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Effects of increased temperatures during air exposure on the morphology 
and physiology of Fucus virsoides (Fucales, Phaeophyceae)
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The brown alga Fucus virsoides, an endangered species endemic to the Adriatic Sea, is subjected to increasingly 
changing ecological conditions in the intertidal zone, potentially driving its extinction. In this study, temperature 
fluctuations at one of the last remaining F. virsoides sites in the Istrian region (northern Adriatic) during a 1-year period 
were analysed and found to be only partially associated with water level changes linked to tidal dynamics, suggesting 
nontidal effects may strongly affect the emersion time and exposure of thalli to dry conditions, especially during 
spring. Additionally, the effects of increased temperature during air exposure on F. virsoides thalli were experimentally 
assessed under laboratory conditions. The results indicate that acute and repeated exposure to a high air temperature 
of 33°C can cause long-term damage to the thalli, whereas lower tested temperatures of 20, 25, and 29°C have little 
to no effect on the morphology or physiology of this algae. This study provides insights into how F. virsoides, a 
species adapted to the northernmost biogeographical region of the Mediterranean, copes with extreme temperature 
fluctuations during prolonged air exposure, as one of the environmental stressors that are expected to intensify under 
future climate scenarios.
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INTRODUCTION

Intertidal macroalgae inherently experience alternat-
ing periods of water immersion and air exposure due 
to tidal fluctuations. The frequency and duration of 
these emersion periods are influenced by the vertical 
position on the shore; algae located higher in the inter-
tidal zone are more frequently exposed to terrestrial 
conditions than those located in lower zones (Bell 1993), 
although this may not hold in the case of rockpools. 
The effects of air exposure on intertidal macroalgae 
have been investigated from various perspectives, such 
as basic morphology, physiology, survival, growth, and 
reproduction (Schonbeck and Norton 1980, Maberly 

and Madsen 1990, Madsen and Maberly 1990, Schag-
erl and Möstl 2011, Flores-Molina et al. 2014, Du et al. 
2022). As a central physiological process, photosynthe-
sis is significantly inhibited under desiccation (Dring 
and Brown 1982, Lipkin et al. 1993, Blouin et al. 2010). 
However, many intertidal marine algae are relatively 
tolerant to desiccation, showing comparatively high 
photosynthetic rates during air exposure periods. This 
ability, however, can decrease dramatically as algae 
lose their water content during extremely long periods 
of desiccation stress (Johnson et al. 1974, Quadir et al. 
1979, Oates and Murray 1983, Bidwell and McLachlan 
1985, Madsen and Maberly 1990, Bell 1993). This topic 
has also been reviewed by Gessner and Hammer (1971) 
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and Kremer and Munda (1982) with a particular focus 
on the intertidal macroalga Fucus virsoides J. Agardh. 
Recently, the effect of water loss was directly related to 
the physiological state and photosynthetic rate of this 
species; nonetheless, the results generally confirmed 
the noteworthy ability of F. virsoides to tolerate desicca-
tion (Descourvières et al. 2024b).

The intertidal zone is characterized by periodic fluc-
tuations in several abiotic and biological factors, such 
as atmospheric conditions, hydrodynamics, and graz-
ing intensity (Pignatti 1962, Giaccone and Pignatti 1967, 
Munda 1972, Battelli 2013). These fluctuations, under 
certain conditions and in certain areas, can overlap 
with changes in sea level associated with tidal dynam-
ics, thus creating a highly variable environment with 
a range of effects on the physiology of affected organ-
isms (Marcos et al. 2009).

While tidal amplitudes in the Adriatic are small 
compared with those in the open ocean, they increase 
northwards, and their impact on sea level can be am-
plified by atmospheric factors such as wind (wind 
setup, wave action), atmospheric pressure (inverted 
barometer effect) (Close 1918, Ippen 1966, Wunsch and 
Stammer 1997, Marcos et al. 2009, Vilibić et al. 2017), 
and coastal topography. This is typically represented 
by increased residual values during mareographic 
measurements but can, in case of extreme atmospheric 
forcing, also have a very tangible effect on coastal ar-
eas, such as flooding (Marcos et al. 2009, Vilibić et al. 
2017).

While other fucalean algae commonly inhabiting 
the shallow subtidal, such as Gongolaria barbata (Stack-
house) Kuntze, Ericaria crinita (Duby) Molinari & Guiry, 
Ericaria amentacea (C. Agardh) Molinari & Guiry and 
Cystoseira compressa (Esper) Gerloff & Nizamuddin 
are often heavily affected by environmental stressors 
when inhabiting the intertidal, F. virsoides is a highly 
specialised intertidal species and is naturally more 
resistant to such challenges. This resistance is achieved 
either through physiological mechanisms (Gessner and 
Hammer 1971, Descourvières et al. 2024b) or via the 
formation of a layered community structure (Munda 
1972). Indeed, this species is well adapted to desicca-
tion, being able to withstand significant water loss 
without long-term damage to the thalli and only tem-
porary reduction in photochemical activity (Gessner 
and Hammer 1971, Kremer and Munda 1982, Descour-
vières et al. 2024b). Nevertheless, global climate change 
associated with the increasing intensity and frequency 
of both terrestrial and marine temperature extremes 

could generate conditions exceeding the tolerance lim-
its of this species (Frölicher et al. 2018, Rey et al. 2020, 
Oliver et al. 2021).

F. virsoides is a fucalean species endemic to the Medi-
terranean, inhabiting only its coldest part, the Adriatic 
Sea (Linardić 1949, Ribera et al. 1992). It is also the sole 
species of its genus natively found in the Mediterra-
nean basin (Giaccone and Pignatti 1967, Munda 1972, 
Rindi and Battelli 2005, Guiry and Guiry 2024). F. vir-
soides is restricted to the intertidal zone of the Adriatic 
Sea, partly representing “an ecological equivalent” to 
the larger and more abundant fucalean species that 
form macroalgal forests in intertidal zones along oce-
anic coasts and in colder seas (Linardić 1949, Munda 
1972). Importantly, the distinct temperature respons-
es of Adriatic F. virsoides, which are likely shaped by 
long-term adaptation to Adriatic conditions, have been 
linked to its geographic restriction and the absence 
of Atlantic congeners in the Mediterranean (Linardić 
1949, Kremer and Munda 1982, Sancholle 1988, Boero et 
al. 2008).

The Mediterranean Sea is undergoing significant 
changes due to warming trends and tropicalization, 
which could further influence the ecological niche of 
F. virsoides (Bianchi and Morri 2000). Moreover, Med-
iterranean endemic species are threatened by shifts 
in biodiversity driven by climate change and invasive 
species (Bianchi and Morri 2000, Bianchi 2007). In this 
context, F. virsoides was historically distributed along 
the Adriatic coast extending, between Ancona and 
Venice (Italy) on the western side of the Adriatic and 
from the Gulf of Trieste (45.75 N) to Düress-Albania 
(41.3 N) on the eastern side (Linardić 1949, Zavodnik 
1967, Kashta 1996, Rindi et al. 2020, Descourvières et al. 
2024b). Although historically common and abundant 
in the Adriatic, especially in the northern part, this 
species is currently rare and may be considered func-
tionally extinct (Linardić 1949, Munda 1973, Estes et al. 
1989, Gljušćić et al. 2023, Descourvières et al. 2024a).

Given its historical distribution and abundance, F. 
virsoides has been considered a habitat-forming species 
capable of supporting diverse assemblages and nota-
ble biomass of smaller algae and animal species. Such 
assemblages have been primarily studied along the 
western Istrian coast in the mid-20th century and lat-
er revisited in 2010, 2014, and 2016, albeit on a smaller 
scale owing to the already reduced abundances and lo-
cal extinctions (Zavodnik 1967, Munda 1972, Čelig 2010, 
Kučinar 2014, Gljušćić 2016). The species was historical-
ly abundant and common along the Istrian coastline 
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(northern Adriatic Sea), particularly the western coast, 
as confirmed by floristic studies and herbarium collec-
tions from the 19th and early 20th centuries (Vatova 
1928, Linardić 1949, Munda 2000, Battelli and Alberti 
2003, Rindi and Battelli 2005, Battelli 2013, Algae Her-
barium Portal 2024). However, later assessments re-
vealed a noticeable reduction in biomass (Zavodnik et 
al. 2002, Kučinar 2014). The current biomass is low but 
cannot be estimated due to the extremely low abun-
dance and limited availability of the species, which 
prevents active sample collection (Gljušćić et al. 2023). 
F. virsoides is typically reproductively active during 
the colder part of the year, namely in spring (Vatova 
1948, Linardić 1949); however, during our surveys, we 
observed significant shifts in reproductive activity, 
with thalli occasionally being fertile even during the 
summer months (Gljušćić et al. 2023). The collapse of 
F. virsoides stands in the northern Adriatic, especially 
along the Istrian coast, has recently become increas-
ingly evident, with most sites lost and others severely 
degraded (Gljušćić et al. 2023). By July 2024, only two 
sites remained: one in Camp Lanterna (Tar-Vabriga 
municipality) and another near Blaz cove (Raša chan-
nel). While the distribution along the Istrian coast has 
been well documented, the remaining Croatian coast-
line still lacks comprehensive mapping (Descourvières 
et al. 2024b).

This study aimed to investigate how F. virsoides re-
sponds to elevated temperatures during air exposure, 
such as those occurring in-situ during low water peri-
ods, which are expected to become even more extreme 
in the near future due to climate change. This objective 
has been pursued: (1) in-situ, by measuring the tem-
perature variations at F. virsoides site, and (2) ex-situ, by 
estimating and comparing morphological and physio-
logical variables of F. virsoides experimentally exposed 
to increasing temperature levels within simulated 
emersion and submersion cycles.

MATERIALS AND METHODS

Intertidal conditions

In the northern Adriatic Sea, tides alternate every 15 
days between “half-day tides” (i.e., two high tides and 
two low tides per day) and “day tides” (i.e., one high 
tide and one low tide per day) (Malačič et al. 2000, Bat-
telli and Catra 2023). The tidal range reaches the largest 
amplitude (cca. 1 m) in the Gulf of Trieste (Vilibić et 

al. 2017). The timing of the lowest water levels, which 
occur around syzygy, shifts seasonally: during winter 
and spring, they typically occur during the day or eve-
ning, whereas in summer and autumn, they occur at 
night or in the early morning (Supplementary Fig. S1) 
(Vilibić et al. 2017, Hydrographic Institute of the Repub-
lic of Croatia 2025). Springtime conditions (but also oc-
casional summer mornings) combined with low tides 
may lead to extreme sea and air temperature levels as 
well as intense irradiation; conditions which are par-
ticularly challenging for intertidal flora due to intense 
water loss, photosystem overload, morphological and 
physiological damage to the exposed thalli (Schonbeck 
and Norton 1980, Martone et al. 2010, Gljušćić et al. 
2023, Hydrographic Institute of the Republic of Croatia 
2025).

Study area

In-situ temperature measurements and Fucus virsoides 
sample collection were both conducted in the vicinity 
of Blaz cove (45.00001° N, 14.04599° E), which is located 
in the Raša channel on the eastern Istrian coast in the 
northern Adriatic Sea (Fig. 1A). This location is charac-
terized by transitional or near-transitional waters due 
to Raša river inflow (Fig. 1B) and locally present fresh-
water springs. At the site, F. virsoides forms a relatively 
narrow but long belt on a subvertical substrate, posi-
tioned underneath a nearly vertically inclined karstic 
coastline with a relatively high profile and vegetation, 
which significantly reduces overall insolation (Fig. 1C). 

Temperature measurements

The intertidal nature of F. virsoides exposes it to se-
verely and rapidly changing conditions in its habitat, 
whether periodically or randomly. Hourly tempera-
tures within the F. virsoides belt were measured using 
HOBO Pendant Temperature/Light 64K Data Loggers 
attached to the rocks among the thalli and were ex-
changed for readout on a monthly basis. The tempera-
ture frequencies measured during low water periods in 
2024 were examined via a histogram plot. The recorded 
temperatures were also matched with the predicted 
daily low water times (adjusted for an approximate 1-h 
tidal delay) on the basis of data for the city of Rijeka 
obtained from the “Asterion” webpage (https://www.
asterion.info/).

t 
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Sample collection and treatment preparation

The apical fronds (hereafter referred to as "apices") 
of F. virsoides thalli were collected from the same study 
site where data loggers were positioned (Blaz cove) and 
subsequently stored in 18–20°C seawater at the labora-
tory of the Center for Marine Research, Rovinj (Ruđer 
Bošković Institute, Croatia), prior to the experiment 
initiation. Each of the apices was collected from a dif-
ferent individual. For each of the planned temperature 
treatments, 15 clay tiles were prepared, being previous-
ly thoroughly washed and moisturised. The tiles were 
numbered and marked with coloured cable ties to indi-
cate the corresponding temperature treatment: blue for 
20°C, green for 25°C, yellow for 29°C, red for 33°C, and 
white for 14°C, which represented the control. The tem-
perature treatments were chosen on the basis of previ-
ous measurements from the intertidal zone in several 
F. virsoides patches from the Vrsar-Funtana-Poreč area 
(western Istrian coast, Croatia) during 2023, identified 
by unusual peaks during springtime (during emer-
sion). The control temperature of 14°C represented not 
only the springtime (March–April) seawater tempera-
ture but also the nighttime/shaded area temperatures 
measured via data loggers in the intertidal zone.

Fifteen F. virsoides apices were selected for each tem-
perature treatment, and initial measurements (T0) were 
conducted, including wet weight, length, maximum 
photochemical yield (Fv/Fm) (a proxy for physiological 

state), as well as assessments of necrosis and regenera-
tion signs (if present).

Each of the 15 apices was gently attached to a clay 
tile. The tiles were then placed into three separate plas-
tic boxes, with each box containing 5 samples/apices 
(Fig. 2). The boxes were filled with 1 L of 14°C filtered 
seawater (5 μm canister filter), closed and left undis-
turbed until 8 a.m. of the following day (approximately 
18 h).

Experimental procedure: air exposure phase and 
constant immersion phase

The experiment was conducted in two separate 
phases: first the “air exposure phase” and then the 
“constant immersion phase.” In the air exposure phase, 
at 8 a.m., seawater was drained from the boxes, and 
the apices were gently blotted dry using paper tissues. 
A 5 g paper-wrapped pack of silica gel was placed 
inside each box to stimulate dry conditions, with the 
humidity and temperature levels monitored by a hy-
gro-thermometer. The sealed boxes with apices were 
subsequently placed inside an incubator (Memmert 
Compressor Cooling Incubator ICP260; Memmert 
GmbH + Co.KG, Schwabach, Germany) to be exposed 
to simulated dry conditions for 6 h at the designated 
treatment temperature (Fig. 2A). At 2 p.m., after 6 h 
of simulated emersion, measurements of F. virsoides 
apices, such as wet weight, length and Fv/Fm were ob-

Fig. 1. Location of the study area and sampling site in the northern Adriatic Sea - Istrian Coast (A & B) and image of the study site (C).

A B C
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tained, and signs of necrosis and regeneration were 
recorded. Photographs of the apices were taken using a 
digital camera for documentation and for later precise 
length measurements. This procedure was repeated for 
7 consecutive days at the same time.

Following the 7 days of exposure to specific air tem-
peratures in each treatment, the constant immersion 
phase was initiated. During this phase, the apices on 
the clay tiles were kept constantly immersed in filtered 
seawater at 14°C, simulating neap tide periods under 
the assumption that F. virsoides remains constantly 
immersed during quarter moon phases (Fig. 2B). The 
measurements (wet weight, length, and Fv/Fm) along 
with the assessment of necrosis and/or regeneration 
were continued. Photographic documentation was 
conducted daily for 7 additional days. The filtered sea-
water inside the boxes was changed daily to ensure a 
clean environment.

This procedure (for both phases) was carried out for 
each air temperature treatment as follows: the control 
was maintained at 14°C (C-14), and the experimental 
treatments were set at 20°C (T-20), 25°C (T-25), 29°C (T-
29), and 33°C (T-33). The measurement timepoints were 
defined as T0 for the initial measurements, T1 to T7 for 
the air exposure phase, and TR1 to TR7 for the constant 
immersion phase.

During the air exposure phase, the light intensity 
was maintained at a constant 70 μmol photons s−1 m−2 
inside the incubator by using integrated fluorescent 
bulbs. The temperature (both intensity levels and expo-
sure times) was controlled with an integrated air con-
ditioning mechanism via prewritten programming for 
each of the treatments. During the constant immersion 
phase, the light intensity was maintained at 70 μmol 
photons s−1 m−2, via LED-GNC-Silver Moon Marine 
aquarium lights (GNC, Perugia, Umbria, Italy), and 
the temperature was controlled via a connected Teco 
TK500 chiller (Teco Refrigeration Technologies, Fornace 
Zarattini, Ravenna, Italy). Wet weight was measured 
via a laboratory scale (Metler Toledo PB 1502-S; Met-
tler-Toledo, LLC, Columbus, OH, USA). The Fv/Fm was 
measured via MINI-PAM-II (Heinz Walz GmbH, Effel-
trich, Germany) following 15 min of dark adaptation. 
Length was measured via ImageJ software (Rasband 
2024) after taking daily repeated photographs of apices 
placed on top of a ruler (for scale) and by comparing 
them with reference photographs taken at T0 while 
always using the same 2 points on the apex (Supple-
mentary Fig. S2). All photographs were taken using an 
Olympus TG-6 camera (Olympus Corporation, Tokyo, 
Japan).

This thermotolerance experiment was designed on 

Fig. 2. Schematic of the experiment, consisting of an air exposure phase (A) and a constant immersion phase (B).

A B
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the basis of in-situ observations and conducted under 
laboratory conditions on the basis of the following 
assumptions: (1) F. virsoides thalli are exposed to air 
for up to 6 h during the tidal minimum, (2) F. virsoides 
thalli are immersed for up to 18 h after the tidal min-
imum, with no re-emersion during the second low 
water period, (3) F. virsoides thalli are not exposed to 
air during neap tides, and (4) the temperature of algal 
thalli is equal to the ambient temperature measured in 
the microhabitat (heating due to sunlight exposure was 
not excluded). 

Statistical analysis

Mixed-effects models were selected to include both 
fixed and random effects as predictor variables. Fur-
thermore, the use of crossed and nested random effects 
allowed for the control of the lack of independence 
among observational units, and supported the use 
of clustered data and repeated measurements across 
time in the same model (Bolker et al. 2009, Bates et al. 
2015, Harrison et al. 2018). The effects of temperature 
on wet weight and length were analysed via an linear 
mixed model (LMM), whereas the effects of tempera-
ture on the maximum quantum yield were analysed 
via a generalized linear mixed model (GLMM) with 
a Poisson error distribution and a log link function. 
Measurements of wet weight and length were trans-
formed into percentage changes on the basis of the T0 
measurement. Both analyses were performed for the 
air exposure phase and constant immersion phase of 

the experiment. Temperature was treated as a fixed fac-
tor (five levels: C-14, T-20, T-25, T-29, and T-33), time was 
treated as a crossed random factor, and the identity of 
the individual apices (ID) nested within box, was treat-
ed as a random factor to take into account that individ-
uals were grouped by five within each box, as well as 
in order to correct for the non-independence between 
measurements (Bolker et al. 2009, Bates et al. 2015, Har-
rison et al. 2018). A type II Wald χ2 test was applied to 
each fitted model to determine the effect of each fixed 
factor. Finally, for each model, a Tukey post-hoc test was 
applied to explore the differences between tempera-
ture treatments. The models were fitted using the lme4 
(Bates et al. 2015) and MASS packages (Venables and 
Ripley 2002) in the statistical environment R (R Core 
Team, 2024; R Foundation for Statistical Computing, 
Vienna, Austria). p-values were obtained by means of a 
Wald χ2 test using the ‘ANOVA’ function from the CAR 
package (Fox and Weisberg 2019), and the function ‘glht’ 
from the MULTCOMP package (Hothorn et al. 2008) 
was used to perform post-hoc Tukey tests. p-values be-
low 0.05 were considered statistically significant in all 
analyses.

Additionally, a principal coordinates analysis (PCO), 
based on the Euclidean distance of untransformed 
data, was used for both phases of the experiment to 
visually represent the dependence of the response 
variables on the factors. For this purpose, PRIMER ver. 
7 was used. Other graphical representations and data 
visualisations were performed with Grapher 24.2.247.

Fig. 3. Frequency of hourly temperatures in the monitored Fucus virsoides belt measured in 2024 during low water periods. The grey (13–15°C), 
blue (19–21°C), green (24–26°C), yellow (28–30°C), and red (32–34°C) columns correspond to the temperatures used in the experimental treatments, 
+/– 1°C.
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RESULTS

Temperature data

Analyses of the temperature occurrence frequency 
revealed that extremely elevated temperatures (>30°C) 
during low water periods are still relatively rare (Fig. 
3) and occur during late spring and summer (Fig. 4A). 
Moderately elevated temperatures (25–30°C) are more 
prevalent, although less frequent at the upper end of 
this range, occurring primarily during the spring and 
summer months (Figs 3 & 4A). Mildly elevated tem-
peratures (20–25°C) are more frequent and can occur 
throughout the year, except during winter (Figs 3 & 
4A). Lower temperatures (13–15°C), including those 
close to the assumed control in the ex-situ experiment 
(14°C), are very frequent (Fig. 3) and predominantly oc-
cur during autumn, winter, and spring (Fig. 4A). 

The yearly temperature overview also revealed that 
the largest temperature peaks and ebbs, with very high 
(>35°C) and relatively low (~15°C) levels exchanging 
rapidly, occur during the late spring (Fig. 4A), causing 
the exposure of Fucus virsoides to stressful conditions.

During the summer months, the generally milder 
temperatures recorded during low water periods sug-
gest that emersion primarily occurs at night, whereas 
immersion takes place during the day (Fig. 4A, Sup-
plementary Fig. S1). Furthermore, intervals of lower 
temperature variability, coinciding with neap tides, 
indicate more stable environmental conditions. Inter-
estingly, an absence of even moderately increased tem-
peratures (>25°C) is noticeable over the typically warm 
early autumn period (September), which is expected to 
resume towards the winter as the temperatures contin-
ue to drop regularly (Fig. 4A). During the lowest tide 
periods in spring (Mar 21–Jun 21, 2024), the tempera-
ture occasionally reached very high values (>25°C), but 
the same values also occurred during neap tides and 
in between, suggesting more frequent emersion and 
reimmersion than hypothesised (Fig. 4B).

Visual observations

Except for the loss of naturally present sterile hairs, 
no signs of necrosis were observed during the exper-
iment for the T-20, T-25, T-29, and C-14 treatments in 

Fig. 4. Temperatures recorded in a Fucus virsoides site during daily low water periods over the year 2024 (A) and during the spring of 2024 (B). 
The predicted water levels are based on mareographic data for Rijeka, adjusted by +1 h to account for distance and local geomorphology.

A

B
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both phases. However, a necrotic smell, characteristic 
of air-exposed fucalean algae (not quantifiable), was 
noted in the T-29 and T-33 treatments. In the T-33 
treatment, physical thalli necrosis was visible during 
both phases of the experiment, along with some traces 
of thalli damage recovery in the constant immersion 
phase (Fig. 5). An increase in the length of the apices 
was visible throughout the experiment in both phases 
and across all the treatments (Fig. 5).

Graphical representation of the measured vari-
ables

No major changes in wet weight were observed in 
the apices of F. virsoides in the T-20, T-25, or T-29 treat-
ment groups compared to the C-14 control group. In 
these treatments, the wet weight continued to slightly 
increase over time during both phases of the experi-
ment. However, in the T-33 treatment, the change in 

wet weight was consistently negative, as the apices pro-
gressively deteriorated over time (Fig. 6A).

A similar pattern was observed for average length. 
While no major change was observed between T-20, 
T-25, or T-29 and the C-14 control, the average length 
in all these treatments slightly increased during both 
phases of the experiment. However, a major decrease 
in average length was observed in T-33 when compared 
with the control (Fig. 6B).

The Fv/Fm slightly varied over time in the T-20, T-25, 
and T-29 treatments, and in the C-14 control during 
both phases. However, in the T-33 treatment, the Fv/
Fm reduction was much more pronounced compared 
to other treatments, even if a certain improvement 
was expectedly visible towards the end of the constant 
immersion phase (Fig. 6C). However, when the Fv/Fm 
response for the T-20, T-25, and T-29 treatments was 
compared with that for the C-14 control in both experi-
mental phases, the difference was negligible.

Fig. 5. Examples of physical changes in Fucus virsoides apices throughout the experiment, shown at the start of the experiment (T0), at the end 
of the air exposure phase (T7) and at the end of the constant immersion phase (TR7).
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LMM & GLMM analysis

Air exposure phase. The LMM analysis of the wet 
weight percentage change (Ww_c) values revealed 
strong statistically significant differences between the 
treatments (χ2 < 0.001). Tukey post-hoc tests revealed 
that there were strong statistically significant differ-
ences between most treatments (p < 0.001), except for 
T-29 vs. C-14 (p = 0.038), for which the difference was 
less pronounced. However, the differences T-25 vs. C-14 
and T-33 vs. T-29 were not statistically significant. Sim-
ilarly, the analysis of the length percentage change (L_
c) revealed strong statistically significant differences 
between the treatments (χ2 < 0.001). Tukey post-hoc tests 
identified strong statistically significant differences (p 

< 0.001) between all the treatments except T-25 vs. C-14, 
T-29 vs. C-14 and T-29 vs. T-25, where no significant dif-
ferences were found. The GLMM analysis of the Fv/Fm 
values between the treatments also revealed significant 
differences (χ2 < 0.001), which stemmed from the strong 
separation of the T-33 treatment (p < 0.001) from all the 
other treatments. No significant differences were de-
tected between the other treatments.

Constant immersion phase. Similar patterns were 
observed in the LMM results for the constant immer-
sion phase, where the wet weight percentage change 
(Ww_C), length percentage change (L_c), and Fv/Fm of 
F. virsoides apices showed strong statistically significant 
differences between the treatments (χ2 < 0.001). For 
the wet weight percentage change (Ww_c), Tukey post-
hoc tests revealed that there were strong statistically 
significant differences between most treatments (p < 
0.001), except for T-29 vs. C-14 (p = 0.021), for which the 
difference was less pronounced. However, no statisti-
cally significant differences were found between T-25 
and C-14 or between T-25 and T-20. A similar pattern 
was also observed in the length percentage change (L_
c) (χ2 < 0.001), with strong statistically significant dif-
ferences (p < 0.001) between most treatments except for 
T-29 vs. C-14 (p = 0.021), for which the significance was 
lower. The results for T-25 vs. C-14 and T-29 vs. T-25, on 
the other hand, showed no significant differences. The 
GLMM analysis of Fv/Fm in the constant immersion 
phase revealed the same patterns of significant differ-
ences as those in the air exposure phase (χ2 < 0.001), 
with only the results of T-33 treatment significantly 
differing from the other treatments (p < 0.001). The full 
results of the data analysis are summarized in Supple-
mentary Table S1.

Principal coordinates analysis

PCO analysis of the air exposure phase dataset re-
vealed strong separation of the T-33 data points from 
those of the other treatments, including the control 
C-14 (Fig. 7A). No particular separation was observed 
among the other treatments and the control. Most of 
the overall separation occurred along the PCO1 axis 
(92.4%). The overlayed vectors indicate that wet weight 
(Ww, g) and length (Length, cm) had strong negative 
associations with PCO1 (−0.557 and −0.999, respec-
tively), emphasizing the roles of both as indicators of 
stress. The Fv/Fm only slightly positively influenced 
PCO1 (0.102).

A very similar pattern was observed for the constant 

Fig. 6. Changes in the wet weight (A), length (B), and maximum 
photochemical yield (Fv/Fm) (C) of Fucus virsoides apices during the air 
exposure and constant immersion phases for the 20°C (blue), 25°C 
(green), 29°C (yellow), and 33°C (red) treatments compared with those 
for the control treatment at 14°C (grey). The data are presented as the 
means ± standard error for 15 apices.

A

B

C
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immersion phase, with most of the overall separation 
occurring along the PCO1 axis (93.4%). The strong 
separation of T-33 treatment may indicate the inability 
of severely stressed and damaged apices to recover 
properly from the induced stress (Fig. 7B). Ww (g) and 
Length (cm) showed a very strong association with 
PCO1 (0.621 and 0.999, respectively), indicating their in-
fluence in explaining the effects of the treatments. On 
the other hand, the Fv/Fm was only slightly related to 
the PCO1 axis (0.161).

DISCUSSION

The findings of this study indicate that moderately 
increased temperatures during periods of air exposure 
(20, 25, and 29°C) do not represent a significant threat 
to Fucus virsoides. However, extended exposure to rel-
atively high air temperatures, such as 33°C, can cause 
long-lasting damage to the thalli of this species. This 
conclusion was based on analyses of changes in the 
wet weight, length, and Fv/Fm of F. virsoides apices. In 
addition, statistical analysis, as well as PCO plots, fur-
ther suggested that a particularly high air temperature 
(33°C) may have detrimental effects on the morphology 
and physiology of F. virsoides thalli.

Certain factors that could affect algal physiology in 
the field could not be tested in this study. These include 
(1) the effects of repeated exposure to direct sunlight 
(variable intensity and wavelength) on F. virsoides’ 
physiological status, (2) the effects of specific moisture 
levels on F. virsoides’ physiological status (but see De-
scourvières et al. 2024b), and (3) the effects of specific 
light intensity levels (laboratory conditions) on F. virsoi-
des physiological status. Air temperature, sea tempera-
ture, salinity, pH, humidity, wind and wave exposure, 
wind speed and direction, as well as coastal geomor-
phology, can strongly influence the presence and per-
sistence of a species in its natural environment (Lipizer 
et al. 1995, Orlando-Bonaca et al. 2013, Gljušćić et al. 
2023). While assessing the effects of individual factors 
or certain interactions is possible, the combination of 
multiple involved factors is difficult to reproduce in the 
laboratory because of the complexity of the required 
experimental approach, and especially the low avail-
ability of F. virsoides samples in-situ for research activi-
ties.

To further contextualise our findings, we compared 
them with those from a thermal tolerance experiment 
conducted on Gongolaria barbata, a shallow-dwelling 
(intertidal and shallow subtidal) brown alga from the 
Istrian coast, in which the effects of marine heatwaves 
on its thallus integrity and physiological state were 
examined (Bilajac et al. 2024). Although the two species 
differ in morphology, life-history traits, and habitat 
preferences, both experiments identified a recognisable 
threshold beyond which severe stress and damage 
occur. However, the strategies by which these species 
cope with elevated temperatures diverge noticeably 
as a consequence of their different life-strategies. G. 
barbata displays marked seasonal dynamics; notably 
the species is vegetatively active in winter and spring, 
followed by a distinct aestivation phase in summer, 
during which the thallus is reduced to a persistent cau-
loid. New growth resumes in autumn from adventive 
branches (Iveša et al. 2022, Bilajac et al. 2024).

In contrast, F. virsoides exhibits more continuous an-
nual growth, with more moderate seasonal variations. 
Growth is typically more pronounced during cooler 
months and notably reduced or even fully paused in 
late summer and autumn, but the species never enters 
a proper aestivation period (Linardić 1949, Gljušćić et 
al. 2023). Compared to G. barbata, as a true intertidal 
species, F. virsoides is exposed to much more dynamic 
conditions, regularly alternating between immersion 
in seawater and exposure to air. These fluctuations 

Fig. 7. Principal coordinates analysis (PCO) plot based on the 
Euclidean distance of wet weight (Ww, g), length (cm), and maximum 
photochemical yield (Fv/Fm) measurements during the air exposure 
phase (A) and constant immersion phase (B) of the experiment.

A

B
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also vary seasonally, potentially exposing the thalli to 
either cooling or heating during emersion. This habi-
tat-specific variability may offer F. virsoides some capac-
ity to mitigate thermal extremes through, for instance, 
submersion during marine heatwaves in summer, or 
increased light availability and temperatures during 
winter via emersion (Fig. 4A, Supplementary Fig. S1). 
These contrasting strategies, such as seasonal dorman-
cy in G. barbata and inherent tolerance to environmen-
tal fluctuations in F. virsoides, reflect different evolu-
tionary pathways for coping with thermal stress. The 
hypothesis that F. virsoides may partially circumvent 
heatwaves via submersion during summer or utilise 
more sunlight and higher temperatures via emersion 
during winter and early spring, should be explored in 
future experiments.

As briefly noted in the Introduction, F. virsoides typ-
ically develops receptacles during the colder months, 
particularly in spring (Vatova 1948, Linardić 1949), a 
pattern consistent with other cold-water fucalean spe-
cies. The normally gradual increase in seawater tem-
perature from winter to late spring may trigger the on-
set of reproductive activity, which could also be repli-
cated under ex-situ conditions for cultivation purposes. 
However, we have observed that receptacle formation 
occurs year-round, albeit in varying and limited quan-
tities, at several F. virsoides sites (unpublished data). The 
underlying cause of this atypical pattern, while poten-
tially linked to temperature shifts, remains unknown 
and is currently being studied.

The variations in the measured temperatures in the 
study area, even when considering the exposure of the 
logger to sunlight and the high measurement frequen-
cy, indicated the frequent emersion/immersion of the 
data logger and the nearby F. virsoides thalli (Fig. 4A), 
especially in spring (Fig. 4B). These extreme variations 
are likely due to a combination of tidal dynamics, 
atmospheric forcing (pressure and wind effects) and 
variable exposure to sunlight (due to geomorpholo-
gy and the terrestrial vegetation canopy). While not 
consistent with the experimental results due to the 
difference in exposure to specific temperatures during 
similar timeframes (low or high water level periods), 
this study provides insight into the instability and 
complexity of the habitat inhabited by F. virsoides, in 
addition to the actual resilience of the species to acute 
and extended thermal shocks during both the natural 
and simulated emersion periods. Moreover, overlaying 
hourly temperature data with actual hourly water level 
measurements (either from a data logger or corrected 

measurements from the nearest mareographic station) 
viewed over short increments could shed more light on 
this complex dynamic.

Direct sunlight as a source of heat for the thalli 
during emersion (indicated by the data logger records) 
warrants further investigation, although some related 
research has been conducted regarding the effects of 
UV radiation on F. virsoides (Hanžek 2014). Field obser-
vations in 2023 and 2024 revealed that the remaining 
F. virsoides patches along the Istrian coast persist in 
shaded areas created by local geomorphology or ter-
restrial plant canopies. Hourly light exposure intensity 
measurements were conducted in tandem with the 
temperature measurements in-situ and, although not 
considered in this study (but see Supplementary Fig. 
S1), could inspire future research. Moreover, further 
study into the complexity of the intertidal zone in the 
northern Adriatic (persistence of F. virsoides notwith-
standing) is planned.

The atmospheric effects on the sea level in the Adri-
atic Sea, especially in enclosed bays and channels, 
should not be ignored (Marcos et al. 2009). These ef-
fects can potentially either exacerbate or mitigate those 
of emersion in intertidal communities, potentially play-
ing a significant role in shaping at least some intertidal 
areas, such as the habitats of fucalean species, as well 
as other communities adapted to the unique northern 
Adriatic conditions. Unfortunately, specific research on 
these regional dynamics is currently lacking.

Notably, the aerial exposure of 6 h during the exper-
iment did not necessarily represent a typical in-situ 
situation, such as when conditions vary dramatically 
over a short period of time because of multiple factors 
(Fig. 4A & B). These include, for instance, changes in 
humidity and desiccation levels and occasional rain-
fall, along with the vertical zonation and growth rates, 
as ascertained in F. spiralis (Schagerl and Möstl 2011). 
Fluctuations in such abiotic factors can imply that 
stressful periods alternate with favourable conditions 
for recovery over different time scales (even randomly) 
than those used in our experiment. Further research is 
needed to specifically assess how F. virsoides responds 
to such high environmental complexity.

Linardić (1949) hypothesised that the reason F. virsoi-
des is the only extant species of its genus in the Medi-
terranean is that high air temperatures during summer 
periods prevent Atlantic species’ range expansion, al-
though temporary occurrences have been documented 
(Sancholle 1988). However, at the time, the author did 
not consider specific tidal dynamics and air exposure 
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periods in relation to day-night cycles as well as season 
cycles because: (1) the tidal ranges, although still in the 
microtidal range, are significantly greater in the Adri-
atic basin (especially the northern part) than in the oth-
er parts of the Mediterranean, (2) emersion during the 
warm period (late spring, summer and early autumn) 
occurs mostly during the night or early morning, when 
the relative air temperature is lower, and (3) emersion 
during colder periods (late autumn, winter and early 
spring) occurs during the day or evening, when the 
relative air temperature is higher and direct sunlight is 
available (data obtained from the “Asterion” webpage 
https://www.asterion.info/) (Hydrographic Institute of 
the Republic of Croatia 2025). Importantly, however, F. 
virsoides can be partially or fully emersed during less 
intense, as well as “quarterly lunar” neap tides, espe-
cially in cases with overlapping atmospheric conditions 
that can exacerbate the reduction in the overall water 
level (Fig. 4).

Understanding canopy structure is crucial when 
studying intertidal canopy-forming species. Like those 
of many congeneric species, the canopy of F. virsoides 
has a layered arrangement, although little is known 
about the role of its different thalli stages within the 
canopy structure (Munda 1972). In healthy canopies, 
upper layers are most exposed to stress due to desic-
cation, whereas lower layers retain moisture more effi-
ciently, sheltering smaller or younger individuals and 
associated taxa. Such observations have been noted by 
Linardić (1949); more densely growing thalli appeared 
in better physical condition (less necrosis) than the 
more isolated patches. Today, however, such structural 
complexity is mostly lost, further reducing the long-
term survivability of F. virsoides.

Shifts in atmospheric conditions and the frequency 
of extreme events (e.g., heatwaves and severe storm 
events) due to climate change or changes in habitat 
quality (e.g., coastal modification and pollution) have 
already been linked to the loss of many fucalean as-
semblages globally (Thibaut et al. 2005, Ling et al. 2015, 
Iveša et al. 2016, Eger et al. 2022). F. virsoides is especial-
ly vulnerable to climate change due to its limited geo-
graphical distribution, as it is essentially “cornered” in 
the northern Adriatic (Boero et al. 2008). Its survival is 
also threatened by ever-expanding tourism infrastruc-
ture on the eastern Adriatic coast, severely altering the 
natural coastal ecosystem and increasing pollution (but 
see Orlando-Bonaca et al. 2013), as well as by the lack of 
meaningful monitoring or conservation strategies for 
the species (Mangialajo et al. 2008, Gianni et al. 2017, 

Orlando-Bonaca et al. 2022).
There is an urgent need to understand how increased 

temperature stress affects fucalean algae, especially 
during earlier stages of development (e.g., recruits 
and juveniles), notably due to the increased efforts in 
the restoration of already lost or degraded fucalean 
assemblages across the Mediterranean (Thibaut et al. 
2015, Cebrian et al. 2021, Bilajac et al. 2024, Lokovšek 
et al. 2024). While mostly concerning Cystoseira sensu 
lato, many of the developed cultivation techniques 
(Cebrian et al. 2021, Orlando-Bonaca et al. 2021, Eger et 
al. 2022, Gljušćić et al. 2023) can be applied to the culti-
vation of other fucalean species, such as Sargassum and 
Fucus species. Wild-growing F. virsoides, on the other 
hand, is considered an obligate intertidal species that 
is closely tied to the tidal dynamics of the area it in-
habits (Linardić 1949). While not necessarily required 
for successful cultivation trials (see Gljušćić et al. 2023), 
it could be worthwhile to perform tidal simulations 
during cultivation, including of temperature shifts be-
tween air and seawater, to ascertain the corresponding 
effects on long-term growth and development of algal 
recruits.

In conclusion, the results of the experiment suggest 
that F. virsoides can be vulnerable to increased air tem-
peratures during warm and dry weather conditions, 
when these conditions coincide with extended periods 
of air exposure. In contrast to the assumptions for the 
conducted experiment, the temperature values, water 
level variations, and their relationships reflect an un-
predictable environment in the study area, with some 
emerging patterns that warrant further research. While 
F. virsoides is still generally resilient to acute stress, the 
increasing temperatures, shifting extremes, instabil-
ities resulting from climate change, atmospheric and 
marine heatwaves, and limited geographical distribu-
tion appear to be pushing the tolerance limits of this 
species.
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Supplementary Table S1. Results of LMM and 
GLMM analysis of response variables (change in wet 
weight, length, and maximum photochemical yield 
[Fv/Fm]) for both phases of the experiment (https://
www.e-algae.org). 

Supplementary Fig. S1. Seasonal occurrence of very 
low water levels (≤10 cm from mareographic zero) in 
Blaz cove (https://www.e-algae.org).

Supplementary Fig. S2. Example of Fucus virsoides 
apex measurement via ImageJ (A) according to 
reference pictures using a yellow line as a marker (B) 
(https://www.e-algae.org).

REFERENCES

Algae Herbarium Portal. 2024. U.S. National Science 
Foundation, Tempe, AZ. Available from: https://macroal-
gae.org/portal/index.php. Accessed Dec 29, 2024.

Bates, D., Mächler, M., Bolker, B. & Walker, S. 2015. Fitting 
linear mixed-effects models using lme4. J. Stat. Softw. 
67:1–48. doi.org/10.18637/jss.v067.i01

Battelli, C. 2013. Structure and dynamic of midlittoral macro-
benthic algal communities of the Slovenian sea. Ph.D. dis-
sertation, University of Ljubljana, Ljubljana, Slovenia, 146 
pp.

Battelli, C. & Alberti, G. 2003. Antonio Zaratin (1846-1923): 
Raccoglitore e preparatore d’alghe dell’Istria e del Quarne-
ro. Atti 33:643–684.

Battelli, C. & Catra, M. 2023. Morphological and reproductive 
phenology of Cystoseira foeniculacea f. tenuiramosa (Phae-
ophyceae, Fucales) from the lagoon of Strunjan (Gulf of 
Trieste, northern Adriatic). Acta Adriat. 64:33–44. doi.
org/10.32582/aa.64.1.9

Bell, E. C. 1993. Photosynthetic response to temperature and 
desiccation of the intertidal alga Mastocarpus papillatus. 
Mar. Biol. 117:337–346. doi.org/10.1007/BF00345679 

Bianchi, C. N. 2007. Biodiversity issues for the forthcoming 
tropical Mediterranean Sea. Hydrobiologia 580:7–21. doi.

org/10.1007/s10750-006-0469-5
Bianchi, C. N. & Morri, C. 2000. Marine biodiversity of the 

Mediterranean Sea: situation, problems and prospects 
for future research. Mar. Pollut. Bull. 40:367–376. doi.
org/10.1016/S0025-326X(00)00027-8

Bidwell, R. G. S. & McLachlan, J. 1985. Carbon nutrition 
of seaweeds: photosynthesis, photorespiration and 
respiration. J. Exp. Mar. Biol. Ecol. 86:15–46. doi.
org/10.1016/0022-0981(85)90040-1

Bilajac, A., Gljušćić, E., Smith, S., Najdek, M. & Iveša, L. 2024. 
Effects of extreme temperatures and recovery potential of 
Gongolaria barbata from a coastal lagoon in the northern 
Adriatic Sea: an ex situ approach. Ann. Bot. 134:415–426. 
doi.org/10.1093/aob/mcae038

Blouin, N. A., Brodie, J. A., Grossman, A. C., Xu, P. & 
Brawley, S. H. 2010. Porphyra: a marine crop shaped 
by stress. Trends Plant Sci. 16:29–37. doi.org/10.1016/
j.tplants.2010.10.004

Boero, F., Féral, J. P., Azzurro, E., et al. 2008. Climate warming 
and related changes in Mediterranean marine biota. In Bri-
and, F. (Ed.) CIESM Workshop Monographs, No. 35. CISEM, 
Monaco, pp. 5–21.

Bolker, B. M., Brooks, M. E., Clark, C. J., et al. 2009. Gener-
alized linear mixed models: a practical guide for ecol-
ogy and evolution. Trends Ecol. Evol. 24:127–135. doi.
org/10.1016/j.tree.2008.10.008

Cebrian, E., Tamburello, L., Verdura, J., et al. 2021. A road-
map for the restoration of Mediterranean macroalgal 
forests. Front. Mar. Sci. 8:709219. doi.org/10.3389/
fmars.2021.709219

Čelig, A. 2010. Mapping of brown alga Fucus virsoides J. 
Agardh along the coast of southern Istria. M.Sc. thesis, 
University of Zagreb, Zagreb, Croatia, 44 pp.

Close, C. 1918. The fluctuations of mean sea-level with special 
reference to those caused by variations in barometric pres-
sure. Geogr. J. 52:51–58. doi.org/10.2307/1779861

Descourvières, E., Bandelj, V., Sfriso, A., et al. 2024a. Toward 
the first documented extinction of a marine macroalga in 
the Mediterranean Sea? Reg. Environ. Change 24:132. doi.
org/10.1007/s10113-024-02297-2

Descourvières, E., Petruzzellis, F., Falace, A., Nardini, A. & 
Tomasella, M. 2024b. Water relations and photosystem 
II efficiency of the intertidal macroalga Fucus virsoides. 
Plant Physiol. Biochem. 215:109000. doi.org/10.1016/j.pla-
phy.2024.109000

Dring, M. J. & Brown, F. A. 1982. Photosynthesis of intertidal 
brown algae during and after periods of emersion: a re-
newed search for physiological causes of zonation. Mar. 
Ecol. Prog. Ser. 8:301–308. doi.org/10.3354/meps008301

Du, G., Li, X., Wang, J., Che, S., Zhong, X. & Mao, Y. 2022. 
Discrepancy in photosynthetic responses of the red alga 
Pyropia yezoensis to dehydration stresses under exposure 
to desiccation, high salinity, and high mannitol concen-
tration. Mar. Life Sci. Technol. 4:10–17. doi.org/10.1007/
s42995-021-00115-w

Eger, A. M., Layton, C., McHugh, T. A., Gleason, M. & Eddy, 
N. 2022. Kelp restoration guidebook: lessons learned from kelp 
projects around the world. The Nature Conservancy, Arling-
ton, VA, 85 pp.



Algae 2025, 40(3): 241-255

254https://doi.org/10.4490/algae.2025.40.7.1

Estes, J. A., Duggins, D. O. & Rathbum, G. B. 1989. The ecolo-
gy of extinctions in kelp forest communities. Conserv. Biol. 
3:252–264. doi.org/10.1111/j.1523-1739.1989.tb00085.x

Flores-Molina, M. R., Thomas, D., Lovazzano, C., et al. 2014. 
Desiccation stress in intertidal seaweeds: effects on 
morphology, antioxidant responses and photosynthetic 
performance. Aquat. Bot. 113:90–99. doi.org/10.1016/
j.aquabot.2013.11.004

Fox, J. & Weisberg, S. 2019. An R companion to applied regres-
sion. 3rd ed. Sage, Thousand Oaks, CA, 608 pp.

Frölicher, T. L., Fischer, E. M. & Gruber, N. 2018. Marine heat-
waves under global warming. Nature 560:360–364. doi.
org/10.1038/s41586-018-0383-9

Gessner, F. & Hammer, L. 1971. Physiological investigations 
on the tolerance of Fucus virsoides (Don) J. Ag. Int. 
Rev. Ges. Hydrobiol. 56:581–597. doi.org/10.1002/
iroh.19710560405

Giaccone, G. & Pignatti, S. 1967. Studi sulla produttività pri-
maria del fitobentos nel Golfo di Trieste. II. La vegetazione 
del Golfo di Trieste. Nova Thal. 3:1–28.

Gianni, F., Bartolini, F., Pey, A., et al. 2017. Threats to large 
brown algal forests in temperate seas: the overlooked 
role of native herbivorous fish. Sci. Rep. 7:6012. doi.
org/10.1038/s41598-017-06394-7

Gljušćić, E. 2016. Distribution and ecology of endemic mac-
roalga Fucus virsoides J. Agardh in the area of Poreč, Fun-
tana and Vrsar. B.Sc. thesis, Juraj Dobrila University, Pula, 
Croatia, 53 pp.

Gljušćić, E., Bilajac, A., Smith, S. M., Najdek, M. & Iveša, L. 
2023. First restoration experiment for endemic Fucus vir-
soides on the western Istrian coast: is it feasible? Plants 
12:1445. doi.org/10.3390/plants12071445

Guiry, M. D. & Guiry, G. M. 2024. AlgaeBase. World-wide 
electronic publication, National University of Ireland, 
Galway. Available from: https://www.algaebase.org. Ac-
cessed Dec 21, 2024.

Hanžek, N. 2014. Fiziološke prilagodbe jadranskog bračića 
(Fucus virsoides J. Agardh) na isušivanje i ultraljubičasto 
zračenje. M.Sc. thesis, University of Zagreb, Zagrab, Croa-
tia, 52 pp.

Harrison, X. A., Donaldson, L., Correa-Cano, M. E., et al. 
2018. A brief introduction to mixed effects modelling 
and multi-model inference in ecology. PeerJ 6:e4794. doi.
org/10.7717/peerj.4794

Hothorn, T., Bretz, F. & Westfall, P. 2008. Simultaneous infer-
ence in general parametric models. Biometr. J. 50:346–363. 
doi.org/10.1002/bimj.200810425

Hydrographic Institute of the Republic of Croatia. 2025. Adri-
atic Sea Portal of operational oceanography. Available 
from: https://adriaticsea.hhi.hr/public-stations/sta-
tion?id=17&designation=RI0. Accessed Jan 25, 2025.

Ippen, A. T. 1966. Estuary and coastline hydrodynamics. Mc-
Graw-Hill, New York, 245 pp.

Iveša, L., Bilajac, A., Gljušćić, E. & Najdek, M. 2022. Gongolaria 
barbata forest in the shallow lagoon on the southern Istrian 
Coast (northern Adriatic Sea). Bot. Mar. 65:255–268. doi.
org/10.1515/bot-2022-0021

Iveša, L., Djakovac, T. & Devescovi, M. 2016. Long-term fluc-
tuations in Cystoseira populations along the west Istrian 

Coast (Croatia) related to eutrophication patterns in the 
northern Adriatic Sea. Mar. Pollut. Bull. 106:162–173. doi.
org/10.1016/j.marpolbul.2016.03.010

Johnson, W. S., Gigon, A., Gulmon, S. L. & Mooney, H. A. 
1974. Comparative photosynthetic capacities of intertidal 
algae under exposed and submerged conditions. Ecology 
55:450–453. doi.org/10.2307/1935235

Kashta, L. 1996. Rreth përhapjes dhe ekologjisë së Fucus vir-
soides J. Agardh në brigjet e Shqipërisë (About the distri-
bution and ecology of Fucus virsoides J Agardh along the 
Albanian coast). Univ. Shkodrës Luigj Gurakuqi Bul. Shk. 
Ser. Shk. Nat. 48:60–65.

Kremer, B. P. & Munda, I. M. 1982. Ecophysiological studies 
of the Adriatic seaweed, Fucus virsoides. Mar. Ecol. 3:75–93. 
doi.org/10.1111/J.1439-0485.1982.TB00106.X

Kučinar, I. 2014. Kartiranje naselja smeđe alge Fucus virsoides J. 
Agardh u priobalju Rovinja (Mapping of brown algae Fu-
cus virsoides J. Agardh in the Rovinj area). B.S. thesis, Juraj 
Dobrila University, Pula, Croatia, 26 pp.

Linardić, J. 1949. Studije o jadranskom fukusu (Fucus virsoides). 
Acta Bot. 12:7–131.

Ling, S. D., Scheibling, R. E., Rassweiler, A., et al. 2015. Global 
regime shift dynamics of catastrophic sea urchin overgraz-
ing. Philos. Trans. R. Soc. B Biol. Sci. 370:20130269. doi.
org/10.1098/rstb.2013.0269

Lipizer, M., Bressan, G., Catalano, G. & Ghirardelli, L. A. 1995. 
Adaptability of Fucus virsoides J.AG. (Fucales, Chromophy-
cophyta) to habitat variations in the Gulf of Trieste, North 
Adriatic Sea. Oebalia 21:51–59.

Lipkin, Y., Beer, S. & Eshel, A. 1993. The ability of Porphy-
ra linearis (Rhodophyta) to tolerate prolonged periods 
of desiccation. Bot. Mar. 36:517–523. doi.org/10.1515/
botm.1993.36.6.517

Lokovšek, A., Pitacco, V., Falace, A., Trkov, D. & Orlan-
do-Bonaca, M. 2024. Too hot to handle: effects of water 
temperature on the early life stages of Gongolaria barba-
ta (Fucales). J. Mar. Sci. Eng. 12:514. doi.org/10.3390/
jmse12030514

Maberly, S. C. & Madsen, T. V. 1990. Contribution of air and 
water to the carbon balance of Fucus spiralis. Mar. Ecol. 
Prog. Ser. 62:175–183. doi.org/10.3354/meps062175

Madsen, T. V. & Maberly, S. C. 1990. A comparison of air and 
water as environments for photosynthesis by the intertidal 
alga Fucus spiralis (Phaeophyta). J. Phycol. 26:24–30. doi.
org/10.1111/j.0022-3646.1990.00024.x

Malačič, V., Viezzoli, D. & Cushman-Roisin, B. 2000. Tidal 
dynamics in the northern Adriatic Sea. J. Geophys. Res. 
Oceans 105:26265–26280. doi.org/10.1029/2000jc900123

Mangialajo, L., Chiantore, M. & Cattaneo-Vietti, R. 2008. Loss 
of fucoid algae along a gradient of urbanisation, and struc-
ture of benthic assemblages. Mar. Ecol. Prog. Ser. 358:63–
74. doi.org/10.3354/meps07400

Marcos, M., Tsimplis, M. N. & Shaw, A. G. P. 2009. Sea level 
extremes in southern Europe. J. Geophys. Res. Oceans 
114:C01007. doi.org/10.1029/2008JC004912

Martone, P. T., Alyono, M. & Stites, S. 2010. Bleaching of an in-
tertidal coralline alga: untangling the effects of light, tem-
perature, and desiccation. Mar. Ecol. Prog. Ser. 416:57–67. 
doi.org/10.3354/meps08782



Gljušćić et al.  Air Temperature Effects on F. virsoides

255 http://e-algae.org

Munda, I. 1973. The production of biomass in the settlements 
of benthic marine algae in the northern Adriatic. Bot. Mar. 
15:218–244. doi.org/10.1515/botm.1972.15.4.218

Munda, I. M. 1972. Seasonal and ecologically conditioned 
variations in the Fucus virsoides association from the Istrian 
coast (Northern Adriatic). Razpr. Diss. 15:1–33.

Munda, I. M. 2000. Long-term marine floristic changes around 
Rovinj (Istrian coast, North Adriatic) estimated on the 
basis of historical data from Paul Kuckuck’s field diaries 
from the end of the 19th century. Nova Hedwigia 71:1–36. 
doi.org/10.1127/nova/71/2000/1

Oates, B. R. & Murray, S. N. 1983. Photosynthesis, dark 
respiration and desiccation resistance of the intertidal 
seaweeds Hesperophycus harveyanus and Pelvetia fastigiata 
f. gracilis. J. Phycol. 19:371–380. doi.org/10.1111/j.0022-
3646.1983.00371.x

Oliver, E. C. J., Benthuysen, J. A., Darmaraki, S., et al. 2021. 
Marine heatwaves. Ann. Rev. Mar. Sci. 13:313–342. doi.
org/10.1146/annurev-marine-032720-095144

Orlando-Bonaca, M., Mannoni, P.-A., Poloniato, D. & Falace, 
A. 2013. Assessment of Fucus virsoides distribution in the 
Gulf of Trieste (Adriatic Sea) and its relation to environ-
mental variables. Bot. Mar. 56:451–459. doi.org/10.1515/
bot-2013-0027

Orlando-Bonaca, M., Pitacco, V., Slavinec, P., Šiško, M., Mak-
ovec, T. & Falace, A. 2021. First restoration experiment for 
Gongolaria barbata in Slovenian coastal waters: what can go 
wrong? Plants 10:239. doi.org/10.3390/plants10020239

Orlando-Bonaca, M., Savonitto, G., Asnaghi, V., et al. 2022. 
Where and how: new insight for brown algal forest res-
toration in the Adriatic. Front. Mar. Sci. 9:988584. doi.
org/10.3389/fmars.2022.988584

Pignatti, S. 1962. Associazioni di alghe marine sulla costa 
veneziana. Mem. Ist. Ven. Sc. Lett. Arti 32:1–134.

Quadir, A., Harrison, P. J. & DeWreede, R. E. 1979. The effects 
of emergence and submergence on the photosynthesis and 
respiration of marine macrophytes. Phycologia 18:83–88. 
doi.org/10.2216/i0031-8884-18-1-83.1

Rasband, W. S. 2024. ImageJ. U. S. National Institutes of 
Health, Bethesda, MD. Available from: https://imagej.
net/ij/. Accessed Jan 25, 2025.

Rey, J., Rohat, G., Perroud, M., Goyette, S. & Kasparian, 
J. 2020. Shifting velocity of temperature extremes un-
der climate change. Environ. Res. Lett. 15:034027. doi.
org/10.1088/1748-9326/ab6c6f

Ribera, M. A., Gomez Garreta, A., Gallardo, T., Cormaci, M., 
Furnari, G. & Giaccone, G. 1992. Check-list of Mediterra-
nean seaweeds. I. Fucophyceae (Warming, 1884). Bot. Mar. 

35:109–130. doi.org/doi:10.1515/botm.1992.35.2.109
Rindi, F. & Battelli, C. 2005. Spatio-temporal variability of in-

tertidal algal assemblages of the Slovenian coast (Gulf of 
Trieste, northern Adriatic Sea). Bot. Mar. 48:96–105. doi.
org/10.1515/BOT.2005.022

Rindi, F., Gavio, B., Díaz-Tapia, P., Di Camillo, C. G. & Ro-
magnoli, T. 2020. Long-term changes in the benthic mac-
roalgal flora of a coastal area affected by urban impacts 
(Conero Riviera, Mediterranean Sea). Biodivers. Conserv. 
29:2275–2295. doi.org/10.1007/s10531-020-01973-z

Sancholle, M. 1988. Presence de Fucus spiralis (Phaeophyceae) 
en Méditeranée occidentale. Cryptogam. Algol. 9:157–161.

Schagerl, M. & Möstl, M. 2011. Drought stress, rain and re-
covery of the intertidal seaweed Fucus spiralis. Mar. Biol. 
158:2471–2479. doi.org/10.1007/s00227-011-1748-x

Schonbeck, M. W. & Norton, T. A. 1980. The effects on intertid-
al fucoid algae of exposure to air under various conditions. 
Bot. Mar. 23:141–148. doi.org/10.1515/botm.1980.23.3.141

Thibaut, T., Blanfuné, A., Boudouresque, C.-F. & Verlaque, M. 
2015. Decline and local extinction of Fucales in the French 
Riviera: the harbinger of future extinctions? Mediterr. 
Mar. Sci. 16:206–224. doi.org/10.12681/mms.1032

Thibaut, T., Pinedo, S., Torras, X. & Ballesteros, E. 2005. Long-
term decline of the populations of Fucales (Cystoseira 
spp. and Sargassum spp.) in the Albères coast (France, 
North-western Mediterranean). Mar. Pollut. Bull. 50:1472–
1489. doi.org/10.1016/j.marpolbul.2005.06.014

Vatova, A. 1928. Compendio della Flora e Fauna del Mare 
Adriatico presso Rovigno. Mem. R. Com. Talassogr. Ital. 
143:1–613.

Vatova, A. 1948. Fenologia delle alghe marine di Rovigno 
(Phenology of marine algae of Rovinj). Nova Thalass. 
1:43–69.

Venables, W. N. & Ripley, B. D. 2002. Modern applied statistics 
with S. 4th ed. Springer, New York, 495 pp.

Vilibić, I., Šepić, J., Pasarić, M. & Orlić, M. 2017. The Adriatic 
Sea: a long-standing laboratory for sea level studies. Pure 
Appl. Geophys. 174:3765–3811. doi.org/10.1007/s00024-
017-1625-8

Wunsch, C. & Stammer, D. 1997. Atmospheric loading and 
the oceanic “Inverted barometer” effect. Rev. Geophys. 
35:79–107. doi.org/10.1029/96RG03037

Zavodnik, D. 1967. Dinamika litoralnega fitala na Zahodnois-
trski obali. Razpr. Diss. 10:7–77.

Zavodnik, N., Iveša, L. & Travizi, A. 2002. Note on recoloni-
sation by fucoid algae Cystoseira spp. and Fucus virsoides 
in the North Adriatic Sea. Acta Adriat. 43:25–32. doi.
org/10.32582/AA.43.1.63


