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Abstract: Temperature increase is one of the main effects of climate change occurring
worldwide, with drastic impacts on both terrestrial and aquatic biota. Changes in the
dominant macroalgal taxa in the Venice Lagoon have been analyzed in relation to the rise
in air temperature recorded since 1973, highlighting the significant decline in cold-adapted
species, which have been replaced by taxa more tolerant of higher temperatures. Cold-
adapted species such as the native Fucus virsoides, Punctaria latifolia, Scytosiphon lomentaria,
and many other Phaeophyceae are in decline, whereas thermophilic species such as the
non-indigenous species (NIS) Gracilaria vermiculophylla, Agardhiella subulata, Solieria fili-
formis, Hypnea cervicornis, Caulacanthus okamurae, and many others have replaced the species
that once dominated the lagoon. These changes have been associated with an average
air temperature increase of approximately 2.5 °C. The highest increase has mostly been
recorded for average minimum temperatures (+2.8 °C), compared to average maximum
temperatures (+2.0 °C). As a result, Phaeophyceae have declined, while Rhodophyceae,
especially recent NIS introductions, have colonized the lagoon bottoms. Changes in Chloro-
phyceae, on the other hand, appear to be more linked to the reduction of the lagoon’s
trophic conditions, although the currently dominant species is Ulva australis, a NIS that has
replaced the native Ulva rigida almost everywhere.

Keywords: macroalgae; temperature increase; Fucus virsoides; Punctaria latifolia; Scytosiphon
lomentaria; Gracilaria vermiculophylla; Agardhiella subulata; Solieria filiformis; Hypnea cervicornis;
Caulacanthus okamurae

1. Introduction

Climate change, driven by a global rise in temperature, is having severe consequences
on life on Earth, affecting both terrestrial and marine environments. These impacts include
heat waves, catastrophic rainfall events, and rising sea levels due to ice melting. Global
temperatures in 2024 were approximately 1.47 °C higher than the late 19th century prein-
dustrial average (1850-1900), and the past ten years have been the warmest on record [1]. It
is highly likely that the global mean sea surface temperature increased by 0.88 °C between
1850 and 1900 and 2011 and 2020, due to global warming, with most of this increase (0.60 °C)
occurring between 1980 and 2020. However, the rise in water temperature is not uniform
across regions, with some areas experiencing more significant changes. This is particularly
evident in the Mediterranean Sea, where in 2023, water temperatures reached the highest
levels recorded in modern history, with an average surface temperature increase of over
1 °Cin just 25 years [2].
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In choked and shallow environments such as the Venice Lagoon (Figure 1), temper-
ature increase has been even more pronounced, affecting both sea levels and local biota.
In fact, global mean sea level rose by 17 cm over the 20th century and keeps rising at an
accelerating rate ([3-5]. Moreover, tide-gauge data, after accounting for subsidence, show
that the sea level rise in the Venice Lagoon accelerated from 1.23 + 0.13mm y~! between
1872 and 2019 to 2.76 £ 1.75mm y_1 between 1993 and 2019 [6]. Beyond the evident
consequences of rising sea levels, which by the end of the century could range from 32
to 62 c¢m, in the most optimistic scenario, to 58 to 110 ¢cm, in the most extreme scenario,
the increase in water temperature could have catastrophic effects on the lagoon’s biota.
This different forecast depends on contributions from the melting of the Greenland and
Antarctic ice sheets as well as water mass exchange through the Strait of Gibraltar.

\

45°18'N

Southern Basin

Central Basin \
45°33'N

Northern Basin

Venice

Malamocco
inlet

inlet

Chibaai Northern Adriatic Sea
ioggia

inlet

~ 12°18'E

Figure 1. Map of the Venice Lagoon.

Both plant and animal communities are already undergoing significant changes, with
thermophilic species becoming more prevalent while cold-adapted species are declining
or disappearing. Species change in response to global warming is further enhanced by
the introduction of exotic species [7], which compete with native species and threaten
biodiversity conservation. One particularly evident consequence in the Venice Lagoon is
the sharp decline of species sensitive to rising minimum temperatures, which no longer
allow the waters to freeze as regularly as they did until the mid-2010s. This is the case for
the endemic species Fucus virsoides J. Agardh, which had already experienced a significant
decline by 2015 and has nearly disappeared from the entire Adriatic Sea since the late
2000s [8]. A similar trend has been observed in many other Phaeophyceae, which are
becoming increasingly rare. In contrast, thermophilic species, especially certain non-
indigenous species (NIS), primarily introduced through aquaculture and wholesale fish
markets [7-9], have found favorable conditions for their establishment and expansion in
the lagoon.

The aim of this paper is to analyze the major changes in dominant macroalgal taxa in
the Venice Lagoon, with a particular focus on the past twenty years. The study examines
taxa that have significantly declined as well as those that have increased since the early
2010s, replacing previously dominant species, in relation to temperature changes recorded
in the lagoon over the past 51 years.
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In addition, a checklist of taxa recorded during this period is provided, highlighting
the sharp decline of many cold-adapted Phaeophyceae, particularly the contraction of Fucus
virsoides, which is disappearing from the entire lagoon and the increase in thermophilic
Rhodophyceae, mainly NIS that tolerate higher temperatures and have colonized the
lagoon bottoms, reducing the abundance of native taxa.

2. Materials and Methods
2.1. Study Area

The Venice Lagoon (Figure 1) is a large coastal basin covering approximately 549 km?,
subdivided into three main sub-basins.

The Malamocco-Marghera Canal separates the South Basin from the Central Basin,
while the North Basin is delineated by the Dese River and the Burano-Torcello tidal lands.
These basins exhibit distinct morphological and ecological conditions, creating a diverse
range of habitats that support high biodiversity [10-12]. Shallow, choked areas, charac-
terized by limited water exchange, extreme salinity fluctuations (0—43), and temperature
variations ranging from below 0 °C to 33 °C, with peaks up to 43 °C, alternate with deeper
or shallow marine-influenced zones that are strongly affected by seawater inflows.

Water exchange occurs daily in areas near the three lagoon inlets (Lido, Malamocco,
and Chioggia) and along the main canals, while in the most isolated areas, water renewal
can take up to 40 days [13]. Currently, the lagoon has an average depth of approximately
1.2 m, whereas the main canals and lagoon inlets reach depths of 8-15 m, with some deeper
pits (15-20 m) at canal intersections. The Malamocco inlet features a chasm exceeding 50 m
in depth. The average tidal range in Venice is around 70-80 cm. However, the tidal range
can vary significantly throughout the year, with high tide peaks exceeding 140 cm or even
reaching much higher levels, while low tides can drop below 50 cm [14].

2.2. Macroalgal Changes

This study presents findings from 40 years of observations and research on macroalgal
distribution, production and taxonomy ([15,16] and references therein) in the Venice Lagoon,
with a focus on taxa that were once widespread and abundant but are now in decline, as
well as newly introduced NIS that have thrived due to rising temperatures.

In this paper, we report the distribution of the cold-adapted species Fucus virsoides,
an endemic relict species from the Tethys Ocean, during the early 2000s, when it was
still abundant, and again in 2024, following its dramatic decline. Numerous studies
conducted at lagoon soft and hard substrata in the whole lagoon on the framework of
various projects [17-24] also reveal the near-total disappearance of other formerly common
Phaeophyceae, such as Scytosiphon lomentaria and Punctaria latifolia.

At the same time, many Rhodophyceae, particularly NIS which tolerate or exhibit
a preference for higher temperatures, allowing them to establish and spread through-
out the lagoon [9], have successfully acclimated and expanded, replacing the previously
dominant species.

2.3. Temperature Variation

In the Venice Lagoon, water temperatures are recorded through the SAMANET moni-
toring network (Venice Lagoon Environmental Monitoring Systems, Venice, Italy), which
consists of 10 stations that continuously record water parameters (temperature, dissolved
oxygen, salinity, pH, chlorophyll, turbidity) at half-hour intervals since 2002 [25]. This
system was established to collect real-time environmental data, with the aim of monitoring
and analyzing the ecological conditions of the lagoon. However, the datasets for many
years are incomplete, and often there are gaps in days or months, so the annual values are
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not suitable for detecting long-term changes. Therefore, we used the daily air temperature
dataset of Tessera, in Venice Airport at the edge of the central lagoon (Figure 1), recorded
since 1973 [26]. For each year, we have calculated the average annual mean temperature
(Tmean), the average annual minimum temperature (Tpin), and the average annual maxi-
mum temperature (Tmax). The results have been plotted in several graphs, highlighting
the changes that have occurred over the last 51 years, during the cold (November-March)
and warm (June-September) periods, as well as the number of days with temperatures
exceeding 30 °C.

2.4. Statistical Analysis

Air temperatures have been analyzed determining the average annual mean temper-
ature (Tmean), the average annual minimum temperature (Tpi,) and the average annual
maximum temperature (Tmax) recorded daily between 1973 and 2024. In addition, the aver-
age annual maximum temperatures recorded in March and in April during Fucus receptacle
formation were calculated as well as the average maximum temperatures recorded in the
warmest period June-September and the number of days with a temperature >30 °C. To
verify whether air and water temperatures were similar or significantly different, tempera-
ture values recorded at 118 (2011) and 88 (2014, 2021, and 2023) stations equally distributed
throughout the entire lagoon were analyzed. Sampling was carried out in late spring—early
summer and repeated in autumn. The data were compared by calculating the mean, stan-
dard deviation (SD), minimum (min), and maximum (max) values, and by performing a
one-way ANOVA (p < 0.05) using STATISTICA software, version 10 (StatSoft Inc., Tulsa,
OK, USA).

3. Results
3.1. Species Changes

Since the middle of the second decade of the 2000s, a general decrease in many
Phaeophyceae species has been observed in the Venice Lagoon and its marine littoral,
accompanied by a progressive decline in both biomass and distribution. The most notable
decline was that of the Phaeophycea Fucus virsoides, which, until 2015, colonized at least
70 linear kilometers of rocky substrates along the artificial Istrian stone panels, lagoon
jetties, the docks of the historical center of Venice, and the shores of islands of all sizes
(Figure 2).
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Figure 2. Map of the Venice Lagoon. Red points indicate locations with Fucus virsoides presence until
2015. Yellow points represent locations where F. virsoides is currently present.
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In 2024, this species has almost disappeared everywhere, surviving only in a few small
areas (approximately 2-3 linear km?) where water exchange is higher, and temperature
remains cooler. Similarly, Punctaria latifolia Greville and Scytosiphon lomentaria (Lyngbye)
Link, two other taxa that previously formed dense belts in the mid-littoral zone and in
shallow lagoon bottoms, are now very rare, with only occasional, isolated thalli observed.
At the same time, some species that tolerate temperatures exceeding 30 °C for long periods
without dying or decomposing, such as Gracilaria vermiculophylla, Agardhiella subulata,
Solieria filiformis, and Hypnea cervicornis J. Agardh, have replaced the Ulvaceae, which were
once dominant. A checklist of the taxa recorded since the mid-2000s with their abundance

and temporal trends is reported in Table 1.

Table 1. Species recorded since the early 2000s in Venice Lagoon. Abundance (+), trends of decline

({), increase (1), or stability (=) across three ranges. NIS species are marked with an asterisk (*).

Abundance Trend N° Chlorophyceae
+++ = 1 1 Blidingia dowsonii (Hollenberg and I.A. Abbott) S.C. Lindstrom et al.
++ ~ 2 2 Blidingia marginata (J. Agardh) PJ.L. Dangeard ex Bliding
+++ ~ 3 3 Blidingia minima (Néageli ex Kiitzing) Kylin
++ ~ 4 4 Blidingia ramifera (Bliding) Garbary et Barkhouse
++ ~ 5 5 Blidingia subsalsa (Kjellman) Kornmann et Sahling ex Scagel et al.
+++ ~ 6 6 Bolbocoleon piliferum Pringsheim
+ ~ 7 7 Bryopsis corymbosa ]. Agardh
+ ~ 8 8 Bryopsis cupressina ].V. Lamouroux
++ ~ 9 9 Bryopsis cupressina ].V. Lamouroux var. adriatica (J. Agardh) M.J. Wynne
+ 1 10 10 Bryopsis duplex De Notaris
r i} 11 11 Bryopsis feldmannii Gallardo et G. Furnari
+ ~ 12 12 Bryopsis hypnoides ].V. Lamouroux
+ = 13 13 Bryopsis muscosa J. V. Lamouroux
+ 1 14 14 Bryopsis plumosa (Hudson) C. Agardh
r 1 15 15 Bryopsis secunda J. Agardh
+++ ~ 16 16 Chaetomorpha aerea (Dillwyn) Kiitzing
+ 2 17 17 Chaetomorpha gracilis Kiitzing
+++ ~ 18 18  Chaetomorpha ligustica (Ktitzing) Kiitzing
++ ~ 19 19 Chaetomorpha linum (O.F. Miiller) Kiitzing
r 1 20 20  Chaetomorpha stricta Schiffner
r + 21 21 Cladophora aegagropila (Linnaeus) Trevisan
++ ~ 22 22 Cladophora albida (Nees) Kiitzing
r ~ 23 23 Cladophora coelothrix Kiitzing
+++ ~ 24 24 Cladophora dalmatica Kiitzing
r + 25 25  Cladophora echinus (Biasoletto) Kiitzing
+ ~ 26 26 Cladophora fracta (O.F. Miiller ex Vahl) Kiitzing
+++ ~ 27 27 Cladophora glomerata (Linnaeus) Kiitzing
+ ~ 28 28  Cladophora hutchinsiae (Dillwyn) Kiitzing
++ ~ 29 29  Cladophora laetevirens (Dillwyn) Kiitzing
+ ~ 30 30  Cladophora lehmanniana (Lindenberg) Kiitzing
r NG 31 31  Cladophora liniformis Kiitzing
r 3 32 32 Cladophora prolifera (Roth) Kiitzing
r 2 33 33 Cladophora ruchingeri (C. Agardh) Kiitzing
r 1 34 34  Cladophora rupestris (Linnaeus) Kiitzing
+ ~ 35 35  Cladophora sericea (Hudson) Kiitzing
+++ ~ 36 36  Cladophora vadorum (Areschoug) Kiitzing
+++ ~ 37 37 Cladophora vagabunda (Linnaeus) C. Hoek
+ ~ 38 38  Codium fragile (Suringar) Hariot *
r J 39 39  Derbesia tenuissima (Moris et De Notaris) P. et H. Crouan
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Table 1. Cont.

Abundance Trend N° Chlorophyceae
40 40  Entocladia leptochaete (Huber) Burrows

+

+++ ~ 41 41  Entocladia viridis Reinke
++ ~ 42 42 Gayralia oxysperma (Kiitzing) K.L. Vinogradova ex Scagel et al. *
r + 43 43 Lamprothamnion papulosum (Wallroth) J. Groves
+ ~ 44 44 Monostroma obscurum (Kiitzing) J. Agardh
+ ~ 45 45 Neostromatella monostromatica M.J. Wynne, G. Furnari, R. Nielsen
r ~ 46 46  Pedobesia simplex (Meneghini ex Kiitzing) M.]. Wynne et Leliaert
+++ = 47 47 Phaeophila dendroides (Crouan frat.) Batters
r ~ 48 48  Prasiola crispa (Lightfoot) Kitzing
+++ = 49 49  Pringsheimiella scutata (Reinke) Hohnel ex Markewianka
+ ~ 50 50  Rhizoclonium tortuosum (Dillwyn) Kiitzing
++ ~ 51 51  Ulothrix flacca (Dilllwyn) Thuret
++ ~ 52 52 Ulothrix implexa (Kutzing) Kiitzing
+++ 1 53 53 Ulva australis Areschoug
+ = 54 54  Ulva clathrata (Roth) C. Agardh
+++ ~ 55 55  Ulva compressa Linnaeus
++ ~ 56 56  Ulva flexuosa Wulfen
+ ~ 57 57 Ulva flexuosa Wulfen subsp. biflagellata (Bliding) Sfriso et Curiel
+ 1 58 58  Ulva kylinii (Bliding) Hayden et al.
+++ J 59 59 Ulva intestinalis Linnaeus
r 1 60 60  Ulva intestinalis Linnaeus f. cornucopiae (Lyngbye) Sfriso et Curiel
+++ ~ 61 61  Ulva lactuca Linnaeus
++ + 62 62  Ulva linza Linnaeus
++ ~ 63 63 Uloa pilifera (Kiitzing) Skaloud and Leliaert
+++ ~ 64 64  Ulva polyclada Kraft
++ ~ 65 65  Ulva prolifera O.F. Miiller
+ ~ 66 66 Ulva prolifera subsp. blidingiana Alongi, Cormaci and Furnari
+ ~ 67 67  Ulva ralfsii (Harvey) Le Jolis
++ 1 68 68  Ulvarigida C. Agardh
+++ ~ 69 69  Ulvella lens P. et H. Crouan
++ ~ 70 70 Ulvella setchellii P. ]. L. Dangeard
T 1 71 71 Valonia aegagropila C. Agardh
Abundance Trend N° Rhodophyceae
++ T 72 1 Acanthosiphonia echinata (Harvey) Savoie and G.W. Saunders *
+++ T 73 2 Acrochaetium humile (Rosenvinge) Garbary
++ ~ 74 3 Acrochaetium luxurians (J. Agardh ex Kiitzing) Nageli
+++ ~ 75 4 Acrochaetium microscopicum (Nageli ex Kiitzing) Nageli
+ ~ 76 5  Acrochaetium secundatum (Lyngbye) Nageli
r 4 77 6 Acrosorium ciliolatum (Harvey) Kylin
+++ T 78 7 Agardhiella subulata (C. Agardh) Kraft et M.J. Wynne *
r ~ 79 8  Aglaothamnion feldmanniae Halos *
+++ ™ 80 9 Aglaothamnion halliae (Collins) Aponte, D.L. Ballantine and J.N. Norris *
r ~ 81 10 Aglaothamnion tenuissimum (Bonnemaison) Feldmann-Mazoyer
Aglaothamnion tenuissimum (Bonnemaison) Feldmann-Mazoyer var.
++ ~ 82 11 .
mazoyerae G. Furnari et al.
+++ 0 83 12 Alsidium corallinum C. Agardh
r + 84 13 Anotrichium furcellatum (J. Agardh) Baldock
r ~ 85 14 Anothrichium tenue (C. Agardh) Nageli
+++ ~ 86 15 Antithamnion cruciatum (C. Agardh) Nageli
++ ~ 87 16  Antithamnion nipponicum Yamada et Inagaki
r + 88 17 Antithamnionella elegans (Berthold) J.H. Price et D.M. John
r 1 89 18  Antithamnionella spirographidis (Schiffner) E.M. Wollaston
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Table 1. Cont.

Abundance Trend N° Rhodophyceae

+++

90 19 Bangia fuscopurpurea (Dillwyn) Lyngbye

+++ ~ 91 20  Callithamnion corymbosum (J.E. Smith) Lyngbye
++ & 92 21 Carradoriella elongata (Hudson) Savoie and G.W. Saunders
++ ~ 93 22 Carradoriella elongella (Harvey) Savoie and G.W. Saunders
T ~ 94 23 Catenella caespitosa (Withering) L.M. Irvine
+++ ™Mt 95 24 Caulacanthus okamurae Yamada *
+++ ™ 96 25  Centroceras gasparrinii subsp. minus M.A. Wolf, Buosi, Juhmani and Sfriso
++ = 97 26 Ceramium ciliatum (J. Ellis) Ducluzeau
+++ T 98 27 Ceramium cimbricum H.E. Petersen
T ~ 99 28  Ceramium circinatum (Kiitzing) J. Agardh
r ~ 100 29 Ceramium codii (H. Richards) Feldmann-Mazoyer
+ ~ 101 30  Ceramium connivens Zanardini
+ ~ 102 31  Ceramium derbesii Solier ex Kiitzing
r ~ 103 32 Ceramium deslongchampsii Chauvin ex Duby
r = 104 33 Ceramium diaphanum (Lightfoot) Roth
+ ~ 105 34 Ceramium inconspicuum Zanardini
+++ ™ 106 35  Ceramium nodosum (Kiitzing) A.W. Griffiths and Harvey
+++ = 107 36  Ceramium nudiusculum (Kiitzing) Rabenhorst
+++ ~ 108 37  Ceramium polyceras (Kiitzing) Zanardini
+ ~ 109 38 Ceramium rothianum Wolf, Sciuto, Betto, Moro, Maggs and Sfriso
++ ~ 110 39  Ceramium siliqguosum (Kiitzing) Maggs and Hommersand
r ~ 111 40  Ceramium tenerrimum (G. Martens) Okamura
+ = 112 41  Chondrachantus acicularis (Roth) Fredericq
+++ ™ 113 42 Chondria capillaris (Hudson) M.]. Wynne
+ ~ 114 43 Chondria coerulescens (J. Agardh) Falkenberg
+ ~ 115 44  Chondria dasyphylla (Woodward) C. Agardh
++ T 116 45  Chylocladia verticillata (Lightfoot) Bliding
r ~ 117 46  Colaconema codicola (Borgesen) Stegenga, J.J. Bolton and R.J. Anderson *
+++ ~ 118 47 Corallina berteroi Montagne ex Kiitzing
++ ~ 119 48  Corallina officinalis Linnaeus
+ ~ 120 49 Cruoria cruoriaeformis (P. et H. Crouan) Denizot
+ ~ 121 50  Cryptonemia lomation (A. Bertoloni) J. Agardh
r ~ 122 51  Dasya corymbifera ]. Agardh
r ~ 123 52 Dasya hutchinsiae Harvey
++ ~ 124 53 Dasya pedicellata (C. Agardh) C. Agardh
+ ~ 125 54  Dasya punicea (Zanardini) Meneghini ex Zanardini
+ ~ 126 55 Dasysiphonia japonica (Yendo) H.-S. Kim *
r ~ 127 56  Dipterosiphonia rigens (Schousboe ex C. Agardh) Falkenberg
+ = 128 57 Ellisolandia elongata (J. Ellis and Solander) K.R. Hind and G.W. Saunders
++ ~ 129 58  Erythrocladia irreqularis Rosenvinge
+ ~ 130 59  Erythropeltis discigera (Berthold) F. Schmitz
+++ ~ 131 60  Erythrotrichia carnea (Dillwyn) J. Agardh
r = 132 61  Erythrotrichia investiens (Zanardini) Bornet
+ 0 133 62 Gayliella flaccida (Harvey ex Kiitzing) T.O. Cho et L. Mclvor
r ~ 134 63 Gayliella transversalis (Collins et Harvey) T.O. Cho et Fredericq
++ + 135 64  Gelidium crinale (Turner) Gaillon
++ $ 136 65  Gelidium pusillum (Stackhouse) Le Jolis
+ + 137 66  Gelidium spathulatum (Kitzing) Bornet
r + 138 67  Gracilaria armata (C. Agardh) Greville
+++ = 139 68  Gracilaria bursa-pastoris (5.G. Gmelin) P.C. Silva
r 1 140 69  Gracilaria dura (C. Agardh) J. Agardh
+++ ~ 141 70 Gracilaria gracilis (Stackhouse) Steentoft et al.
+ ~ 142 71 Gracilaria longa Gargiulo et al.
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Table 1. Cont.

Abundance Trend N° Rhodophyceae

++

—
—

143 72 Gracilaria vermiculophylla (Ohmi) Papenfuss

Gracilaria viridis A. Sfriso, M.A. Wolf, K. Sciuto, M. Morabito, C. Andreoli
144 73

and I. Moro

+
Q

+++ ~ 145 74 Gracilariopsis longissima (S.G. Gmelin) Steentoft et al.
+ ~ 146 75 Grateloupia filicina (J.V. Lamouroux) C. Agardh
r ~ 147 76 Grateloupia minima P. Crouan and H. Crouan *
+ ~ 148 77 Grateloupia turuturu Yamada *
+ ~ 149 78  Grateloupia yinggehaiensis HW. Wang et R X. Luan *
r ~ 150 79  Griffithsia schousboei Montagne
+ { 151 80  Gymmnogongrus griffithsiae (Turner) Martius
+ ~ 152 81  Halymenia floresii (Clemente y Rubio) C. Agardh
r ~ 153 82  Herposiphonia tenella (C. Agardh) Ambronn
++ = 154 83  Hildenbrandia rubra (Sommerfelt) Meneghini
+++ T 155 84  Huydrolithon boreale (Foslie) Y.M. Chamberlain
++ = 156 85  Huydrolithon cruciatum (Bressan) Y.M. Chamberlain
+ + 157 86  Huydrolithon farinosum (J.V. Lamouroux) D. Penrose et Y.M. Chamberlain
+++ ™ 158 87  Hypnea cervicornis J. Agardh *
++ ~ 159 88  Hypnea musciformis (Wulfen) J.V. Lamouroux
+++ T 160 89  Kapraunia schneideri (Stuercke and Freshwater) Savoie and G.W. Saunders *
++ T 161 90  Laurencia obtusa (Hudson) J.V. Lamouroux
++ ~ 162 91  Lithophyllum pustulatum (J.V. Lamouroux) Foslie
r 1 163 92 Lomentaria articulata (Hudson) Lyngbye
r + 164 93  Lomentaria clavellosa (Turner) Gaillon
r 1 165 94  Lomentaria uncinata Meneghini ex Zanardini
r ~ 166 95  Lophosiphonia cristata Falkenberg
r ~ 167 96  Lophosiphonia obscura (C. Agardh) Falkenberg
++ 0 168 97  Melanothamnus japonicum (Harvey) Diaz-Tapia and Maggs *
+ = 169 98  Melobesia membranacea (Esper) ].V. Lamouroux
r + 170 99  Nemalion helminthoides (Velley) Batters
++ ~ 171 100  Nitophyllum punctatum (Stackhouse) Greville
+++ ™ 172 101 Osmundea oederi (Gunnerus) G. Furnari *
+ ~ 173 102 Osmundea truncata (Kiitzing) K.W. Nam et Maggs
i 1 174 103 ?ﬁljﬁudﬂ patentiramea (Montagne) Cassano, Senties, Gil-Rodriguez et M.T.
+++ ~ 175 104  Pneophyllum fragile Kiitzing
+ ~ 176~ 105  Polysiphonia breviarticulata (C. Agardh) Zanardini
T ~ 177 106  Polysiphonia fibrillosa (Dillwyn) Sprengel
+++ ™ 178 107  Polysiphonia morrowii Harvey *
r 1 179 108  Polysiphonia sanguinea (C. Agardh) Zanardini
+ 1 180 109  Polysiphonia scopulorum Harvey
+ 1 181 110  Polysiphonia sertularioides (Grateloup) J. Agardh
T ~ 182 111  Polysiphonia spinosa (C. Agardh) J. Agardh
+ ~ 183 112 Porphyra linearis Greville
r + 184 113 Pterothamnion crispum (Ducluzeau) Nageli
r + 185 114  Pterothammnion plumula (J. Ellis) Nageli
+++ ~ 186 115  Pyropia elongata (Kylin) Neefus and J. Brodie
et ~ 187 116 Pyropia koreana (M.S. Hwang and LK. Lee) M.S. Hwang, H.G. Choi Y.S. Oh
and LK. Lee
r ~ 188 117  Pyropia yezoensis (Ueda) M.S. Hwang and H.G. Choi *
+++ ™ 189 118  Radicilingua mediterranea Wolf, Sciuto and Sfriso
r 1 190 119  Radicilingua reptans (Kylin) Papenfuss
+ 1 191 120  Rhodophyllis divaricata (Stackhouse) Papenfuss
++ ~ 192 121  Rhodymenia ardissonei J. Feldmann
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Table 1. Cont.

Abundance Trend N° Rhodophyceae
r 1 193 122 Rhodymenia ligulata Zanardini
+++ T 194 123  Rhodymenia pseudopalmata (J.V. Lamouroux) P.C. Silva
+++ ~ 195 124  Sahlingia subintegra (Rosenvinge) Kornmann
r ~ 196 125  Scinaia furcellata (Turner) C. Agardh
+++ ™ 197 126 Solieria filiformis (Kiitzing) P.W. Gabrielson
r ~ 198 127  Spermothamnion cymosum (Harvey) De Toni *
r ~ 199 128  Spermothammnion repens (Dillwyn) Rosenvinge
r ~ 200 129  Spermothamnion strictum (C. Agardh) Ardissone
+++ ™ 201 130  Spyridia filamentosa (Wulfen) Harvey
++ = 202 131  Stylonema alsidii (Zanardini) K.M. Drew
r ~ 203 132 Stylonema cornu-cervi Reinsch
r ~ 204 133 Vertebrata fucoides (Hudson) Kuntze
r 1 205 134 Vertebrata furcellata (C. Agardh) Kuntze
Abundance Trend N° Phaeophyceae
r ~ 206 1 Acinetospora crinita (Carmichael) Sauvageau
r W 207 2 Asperococcus bullosus J.V. Lamouroux
r 1 208 3 Asperococcus ensiformis (Delle Chiaje) M.]. Wynne
r g 209 4 Asperococcus fistulosus (Hudson) Hooker
r 1 210 5 Botrytella parva (Takamatsu) H.S. Kim
r ~ 211 6 Cladosiphon irregularis (Sauvageau) Kylin
+ ~ 212 7 Cladosiphon zosterae (J. Agardh) Kylin
+ ~ 213 8 Cystoseira aurantia Kiitzing
r W 214 9 Cystoseira compressa (Esper) Gerloff et Nizamuddin
+ ~ 215 10 Desmarestia viridis O.F. Miiller
+++ T 216 11 Dictyopteris polypodioides (A.P. De Candolle) ].V. Lamouroux
+ + 217 12 Dictyota dichotoma (Hudson) J.V. Lamouroux
N Dictyota dichotoma (Hudson) J.V. Lamoroux var. intricata (C. Agardh)
++ ~ 218 13 .
Greville
+++ T 219 14 Dictyota linearis (C. Agardh) Greville
r H 220 15 Ectocarpus fasciculatus Harvey
+ N3 221 16 Ectocarpus siliculosus (Dillwyn) Lyngbye
+ NG 222 17 Ectocarpus siliculosus (Dillwyn) Lyngbye var. arctus (Kiitzing) Gallardo
. m 223 18 Ectocarpus siliculosus (Dillwyn) Lyngbye var. hiemalis (P. et H. Crouan ex
Kjellman) Gallardo
+ s 224 19  Feldmannia irregularis (Kiitzing) Hamel
r W 225 20 Fucus virsoides ]. Agardh
+ 226 21 Feldmannia mitchelliae (Harvey) H.-S. Kim
+++ = 227 22 Gongolaria barbata (Stackhouse) Kuntze
r g 228 23 Hincksia granulosa (J.E. Smith) P.C. Silva
r s 229 24 Hincksia mitchelliae (Harvey) P.C. Silva
s 230 25  Hincksia ovata (Kjellman) P.C. Silva
r W 231 26  Hincksia secunda (Kiitzing) P.C. Silva
+++ T 232 27 Kuckuckia spinosa (Kiitzing) Kornmann
+++ T 233 28  Myrionema magnusii (Sauvageau) Loiseaux-de Goér, nom. inval.
++ 0 234 29  Myrionema orbiculare J. Agardh
+ s 235 30  Petalonia fascia (O.F. Miiller) Kuntze
r + 236 31  Petalonia zosterifolia (Reinke) Kuntze
+ + 237 32 Pilayella littoralis (Linnaeus) Kjellman
r 4 238 33 Punctaria latifolia Greville
r + 239 34 Punctaria tenuissima (C. Agardh) Greville
+++ + 240 35  Sargassum muticum (Yendo) Fensholt *
+ H 241 36  Scytosiphon dotyi M.]. Wynne *

+ Wl 242 37 Scytosiphon lomentaria (Lyngbye) Link
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Table 1. Cont.

Abundance Trend N° Phaeophyceae
r 1 243 38  Stictyosiphon adriaticus Kiitzing
r 1 244 39  Stictyosiphon soriferus (Reinke) Rosenvinge
r + 245 40  Stilophora tenella (Esper) P.C. Silva
r + 246 41  Striaria attenuata (Greville) Greville
r + 247 42 Taonia pseudociliata (J.V. Lamouroux) Nizamuddin et Godeh
++ ~ 248 43 Undaria pinnatifida (Harvey) Suringar *
Abundance Trend N° Xanthophyceae
++ 1 249 1 Vaucheria submarina (Lyngbye) Berkeley

A list of 249 taxa was considered: 71 Chlorophyceae, 134 Rhodophyceae, 43 Phaeo-
phyceae, and 1 Xanthophycea. Overall, 73 taxa showed a decrease (19 Chlorophyceae:
—26.8%, 24 Rhodophyceae: —17.9%, 30 Phaeophyceae: —69.8%, and 1 Xanthophycea),
while 30 taxa exhibited an increase in abundance (0 Chlorophyceae, 25 Rhodophyceae:
+18.7%, and 5 Phaeophyceae: +11.6%). The other species remained almost unchanged with
small variations depending on the year considered.

3.2. Temperature Changes

We recorded the mean, standard deviation, minimum and maximum values of air
and water temperature in 118 (2011) and 88 (2014, 2021, and 2023) stations that are equally
distributed in the lagoon (Table 2).

Table 2. Mean, standard deviation (std), minimum (min), maximum (max) values and one-way
ANOVA of air and water temperature recorded in the entire lagoon.

2011 (236 Samples) 2014 (176 Samples)
mean 20.8 20.7 20.9 20.8
std 6.60 6.23 7.20 6.96
min 5.8 6.7 5.6 1.8
max 30.9 30.2 34.6 32.8
one-way
ANOVA p <0.767 (NS) p < 0.961 (NS)
2021 (176 Samples) 2023 (176 Samples)
mean 21.6 20.2 20.4 19.4
std 7.36 7.29 9.02 8.22
min 4.6 3.9 4.8 41
max 33.3 31.6 34.3 32.0
one-way
ANOVA p <0.077 (NS) p < 0.268 (NS)
Total (764 Samples)
mean 214 20.7
std 7.70 7.32
min 4.6 1.8
max 34.6 32.8
one-way ANOVA p < 0.205 (NS)

In 2011 and 2014 the difference between air and water temperature recorded in late
spring-early summer and in autumn was 0.1 °C, whereas in 2021 and 2023 it ranged
between 1.4 and 1.0 °C. The mean value of all data was 1.3 °C. The one-way ANOVA
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Average Annual Minimum Temperature

y =0.05x + 8.09
R* =0.742

analysis shows that air and water temperature differences were not significant both in the
single years and in all the data analyzed together.

The trends of air temperature over the last 51 years (1973-2024) at Tessera, in the
Venice Lagoon, are shown in Figure 3.
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Figure 3. Trend of air temperature at Tessera between 1973 and 2024: (a) average annual mean tem-
peratures (Tmean); (b) average annual minimum temperatures (Tpin); (c) average annual maximum
temperatures (Tmax) recorded daily over this period. The red lines are the linear trend lines of data.
The equation and R? of the linear lines are also reported in the graphs.

Tmean increased by approximately 2.5 °C (from 12.2 to 14.7 °C); Tinin by approximately
2.8 °C (from 9.1 to 10.9 °C), and Tax by 2.0 °C (from 16.8 to 18.8 °C). The highest increase
was recorded since 2014, when Tp,;, was 11.9 °C compared to 9.5 °C for the entire period. In
this last decade, Tiin increased by 1.7 °C (from 9.2 to 10.9 °C). During the winter period, the
lagoon waters have experienced only sporadic freezing events. Since 2020, freezing events
have not occurred again, even in the more enclosed areas of the lagoon, where the water
temperature rarely dropped below 3—4 °C. In previous years, significant freezing events
were recorded in 1985 (air temperature —12 °C in January) and 2012 (-9 °C in February),
when much of the lagoon was frozen. In the other years, freezing events occurred mainly
in more enclosed areas.

The most significant temperature increases, recorded in March and April during the
reproductive period of Fucus virsoides, are shown in Figure 4.
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Figure 4. Trend of air temperature at Tessera between 1973 and 2024: average annual maximum
temperatures in March (a) and in April (b), recorded daily over this period. The red lines are the
linear trend lines of data. The equation and R? of the linear lines are also reported in the graphs.

Although annual values varied considerably, the average temperature in March in-
creased by approximately 1.5 °C, and by more than 2.0 °C in April.
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Similarly, the average maximum temperature during the warmest period (June-
September) rose from approx. 28 °C to 30 °C, while the number of days with temperatures
above 30 °C increased from 10 to 25 (Figure 5).

Average Maximum Temperature (Jun-Sep) Days > 30 °C (Jun-Sep)
33
y =0.04x +28.0
2 RE=0.195 50 y = 0.30x + 8.98 1
R? =0.182
40
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=
=
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0 "
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(@ (b)

Figure 5. (a) Trend of the average maximum air temperature in the period June-September at Tessera
between 1973 and 2024; (b) Number of days with a temperature >30 °C in the period June-September.
The red lines are the linear trend lines of data. The equation and R? of the linear lines are also reported
in the graphs.

4. Discussion

In the last forty years, the vegetation of the Venice Lagoon has undergone significant
changes, both in terms of biomass and species dominance [16]. The decrease in biomass
observed since the 1990s was primarily due to trophic changes, with a significant reduction
in phosphorus and nitrogen species in both the water column and surface sediments ([27]
and references therein). In contrast, changes in species dominance were driven by both
the combined effects of nutrient reduction and increased temperatures. The reduction in
trophic status favored the progressive decline in the abundance of many Chlorophyceae
(—26.8%), particularly Ulvaceae, and the replacement of Ulva rigida C. Agardh by Ulva
australis Areschoug, a NIS that thrives in lower nutrient concentrations [16]. Indeed, U.
australis colonizes marine littorals and lagoon areas characterized by high water renewal
and moderate nutrient concentrations, whereas U. rigida dominates the eutrophic waters
around the urban centers of the lagoon. The abundance of Chlorophyceae species has not
increased, and the lagoon is now predominantly dominated by Rhodophyceae, particularly
Gracilariaceae, Solieriaceae, and Cystocloniaceae.

This change is also clearly visible when observing the banks of the historical center
of Venice and the islands of the lagoon. In the past, during low tide, the hard substrata
and island shores were covered by dense belts of filamentous/laminar Chlorophyceae,
mostly belonging to the genera Blidingia, Ulva, Chaetomorpha, and Cladophora. Currently, the
green algae have almost disappeared everywhere. Therefore, the banks of the islands and
the shores of the lagoon are now characterized by a dense stratification of Rhodophyceae,
especially turf-forming algae such as Caulacanthus okamurae Yamada, another intertidal NIS
of tropical origin (China, Korea, Taiwan) that has recently also colonized the Mar Piccolo of
Taranto [28].

Climatic changes, with a general increase in temperature, have already favored the
loss of many Fucales around the world [29-31]. The same negative trend was recorded in
the Venice Lagoon with the decline of many Phaeophyceae, especially mid-littoral species
such as Fucus virsoides, Scytosiphon lomentaria, and Punctaria latifolia, which, at low tides, are
exposed to air, intense sunlight, and desiccation. Conversely, their decrease or disappear-
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ance favored the spread of taxa that are very resistant to high temperatures, many of which
are NIS, such as G. vermiculophylla, A. subulata, S. filiformis, and H. cervicornis [9]. Gener-
ally, marine algae inhabiting the intertidal zone are tolerant to freezing and desiccation,
showing higher photosynthetic rates during periods of air exposure. However, these rates
drop dramatically when the algae are exposed to temperatures >30 °C and rapidly lose
their water content over time, as reported for Fucus virsoides by [32] and Fucus vesiculosus
Linnaeus [33], while changes in nutrient concentrations appear less important [9]. Similar
results were obtained for other Phaeophyceae living in the intertidal zone, as found by [34]
for Hesperophycus harveyanus (Decaisne) Setchell and N.L. Gardner (now recorded as Fucus
ceranoides Linnaeus), and Pelvetia fastigiata f. gracilis (now recorded as Silvetia compressa (J.
Agardh) E. Serrao, T.O. Cho, S.M. Boo and Brawley), or by [35] for Mastocarpus papillatus (C.
Agardh) Kiitzing, and by [36] for Fucus spiralis Linnaeus.

Fucus virsoides is a glacial relict species endemic to the Adriatic Sea, growing on rocky
substrata from Ancona to Venice and Trieste on the western coasts of Italy, and from the
eastern coasts of Slovenia and Croatia up to Diirres in Albania [8,37-43]. The species was
first reported in the Venice Lagoon by [44] and subsequently by all researchers who studied
macroalgae in this environment [15].

In the Venice Lagoon, F. virsoides was present both inside the lagoon and along the
marine shores of Lido and Pellestrina until the early 2000s. Subsequently, it disappeared
from the seashores (panels and lagoon jetties) but remained very common inside the lagoon.
Here, it colonized large areas with dense populations, particularly along the shores of
Punta Sabbioni, Lido, Pellestrina, Chioggia, and the small islands scattered throughout the
lagoon (Figure 2). It was even found in some embankments and inner canals of Venice’s
historical center (e.g., S. Barnaba Canal, Rio Novo), where high pollution levels made its
presence unexpected.

The decline of Fucus populations in the lagoon was first observed in 2015-2016, when
they rapidly disappeared from almost all areas. At present, only a few residual populations
persist inside the harbor of San Leonardo in the central lagoon, in the Pordelio Canal
at Punta Sabbioni in the northern lagoon (Figure 2), and along the shores of a marina
in Chioggia, but every year they decrease more and more. These areas are protected
from direct wave action and benefit from high seawater renewal, which mitigates extreme
temperature fluctuations. Some thalli or very small populations can still be found in areas
where F. virsoides was once abundant, but their presence is now only occasional.

Because systematic data on water temperatures in the lagoon or the adjacent sea
littoral are not available, we considered the daily changes in air temperature recorded
since 1973 at a weather station at Venice Airport (Tessera, [26]) located on the edge of
the central lagoon basin. This choice was corroborated by an analysis of air and water
temperatures recorded in 88-118 stations spread in the entire lagoon in 2011, and 2014
before the highest decline in Phaeophyceae, and subsequently in 2021 and 2023. Results
show that air and water temperatures did not differ significantly (Table 1). Indeed, the
lagoon’s average depth is only 1.2 m, with extensive shallow areas around 0.5 m, and a
mean tidal excursion of 70-80 cm. Consequently, the temperatures of both air and water
quickly reach similar values. In addition, the macroalgal species showing the highest
changes are mainly mid-littoral species that are exposed to air temperatures twice a day.
Intense sunlight, desiccation, or freezing events can severely affect their presence or absence.
Therefore, air temperature can play a major role in regulating the distribution of these
species, providing information on their possible decline or spread.

The analysis of daily air temperatures over the past 51 years shows a significant
increase, particularly in the average annual minimum values (approximately +2.8 °C). In
the past, winter water temperatures were much colder, and numerous freezing events were
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recorded. This progressive increase in temperature suggests that, in the coming years, many
other Phaeophyceae will also disappear, especially those in the mid-littoral zone, which
are continuously exposed to the air during low tide. The species most at risk are those that
grow in winter and early spring, such as the taxa belonging to the genera Asperococcum,
Petalonia, Stictyosiphon, and Striaria, and disappear in May—June as temperatures rise.

Some authors [45] reconstructed freezing events in the Venice Lagoon over the past
1400 years. The first documented occurrence dates back to 604 AD, when the monk Paulus
Diaconus (720-799), who lived in Aquileia (approximately 100 km northeast of Venice),
reported that the winter was so harsh that it killed vineyards almost everywhere and even
caused the lagoon to freeze over. He went on to document 57 additional freezing events.
The most recent ones occurred in 1929, 1956, 1985, and 2012.

Between January and February 1929, air temperatures ranged from —8.5 °C to —13 °C,
forming ice slabs 15-20 cm thick, allowing people to walk from one island to another. In
January—-February 1956 and 1985, arctic air masses and strong Bora winds caused tempera-
tures to drop to —8 °C and —12 °C, respectively, freezing the entire lagoon once again.

In the following years, despite many canals regularly freezing (Figure 3), the last
widespread freezing event affecting a large part of the lagoon occurred in 2012 when air
temperatures dropped to —9 °C. Although this event was less severe than previous ones,
the lagoon was partially frozen, and floating ice slabs invaded the canals of the city and
surrounding islands. Between 2012 and 2015, occasional freezing events were recorded
only in choked areas, salt marshes, and some canals. In the years since, until today, water
temperatures in January-February have rarely dropped below 3—4 °C. At the same time,
Fucus virsoides and other Phaeophyceae species, such as Punctaria latifolia and Scytosiphon
lomentaria, which were abundant 10-20 years ago, have undergone a rapid decline and are
currently disappearing.

Scytosiphon lomentaria is a species that presents tubular, filamentous gametophytic
macrothalli in late winter to early spring and crustose, sporophytic microthalli in summer.
In the past, in early spring, the macrothalli formed dense belts of tubular filaments, 40-60 cm
long, in the mid-littoral zone of all hard substrata along marine and lagoon embankments,
with a biomass of several kilograms of fresh weight per square meter. Currently, only
isolated, occasional tubular filamentous macrothalli are present, accounting for only a few
grams per square meter. In Denmark, the formation of plurilocular sporangia on macrothalli
occurred at temperatures between 11 °C and 18 °C. Above 18 °C, macrothalli disappeared
both in nature and in culture [46]. The sporophytic crusts produced unilocular sporangia
at temperatures between 16 °C and 23.8 °C, thus functioning as the reproductive system
during the summer. Higher temperatures inhibited the growth of both macrothalli and
crusts, reducing the presence of this species, as also observed along Scotland’s coast [47],
except in the far northwest, where waters were colder.

Similarly, P. latifolia, was very abundant in the past, and in 1984 covered the lagoon
bottoms around the historical center of Venice with luxuriant populations (2-3 kg FW m~2).
However, at present, this species has almost disappeared.

All these species have particularly suffered from global warming because they live
in the mid-littoral zone and are exposed to the air during low tides. In particular, Fucus
virsoides reproduces in late winter to early spring, and if temperatures are higher than
10-15 °C, reproduction is inhibited (Figure 4). A relevant study on the spawning conditions
of six species of Fucus, carried out at the University of Groningen (The Netherlands) by [48],
showed that reproduction depended on different conditions of photoperiod and tempera-
ture. The receptacles were not produced under short-day or long-day conditions. Generally,
plants in spring initiate receptacle formation under a 12:12 h photoperiod [49]. Therefore, if
temperatures are too high during this period, receptacle production is inhibited.
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This seems to be the case for F. virsoides in the Venice Lagoon, which has almost
disappeared in the last ten years. Figure 4 shows the average maximum temperatures
recorded in March and April since 1973. In March, water temperatures fall within the
range suitable for receptacle formation, but the photoperiod is too short. In contrast, in
April, the photoperiod is optimal, but the temperature is too high, almost always exceeding
15 °C, with an increasing trend in recent years. These considerations can explain the decline
of this species over the past decade, even though F. virsoides may have slightly different
photoperiod and temperature thresholds.

If we consider the optimal growth temperature for Fucus vesiculosus in the North
Sea, it ranges between 10 and 20 °C, with strongly reduced growth above 20 °C and an
upper lethal limit of 28 °C after one week of exposure [50,51]. These results were confirmed
by [33], who, in three-week exposure experiments, found that F. vesiculosus was able to grow
and survive within a temperature range of 5 to 26 °C without any injury or visible damage
to the apical growing meristem. However, at higher water temperatures (>27 °C), growth
rapidly decreased from the third day onwards, and progressive necrosis was observed at
28 and 29 °C.

Since the average maximum temperature of the lagoon has also increased by approx-
imately 2.0 °C, we cannot exclude the possibility that the decline of F. virsoides has been
further exacerbated by prolonged periods with temperatures exceeding 28 °C (Figure 5) or,
at the very least, that it has contributed synergistically to the species’ decline.

Indeed, temperatures above 30 °C, heatwaves, and severe storm events are pushing en-
vironmental conditions beyond the species’ tolerance limits, increasing thallus desiccation
and damage while reducing photochemical activity [52,53].

In 1973, the average maximum temperature during the warm period (June-September)
was approx. 28 °C. Over the following years, it progressively increased, reaching approx.
30 °C in 2024. Similarly, the average number of days with temperatures exceeding 30 °C
was 9 in 1973, rising to 25 by 2024. However, studies on the optimal reproductive periods
for this species are still necessary to confirm or refute these conclusions.

The most widespread species resistant to high water temperatures are NIS recorded in
the lagoon since the early 2000s: Agardhiella subulata and Solieria filiformis in 2003; Gracilaria
vermiculophylla in 2008; and Hypnea cervicornis in 2009. By 2019, these species accounted for
92.3% of the total NIS biomass in the lagoon (G. vermiculophylla: 45.3%, A. subulata: 25.1%,
H. cervicornis: 19.3%, and S. filiformis: 2.57%).

Gracilaria vermiculophylla is a habitat-forming species that colonizes muddy substrata
in the choked areas of the central and southern lagoon, particularly in more turbid regions
where it tends to dominate. Owing to its resistance to high temperatures and high concen-
trations of phycoerythrin and phycocyanin, it has successfully colonized bare sediments
where other species cannot survive. These habitats are particularly suitable for juvenile
fish (nursery areas), shrimps, and numerous benthic macrofaunal species [54,55]. It is
often found alongside other Gracilariaceae and Solieriaceae, especially the native species
Gracilariopsis longissima (S.G. Gmelin) Steentoft, L.M. Irvine and Farnham, Gracilaria gracilis
(Stackhouse) Steentoft, L.M. Irvine and Farnham, as well as the NIS A. subulata and S.
filiformis. These species coexist across a range of habitats. G. vermiculophylla and S. filiformis
occupy the most turbid and degraded areas, where even native species are unable to sur-
vive. In contrast, H. cervicornis, a NIS first recorded in 2009, prefers clearer waters. It forms
aggregates with various other macroalgae, especially the native Chondria capillaris (Hudson)
M.]J. Wynne, Spyridia filamentosa (Wulfen) Harvey, and Centroceras gasparrinii subsp. minus
M.A. Wolf, Buosi, Juhmani, and Sfriso, or inhabits aquatic angiosperm meadows in other
shallow lagoon areas.
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To these species, we must also add Caulacanthus okamurae, a NIS only recently distin-
guished through molecular analyses [28], previously confused with C. ustulatus (Turner)
Kiitzing. This NIS has almost completely replaced Gelidium spp. and Gymmnogongrus
griffithsiae (Turner) Martius on intertidal hard substrata.

An exceptional case is Grateloupia yinggehaiensis H.W. Wang and R.X. Luan, first
recorded in 2008. This species thrives in particularly warm waters and grows exclusively
near the cooling water discharges (35 m® s1) of the Fusina thermoelectric power plant.
These discharges are 10-14 °C warmer than natural waters, raising the temperature of the
surrounding areas by 4-5 °C, with the greatest difference observed in winter [56]. This
species is native to tropical regions such as Hainan Province (China), which experiences a
tropical moist monsoonal climate with winter temperatures ranging from 16 to 21 °C [57].
In Venice, winter temperatures until the second half of the 2010s were generally close to
0 °C, with frequent freezing events. However, the thermal power plant has ensured a
minimum temperature of 6-8 °C, allowing reproductive cells or basal crusts to survive
even during the coldest periods.

5. Conclusions

Climate change, characterized by a progressive rise in air temperatures and significant
impacts, particularly on minimum water temperatures, has had a major effect on lagoon
vegetation over the past two decades. Freezing events are now rare, even in the most
choked areas of the lagoon. These changes have severely affected native cold-water taxa,
which are in sharp decline. At the same time, they have facilitated the establishment and
spread of many NIS that are better adapted to elevated temperatures. As a result, almost
all Phaeophyceae are declining, and some intertidal taxa are now very rare or even nearing
extinction. In contrast, several thermophilic taxa, particularly exotic Rhodophyceae, have
colonized both hard and muddy substrata, altering the dominant vegetation, which was
previously composed largely of Ulvaceae.

However, the general decline of Chlorophyceae is also attributable to a significant re-
duction in nutrients in both the water column and surface sediments, as reported by ([15,16]
and references therein). Thus, the current composition of lagoon vegetation is the result of
a synergistic interaction between climate change and reduced anthropogenic pressures.

Similar results have been recorded in the lagoons of the Po Delta (Caleri, Goro, Bar-
bamarco) and at Fattibello in the Valli di Comacchio, where Rhodophyceae have almost
completely replaced Chlorophyceae. Indeed, recent sampling showed that the dominant
taxa in these lagoons are currently the non-indigenous species Gracilaria vermiculophylla,
Solieria filiformis, and Ulva australis. In addition, among the ten most frequently observed
taxa, six are NIS species [58].

In the coming years, the ongoing decrease in nutrients [27] and rising
temperatures [1,2,26] are expected to further transform lagoon vegetation. Species sen-
sitive to elevated temperatures may decline or disappear, while the introduction of new
NIS will continue to partially replace native species. This process has not led to a reduction
in biodiversity, but rather a decline in the abundance of native species. Unlike other NIS,
such as the ctenophore Mnemiopsis leidyi Agassiz [59-61] or the blue crab Callinectes sapidus
Rathbun [62,63], which have had dramatic impacts on native species and the fisheries
economy, allochthonous macroalgae have so far contributed only to an enrichment in the
number of taxa present in the lagoon [9,54].
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