
(especially from wes and small dams) or from the hypolimnion (especially in deep reservoirs)
(Hester & Doyle, 2011; Mbaka & Mwaniki, 2015Reservoirs affect the river thermal regime
altering the seasonal and diel variability downstré@asad et al., 2013; Horne et al., 200hH)d
modifying the timing of thermal even{€owx et al., 1987; Preece & Jones, 200R)this sense
reservoir management, abstraction deg(€den & Naiman, 2010and dam features play an
important role. Hypolimneticelease dams decrease the riverine thermal fluctuations over time

due to the thermal constancy of the hypolimnion, in particular in deep reservoirs (deg2f >15
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m) wherethewater temperature is around 4 °C all year long (Figure(B&as & Lowney, 2000
Hester & Doyle, 2011; Olden & Naiman, 201®y contrast, shallow and small impoundments
with hypolimneticrelease decrease thermal fluctuations but increase water temperature
downstream (Figure 3B)Chandesris et al., 2019; Lessa&& Hayes, 2003; Mbaka & Mwaniki,
2015) Yet, superficiakeleass from reservoirs (as well as ponds or lakes outflows) increase both
thermal variability and temperature value in downstream rivers (Figur€Sagedhashemi et al.,
2021) Some studies have focused on the thermal impact of penstocks and diversion in the case of
hydroelectric reservoiréDickson et al., 2012; Frutiger, 2004; Zoleztiad, 2011)while much

fewer investigations have been carried out on plants installed along the river although their
number is higher and constantly increagibgnge et al., 2018; Zarfl et al., 201%)ccording to

some studies carried out in rivers subjected to run of river (R@&Rpower plants, the diverted
water cools down while the residual water in thepbgsed stteh, having a lower flow, warms

up faster than the natural rate (Figure 30)beau & Palen, 2020Moreover,to the best of the
author®knowledge no studies investigated the cumulative impacts of run of river (ROR) power
plants on the riverine thermal regime, despite their widespread distribution, especially in the Alps

(Permanent Secretariat of the Alpine Convention, 2009)
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