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In this study, gamete release by Caulerpa cylindracea was investigated for the first
time in the Tyrrhenian Sea (Sardinia, Western Mediterranean), focusing on the main
environmental factors triggering gametogenesis and spawning of the species. For this
purpose, a combination of field and laboratory experiments was conducted. First, a 2-
year mensurative experiment was performed in the field during summer to individuate
and quantify the occurrence of C. cylindracea gametogenesis and spawning events,
linking them to environmental conditions. Then, based on the results of the field work,
a laboratory experiment was performed to directly test, under controlled conditions, the
effect on the above-mentioned processes of two abiotic factors that appeared to play
a key role in species gamete release processes in the area: sea water temperature and
water movement. During the 2 years of field research, several gametogenesis events
were recorded in the study area and two spawning events also occurred. Significant
differences were observed between the ratio of fertile and total thalli and between
releasing thalli (RT) and fertile thalli (FT), among sites with different hydrodynamic
conditions and sampling periods with different sea water temperatures. Overall, these
results suggest that C. cylindracea sexual reproduction also occurs in the Tyrrhenian
Sea, and that, therefore, new genotypes that favor the invasive profile of the species
could be produced in the basin, where both its gametogenesis and spawning seem to
be mainly regulated by water movement and sea water temperature.

Keywords: Tyrrhenian Sea, Caulerpa cylindracea, gametogenesis, spawning, environmental factors, temperature

INTRODUCTION

Over the last decades, an increasing number of studies have considered the patterns of
gametogenesis, sexual reproduction, and fertilization of seaweeds by means of an integrated
biological and ecological approach (e.g., Brawley and Johnson, 1992; Santelices, 2002). Several
experimental and field observations allowed to characterize gametogenesis, gamete release, and
subsequent fertilization of broadcasting species as a tightly synchronized and environmentally
controlled process (Santelices, 2002). Certainly, a remarkable seasonality in different phases
of sexual reproduction (especially gametogenesis and spawning) results from a variety of

Frontiers in Marine Science | www.frontiersin.org 1 December 2021 | Volume 8 | Article 774274

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.774274
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.774274
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.774274&domain=pdf&date_stamp=2021-12-06
https://www.frontiersin.org/articles/10.3389/fmars.2021.774274/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-774274 December 3, 2021 Time: 14:42 # 2

Caronni et al. Gametogenesis and Spawning of Caulerpa cylindracea

environmental factors that satisfy physiological requirements for
reproduction or from the use of environmental cues to coordinate
reproduction (Lüning and Tom Dieck, 1989). However, detailed
information in the literature is still scarce (Holmes and Brodie,
2004). Indeed, studies that simultaneously examine the effects
of several environmental factors on sexual reproduction, in
particular on gametogenesis and spawning, appear to be quite
difficult. Nevertheless, they are necessary to delineate the
conditions that must be simultaneously met for successful sexual
reproduction, especially for alien species (Brawley and Johnson,
1992). Focusing on alien invasive species, knowledge of life cycle
progression transcends pure academic interest (Liu et al., 2017),
as establishing the occurrence of their sexual reproduction events
has important environmental management implications, both for
gametes and zygote dispersal and the potential to generate more
invasive genotypes (Ellstrand and Schierenbeck, 2000, 2006).

The genus Caulerpa (Chlorophyta: Bryopsidales) is a group
of marine green siphonous algae distributed in tropical and
subtropical regions (Meinesz and Boudouresque, 1996; Ratana-
Arporn and Chirapart, 2006), some of which have recently
seriously invaded the Mediterranean Sea (Klein and Verlaque,
2008). The Caulerpa genus includes about 85 species (Guiry and
Guiry, 2020), and it is considered one of the most widespread,
conspicuous, and abundant groups of seaweeds worldwide
(Silva, 2003). Species belonging to this genus are multinucleated
(coenocyte) and colonial, and they have a modular organization.
They are all characterized by the lack of cellulose in their cell
walls (Silva, 1992), and they present great phenotypic plasticity
and morphological variability that arise in several morphological
forms and variants (Belleza and Liao, 2007). In the last few
decades, the genus has attracted considerable research interest,
because Caulerpa taxifolia (Vahl) C. Agardh and Caulerpa
cylindracea Sonder have significantly expanded their range of
distribution in the basin where they are currently considered
as highly invasive (Verlaque et al., 2003; Piazzi et al., 2005;
Klein and Verlaque, 2008). They represent an important threat
to the diversity of benthic coastal ecosystems (Boudouresque
and Verlaque, 2002), interfering with native species (Piazzi
et al., 2001a; Piazzi and Cinelli, 2003) and modifying benthic
assemblages (Argyrou et al., 1999).

Besides vegetative dispersion (Žuljević and Antolić, 2000) that
represents the main dispersal mode for these species (Ceccherelli
and Cinelli, 1999; Ceccherelli and Piazzi, 2001; Ceccherelli et al.,
2002), Panayotidis and Žuljević (2001) suggested that such
widespread and rapid spread is also probably supported by
successful sexual reproduction. Indeed, sexual reproduction is
common in the life cycle of the Caulerpa species, and it has been
documented in populations from both tropical and temperate
waters (Goldstein and Morrall, 1970; Enomoto and Ohba, 1987;
Ohba et al., 1992; Clifton, 1997; Clifton and Clifton, 1999). While
some authors claimed that the thallus found in nature has a
haplodiplobiontic life cycle with heteromorphic alternation of
generations (Goldstein and Morrall, 1970; Kapraun and Nguyen,
1994), other authors suggested that a diploid or haploid life
cycle with only one generation is present (Ishihara et al., 1981;
Ohba et al., 1992; Benzie et al., 2000). Anyway, several articles
describe the thallus as monoecious, producing and releasing

simultaneously both gametes and dying after gamete release (e.g.,
Žuljević and Antolić, 2000).

Several observations on sexual reproduction and gamete
release by the Caulerpa species were reported for Caribbean reefs
(e.g., Clifton, 1997; Clifton and Clifton, 1999), and indicated
that sexual reproduction can also play an important role in
the dynamics of these algae. Nevertheless, very scarce data
on sexual reproduction and gamete release for the Caulerpa
species in the Mediterranean Sea are currently present in
the literature (Varela-Alvarez et al., 2012). In particular, with
regard to two of the most abundant species in the basin,
C. prolifera and C. taxifolia, only male or female gametes were
observed (Meinesz, 1979; Žuljević and Antolić, 2000). Finally,
considering C. cylindracea that is currently the most invasive
Caulerpa species in the Mediterranean, even if there is a general
agreement that C. cylindracea also reproduces sexually (e.g.,
Flagella et al., 2008; Klein and Verlaque, 2008; Katsanevakis
et al., 2010), the entire lifecycle has not been described, and
specific data for the Thyrrenian Sea are not present in the
literature yet. Indeed, only two articles describing gametogenesis
and spawning in the Mediterranean strain of this species are
currently available in the literature. The first referred to the
Adriatic Sea and the observation of only female gametes is
reported (Žuljević et al., 2012). On the contrary, both male
and female gametes were observed as well as planozygotes in
the Aegean Sea, but only for a particular variant of the species
[Caulerpa racemosa var. occidentalis (J. Agardh) Børgesen]
(Panayotidis and Žuljević, 2001).

In this article, gamete release by C. cylindracea in
the Thyrrenian Sea (Sardinia, Western Mediterranean)
was investigated for the first time, focusing on the main
environmental factors triggering the gametogenesis and
spawning of the species. To this purpose, a combination of field
and laboratory experiments was conducted in 2018–2019. First, a
2-year mensurative experiment was performed in the field during
summer to individuate for the first time and, eventually, quantify
the occurrence of C. cylindracea gametogenesis and spawning
events, linking them to environmental conditions. Furthermore,
based on the results of the field work, a complementary
laboratory experiment was performed to directly test, under
controlled conditions, the effect of the abiotic factors that
appeared to play a key role in gamete release processes of the
species in the area.

MATERIALS AND METHODS

Field Experiment: Gametogenesis and
Spawning in Tavolara Punta Coda
Cavallo MPA
Experimental Design
The field mensurative experiment was conducted in Tavolara
Punta Coda Cavallo Marine Protected Area, along the North-
Eastern Sardinian coast, in the summer period of 2018 and
2019. Field observations were carried out by snorkeling in
Cala Bua bay (CB: 40◦52.586′ N; 9◦38.173′ E) and Porto
Taverna bay (PT: 40◦51′55.2′′N, 9◦39′47.6′′E) at a depth of
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about 2 m (Figure 1). Both the study sites are characterized
by big patches of C. cylindracea, overgrowing autochthonous
macroalgae, especially on sandy bottoms, and they have a similar
substratum type (rocks, cobbles, and sand were present) and
assemblage [composed mainly by Acetabularia acetabulum (L.)
Silva, dark filamentous algae (DFA), Laurencia spp., Liagora
spp., and Padina pavonica (L.) Thivy]. In each site, two
different study areas of about 20 m2 were selected where
C. cylindracea was present (mean substratum percent cover:
CB: 21.34%; PT: 19.23%); in particular, a sheltered area (SA)
and an exposed area (EA) were considered in each site
(Figure 2), considering the main winds blowing in the area in
the summer months.

During 15 randomly selected days from the beginning
of July until the end of September, when the maximum

development of C. cylindracea occurs (Klein and Verlaque,
2009), its populations were sampled in the study sites. A first
survey was conducted in the afternoon to detect the presence
of eventual fertile thalli (FT), and to estimate their abundance
(refer to Section “Laboratory Experiment: Gametogenesis and
Spawning Under Controlled Conditions” for sampling methods).
FT (Figure 3) were detected observing fronds in detail, in order
to individuate the changes in thallus appearance that usually
accompany gamete formation, according to Panayotidis and
Žuljević (2001) and Žuljević et al. (2012). If present, FT, easily
detected because of depigmentation of blades, were marked
(refer to Figure 3C) with a large (to not damage them) rubber
band, in order to check them in case of possible gamete
release the following morning, basing on the protocol described
by Žuljević and Antolić (2000) for C. taxifolia. Considering

FIGURE 1 | Map of Tavolara Punta Coda Cavallo MPA with the detailed position of the two considered study sites.
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FIGURE 2 | Schematic representation of the sampling design for the two performed experiments. Sites: CB: Cala Bua; PT: Porto Taverna. Water motion: NH: no
water motion; LH: low water motion; HH: high water motion. Temperatures: LT: lower temperature (18◦C); ET: equal temperature (24◦C); HG: higher temperature
(30◦C).

that gamete release by the Caulerpa species usually occurs
15 min before sunrise (Clifton and Clifton, 1999; Žuljević
et al., 2012), morning observations started about 30 min before
the sunrise. As the morphological changes interesting the
thallus and the branchlets during sexual reproduction can be
visible at most 2 days prior of gamete release, if no release
was observed the first morning, a new survey was repeated
the following day. During each morning survey, releasing
thalli (RT), detectable because of the presence of a green
cloud around the plant, were visually counted, and the main

environmental parameters were also measured according to
the methods described below that were the same used for the
laboratory experiment, in order to obtain uniform data (refer to
section “Laboratory Experiment: Gametogenesis and Spawning
Under Controlled Conditions” for the sampling methods).
According to Agrawal (2012) and Liu et al. (2017), the main
environmental factors triggering gametogenesis and spawning in
algae were considered: water motion, seawater temperature, light
availability (in terms of irradiance), salinity, and nutrients (N and
P concentration).
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FIGURE 3 | (A–C) Fertile depigmented thalli with papillae in aquaria (A,B) and directly in the field (C). (C,D) A particular colored branchlet is presented in (A), while
several discharge tubes are visible in (B,D), the observed gametes with and without flagella.

Sampling Methods
Environmental Parameters
All data regarding the environmental factors were tri-replicated.

Seawater Temperature and Salinity. Data were collected using a
multiparametric probe (Hanna Instruments HI991300).

Irradiance. Irradiance was estimated in terms of
photosynthetically active radiation (PAR) by means of an
underwater PAR meter (Apogee MQ-210).

N and P Concentration. Water samples (125 ml) in each site
were randomly taken at approximately 50 cm from C. cylindracea
patches. After collection, the water samples were shaken, filtered
(0.45-mm mesh size filter), and frozen, as suggested by Balata
et al. (2010). Then, in the laboratory, the concentrations of total
inorganic N and P were estimated by oxidation with potassium
peroxodisulphate according to the most recent method described
by Cozzi et al. (2010). The same method was used also to estimate
the concentration of N and P in the aquaria.

Hydrodynamics. Water movement was estimated by measuring
the rate of dissolution of initially dried (60◦C, 24 h) and weighed
gypsum balls (diameter 3 cm) prepared following Gambi et al.
(1989) and mounted on stainless steel sticks. The balls were

exposed to dissolution for 24 h. After recovery, the gypsum balls
were rinsed lightly with fresh water to remove salts, dried at 60◦C
for 24 h, and weighed. The dissolution (weight loss) of each ball
was converted to an estimate of flux (cms−1) according to the
following function obtained by Bailey-Brock (1979):

Flux = 3.65(Me/Mc− 1)

where Me is the weight loss of each gypsum ball during field
exposure, and Mc is the weight loss of the calibration balls (left
in still seawater).

Water motion estimation in the aquaria was conducted before
inserting algae, using the same method.

Thalli Abundance
Within each study area, 10 quadrats of 15 cm× 15 cm were placed
in random positions on the substratum, and thallus abundance
was considered in each. To obtain comparable data, quadrats with
less than five thalli were excluded before sampling, and thalli with
a length < of 5 cm and/or with less than five branches were not
considered. In each quadrat, the total number of thalli (TT) and
the number of eventual FT and RT were counted (Engelen et al.,
2005). For each sampling day, data obtained from the 10 quadrats
of each area were pooled together, and the mean value was used;
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in this way, five replicates for each of the three sampling months
were, on the whole, considered for each area.

Laboratory Experiment: Gametogenesis
and Spawning Under Controlled
Conditions
Sampling Design and Experimental Setup
Caulerpa cylindracea sterile thalli were collected along the coasts
of Tavolara Punta Coda Cavallo Marine Protected Area, in
Porto Taverna bay (40◦51′55.2′′N, 9◦39′47.6′′E) (Figure 1) in
the late summer of 2019 (approximately 15–20 days before
spawning events were observed in 2018). During collection,
the main environmental parameters (seawater temperature,
salinity, hydrodynamic stress, light availability, and N and P
concentrations) were measured according to the same sampling
methods used in the field in order to obtain homogeneous
data (refer to Section “Field Experiment: Gametogenesis and
Spawning in Tavolara Punta Coda Cavallo MPA” for the sampling
methods). They all resulted in accordance with those described in
the literature for the summer period in NW Mediterranean (Reñé
et al., 2011; Caronni et al., 2014, 2016).

About 230 thalli (around 1 mm in diameter and 7 cm in
length with at least five blades) were collected from widely
separated areas at about 12 m depth. A mid-collection depth was
chosen, because in the mid-depth range (5−15 m) C. cylindracea
usually finds particularly favorable growth conditions (De Biasi
et al., 1999). Moreover, such a collection depth avoided thallus
exposition to significant fluctuations of the main environmental
parameters characterizing shallow waters (Sarà et al., 1999) that
could influence their survival and acclimation to laboratory
conditions. After collection, the thalli were maintained in
seawater and immediately transported to the laboratory. Once in
the laboratory, the thalli were kept in small 20 L aerated aquaria
with subsand filters. Artificial seawater was used, and a thin layer
(1 cm) of fine sand (1 mm) was prepared as the substratum
for algae settlement. All the aquaria were initially maintained
in a growth chamber for 3 weeks, simulating the environmental
conditions observed in the field. Water temperature was set at
24◦C, and salinity and N and P concentrations were adjusted
to 33 psu and 0.7 and 0.9 µM, respectively. The sea water was
enriched with Provasoli’s solution (Provasoli et al., 1968), as
suggested by Sudatti et al. (2011). The thalli were exposed to cool-
white fluorescent light with an irradiance of 100 µmol photons
m−2s−1 and a 15-h:9-h light-dark cycle for an acclimation period
of 3 weeks (Phillips, 2009). During this period, the C. cylindracea
thalli remained healthy in the aquaria and did not show relevant
acclimation problems (the health status of the algae was evaluated
considering both the color intensity of the blades and the
presence of injuries and damaged portions, according to Bennett
et al., 2015).

The thalli were then exposed to different temperature
and hydrodynamic conditions (the two parameters that show
differences among sites during the field mensurative experiment)
in an environmental test chamber for 45 days. According to
Phillips (2009), indeed, this period of time is sufficient to
observe, if environmental conditions are favorable, a significant

number of reproductive episodes for Caulerpa species. In
particular, six different combinations of treatments (including
one simulating the values recorded on the occasion of the
spawning events observed in natural conditions) were tested
according to a fully orthogonal experimental design. Three
replicates for each combination of treatments were considered
(three different aquaria for each), and 12 different thalli with at
least five branches were transferred in each of the experimental
aquaria. In particular, three different temperatures [LT: lower
than the mean summer Sardinian one (18◦C) vs. ET: equal to
the mean summer Sardinian one (24◦C) vs. HT: higher than
the mean summer Sardinian one (30◦C)], and three different
hydrodynamic conditions [NH: no water motion (0 cm s−1) vs.
LH: low water motion (∼5 cm s−1) vs. HH: high water motion
(∼13 cm s−1)] (Figure 2). Chamber temperature was set in
order to obtain desired seawater temperatures in the aquaria,
avoiding overheating. The different hydrodynamic conditions
were, instead, obtained directly in the aquaria by means of
adjustable aquarium stirring pumps. The other parameters
(irradiance, nutrient concentration, salinity, and photoperiod)
were maintained stable (refer to Section “Laboratory Experiment:
Gametogenesis and Spawning Under Controlled Conditions” for
the sampling methods).

At the beginning of the experiment, according to Phillips
(2009), the thalli were examined daily to immediately detect
fertile ones. When they showed signs of gamete formation
processes (considering the morphological changes described
for the species and, in particular, depigmentation and papillae
development (Panayotidis and Žuljević, 2001; Žuljević et al.,
2012), they were counted and separated into 1-L beakers with the
aim of obtaining gamete samples for microscopic observation.
For practical reasons, in the afternoon before gamete release,
according to Phillips (2009), the FT were placed in total darkness
to postpone gamete release for about 2–3 h. The number of RT
was then determined.

Sampling Methods
Gamete Abundance
During release under controlled conditions, 20 separate
suspensions of gametes were collected with a micropipette (50 µl
each) near each release cloud and pipetted on a microscope
graduated slide for microscope observation (×40 and ×100
magnification was used). In this way, estimation of the
abundance and size of gametes produced during each event was
possible (the abundances obtained in the 20 suspensions were
pooled together to obtain a reliable value for each event). In
particular, the length and width of at least 30 gametes obtained
from each separate suspension event were measured. Data
regarding the abundance and the size of gametes relative to all
the events that occurred in each aquarium were pooled together,
and the means were considered, in order to obtain three replicate
size and abundance values for each combination of treatments.

Response Variables and Data Analysis
The ratio between the number of FT and the total TT
was considered as the main response variable to evaluate
gametogenesis during both experiments. Moreover, for the
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second experiment, the ratio between the number of RT and that
of fertile ones (FT) was also considered as the response variable.
Finally, three additional response variables were also taken into
account for each treatment in the second experiment: the total
number of spawning events, the abundance of released gametes,
and their size (length and width).

The data were analyzed by means of univariate statistical
analyses using the software GMAV5 (Underwood et al., 2002).

A four-way ANOVA was performed with the data collected
during the first experiment. The considered factors were: year
(two random levels: 2018 vs. 2019), site (two fix levels: CB vs.
PT), zone (two fix levels: LH vs. HH), and month (three fix levels:
July vs. August vs. September). Moreover, further, six four-way
ANOVAs were performed to analyze data regarding each of the
considered environmental parameters.

With regard to the second experiment, instead, five two-way
ANOVAs (considered variables: FT/TT and RT/FT ratios, gamete
abundance, length, and width) were performed considering as
fixed factors water motion (three levels: NH vs. LH vs. HH) and
temperature (three levels: LT vs. ET vs. HT).

Shapiro–Wilk and Cochran’s tests were performed prior to
each ANOVA to test for normality and homogeneity of variances.
The Student–Newman–Keuls (SNK) test was performed for a
posteriori comparison of the means in case of significant ANOVA
results (Underwood, 1997).

Finally, Pearson correlation was used to test the
relationship between gametogenesis events and environmental

conditions for the first experiment (only temperature and
water motion).

RESULTS

Experiment 1: Gametogenesis and
Spawning in Tavolara Punta Coda
Cavallo MPA
Environmental Conditions
Some significant differences were found among the six
environmental parameters (Figure 4 and Supplementary
Materials (Tables 1A,B). Figure 4 shows the mean values
recorded for each environmental variable in each area of the
two sites. While there were no differences among sites, years,
areas, and months for salinity, irradiance, and total N and P
concentrations, significant differences were observed among
areas and months for both sea water temperature and water
motion. With regard to seawater temperature, higher values were
recorded in the sheltered areas when compared with the exposed
ones (SA: 25.3◦C and EA: 24.1◦C). However, the most relevant
temperature differences were recorded among the sampling
months. Indeed, mean values appeared to be significantly higher
in July and in the first part of August (25.1◦C), while they were
lower in the second part of August and in September (24.3◦C)
(Figure 4 and Supplementary Tables 1A,B). On the contrary,

FIGURE 4 | Mean (±ES) value for each of the considered environmental factors (seawater temperature, salinity, water motion, light availability, and N and P
concentrations) for each of the two areas in the two study sites, during each of the three periods considered for each study year.
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TABLE 1 | (A) Results of the ANOVA on data regarding the fertile thalli (FT)/total
number of thalli (TT) ratio in relation to the considered factors: Site (Si): CB vs PT;
Year (Ye): 2018 vs. 2019; Area (Ar): sheltered vs. exposed; Period (Pe): July vs.
August vs. September.

A

ANOVA

DF F P

Site (Si) 1 2.71 0.1029

Year (Ye) 1 0 0.972

Area (Ar) 1 30.12 0.0000

Period (Pe) 2 15.15 0.0000

SixYe 1 0.03 0.8582

SixAr 1 2.37 0.1267

SixPe 2 1.32 0.2726

YexAr 1 2.19 0.1418

YexPe 2 0.67 0.5123

ArxPe 2 8.47 0.0004

SixYexAr 1 0.02 0.8968

SixYexPe 2 0.05 0.9493

SixArxPe 2 0.94 0.3928

YexArxPe 2 0.97 0.3835

SixYexArxPe 2 0.16 0.8558

RES 96

TOT 119

Cochran test: 0.1630 (NotSignificant)

B

SNK test a posteriori (ArxPe)

Period

Area Period

Sheltered July < August < September

Exposed July = August = September

Period Area

July Exposed < Sheltered

August Exposed < Sheltered

September Exposed < Sheltered

Significant P-values are given in bold. B: Results of the posteriori comparisons
[Student–Newman–Keuls (SNK test)] for the interaction ArxPe.

with regard to water motion, the main differences were observed
between the two areas of each site, as in the sheltered areas
the mean values appeared to be significantly lower than in the
exposed ones (SA: 5.58 cm s−1 vs. EA: 10.69 cm s−1).

Fertile and Releasing Thalli
During the 15 sampling days of each of the 2 years of field
research, about 600 gametogenesis events were, on the whole,
recorded in the two study sites (at least one fertile thallus was
observed during 82 of the 120 observations performed during
the study) and during about 35% of the observations, half of
the thalli present in the considered quadrats appeared to be
fertile. Nevertheless, only two spawning events were observed

throughout the whole study period (one event for each year)
in Cala Bua (CB).

The FT appeared as depigmented protoplasmic masses, easily
distinguishable from colored, not fertile ones; papillae and
discharge tubes were well developed on the frond axes and the
top of the stolon, and the upper part of the branchlets was
orange-brown (Figures 3A–C).

Significant differences in their ratio (FT/TT) were observed
between the exposed and sheltered areas and among the sampling
months, while no differences were recorded among the sites
and years (Figure 4, Table 1, and Supplementary Table 1). In
Figure 5, the mean FT/TT ratio is presented for each study area
and site in each period of the 2 years. In particular, in both sites,
the FT/TT ratio was significantly higher in the sheltered areas
(21%) than in the exposed ones (7.98 %). Moreover, for both
years, such a ratio assumed a significantly higher value in the
second part of August and in September (21%) (Figure 5 and
Tables 1A,B).

Also, the two spawning events that were detected thanks to
the occurrence of the typical cloud, occurred in Cala Bua in
September; each lasted about 9−10 min, starting 14 and 13 min
before sunrise– respectively. Despite, both the spawning events
were observed in quadrats in which some other FT were also
present (FT/TT ratio: 55.12 and 23.16%, respectively, in the
quadrat containing the first and second releasing thallus), the
releasing thallus was distinctly identified, as the gamete cloud
were localized only around the interested branchlets.

Finally, a negative correlation between the abundance of
FT (in terms of FT/TT ratio) and water motion was found
(R2 = –0.71, p < 0.05, n = 120) (Figure 6A). With regard to
temperature, only a slightly negative correlation was, instead,
observed (R2 = –0.59, p < 0.05, n = 120) (Figure 6B).

Experiment 2: Gametogenesis and
Spawning Under Controlled Conditions
Fertile and Releasing Thalli
Several gametogenesis and spawning events were observed under
controlled conditions with significant differences in relation to
treatments. Figure 7 shows the mean FT/TT ratio for each
water motion and temperature combination. In particular, higher
ratios were observed at 24◦C (67.59%) while lower values were
recorded both at lower (18◦C: 47.22%) and highest temperatures
(30◦C: 17.59%). Moreover, significantly higher FT/TT ratios were
found in the aquaria with no water movement (63.89%), and
they remarkably decreased in the aquaria with low (41.67%)
and, in particular, high water motion (29.17%) (Figure 7A and
Tables 2A,B).

Gamete Abundance and Size
During the spawning events, several gametes were observed.
The gametes were discharged within gametangia thanks to
papillae in a stream of mucilaginous material spurting from
different discharge tubes starting from the colored branchlets
(Figures 3A–C). Gametangia are membrane-bound spherical
structures that contain several gametes that, once released, form
a green cloud that disperses within 10–20 min, depending
on hydrodynamic conditions. In the aquaria with no water
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FIGURE 5 | Mean (±ES) ratio between the number of fertile thalli and the total number of thalli (FT/TT %) in the two areas of the two study sites during each of the
three periods considered for each study year. Spawning events are indicated with ∗.

movement, the dispersion time was of about 15− 17 min, while
both with the low and high water motions it ranged between 10
and 12 min. After the end of the releasing event, the parental
branchlets appeared white and suddenly died; the empty thalli
usually disintegrated within about 1 day (24−36 h).

Despite the spawning events, overall, no zygotes were
observed during the study.

All the gametes had a length that ranged from 5.5 to 6.1 µm,
while their width ranged from 1.9 to 2.5 µm (Figure 3D).
Moreover, no eyespot was observed in the analyzed gametes
while some of them (about 15% of the analyzed ones) had two
visible flagella (Figure 3D). No differences in the size of gametes
were recorded in relation to treatments (Figures 8A,B). On the
contrary, gametes were more abundant in the aquaria with low or
null water motion and with a temperature of 24◦C (NH: 104 cells
ml−1; LH: 103 cells ml−1) (Figure 9 and Tables 3A,B).

DISCUSSION

This study presents the first report of gametogenesis and
spawning by C. cylindracea in the Thyrrenian Sea and provides

useful information on the environmental factors triggering such
processes. First of all, several gametogenesis events were observed
in Tavolara Punta Coda Cavallo MPA during the period of the
study, and two gamete release events also occurred, even if no
zygotes were observed, as described in few previous studies on
the species (Panayotidis and Žuljević, 2001; Žuljević et al., 2012).

Despite both the observed morphology of FT and the general
pattern of gametogenesis of C. cylindracea appearing to be quite
similar to that of other conspecific species (e.g., Miyake and
Kunieda, 1937; Clifton, 1997; Phillips, 2009), some relevant
differences also emerged.

With regard to timing, in Tavolara Punta Coda Cavallo MPA,
the spawning events appeared to be shorter (10 min) than those
described by Miyake and Kunieda (1937) (1 h), while their
duration was quite similar to those reported by both Panayotidis
and Žuljević (2001) and Žuljević et al. (2012) for other parts of
the Mediterranean basin (5−10 min). These results suggest that
the duration of spawning events can be quite variable, as already
observed for other algae (Pearson and Serrao, 2006).

Moreover, according to Clifton (1997), generally, algae with
external fertilization, like Bryopsidales, are characterized by a
highly synchronized reproductive pattern, with tens to thousands
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FIGURE 6 | Relationship among FT/TT ratio, (A) water motion, and (B) sea water temperature (B) on the pooled data (n = 120). R values are provided in the text.

of conspecific algal thalli (at least 3.5% of the population)
becoming simultaneously fertile in the same small area overnight
and several spawning events occurring together. Analyzing the
data obtained during the field experiment, a different situation
was instead recorded. The mean percentage of simultaneously
observed FT in the 300 cm2 considered in each site exceed 50%
(max. 63.64%) during only 6 of the 120 observations and, in most
cases, only one or two FT were, on the whole, counted, with
less than 1% of the population fertile. Moreover, only two single
spawning events were overall observed. A quite different situation
was, instead, observed under controlled conditions, where in
some cases FT/TT ratio exceeded 90% and RT/FT ratio exceeded
100%. The lower rates of both FT and releasing events observed
during the field study, in comparison to both the laboratory
ones and those recorded by Clifton (1997) for reef environments,
can be explained considering that the observations of Clifton
(1997) referred to the tropical waters of which C. cylindracea is
native and not to the Mediterranean, where the environmental

conditions are certainly different and so, presumably, different
cues act (tidal, photoperiod, lunar phases, etc.). According to
Pearson et al. (1998), indeed, environmental cues should be taken
into account among the most important triggers playing a key
role in coordinating gametogenesis. Considering that the most
energy-consuming phase of sexual reproduction is gametogenesis
(Shinkawa et al., 2019), it is plausible to suppose that gamete
production and release happen when the conditions are favorable
in order not to waste energy.

According to Brawley and Johnson (1992), in particular,
synchronicity can act by interfering with both gametogenesis
and spawning in different ways, ensuring that mature gametes
are available for synchronous release when favorable conditions
occur (Pearson et al., 2004). On the contrary, Yund (2000)
observed that, under non-ideal conditions, environmental cues
usually do not act, with the consequence that no synchronous
release will occur; in this case, only few FT and spawns
are recorded. Therefore, despite the remarkable capability of
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FIGURE 7 | Mean (±ES) ratio between the number of FT and the total number of thalli (FT/TT%) (A) and between the number of releasing thalli (RT) and that of fertile
ones (RT/FT %) (B) in the aquaria with different temperature and water motion treatments.

C. cylindracea to adapt in response to the main ecological
factors (Verlaque et al., 2000), it can be assumed that the quite
low number of fertile and RT observed during the field study
is due to the loss of cues regulating and coordinating sexual
reproductive events.

The data from both the field and controlled condition
experiments revealed remarkable differences in fertile and
RT rates in relation to the environmental factors. These
results suggest that also for C. cylindracea, gametogenesis and
spawning are strictly related to environmental conditions, as
already observed for several quite similar species (Clifton,
1997), and that successful reproduction usually depends on a
delicate juxtaposition of different conditions (Santelices, 2002).
Environmental factors directly operate to complete algal lifecycles
(growth, reproduction, spore germination, and again growth)
(Agrawal, 2012) and gametogenesis, and the other phases of
sexual reproduction, which appeared to occur only when the
main environmental factors (temperature, salinity, photoperiod,

main nutrients, etc.) satisfy the physiological requirements for
reproduction (Lüning and Tom Dieck, 1989).

Although during observations several environmental factors
were considered as determinants for gamete production and
release, no differences were observed for light and nutrient
availability, as well as for salinity among the study areas and
sampling periods. On the contrary, some interesting results were
overall obtained considering seawater temperature and water
motion. In particular, significant differences in FT/TT ratio were
recorded among areas and periods with different hydrodynamics
and seawater temperatures, respectively; furthermore, for the
former, a clear negative correlation with the ratio of FT was
highlighted from the analysis of data obtained under controlled
conditions both for FT/TT and RT/FT. These results are in
accordance with those of other studies that demonstrated the
importance of water motion and temperature in triggering
gametogenesis and spawning for other similar species (Giese and
Kanatani, 1987; Clifton and Clifton, 1999), and they suggest that
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TABLE 2 | (A) Results of the ANOVAs on data regarding the FT/TT and the
releasing thalli (RT)/FT ratios for each treatment: Temperature (T): 18 vs. 24 vs.
30◦C and Water motion (W): no water motion (NH) vs. low water motion (LH) vs.
high water motion (HH).

A

ANOVA

Fertile Thalli Ratio Releasing Thalli Ratio

DF F P F P

Temperature (T) 2 157.96 0.0000 58.88 0.0000

Water motion (W) 2 86.84 0.0000 286.13 0.0000

TxW 4 0.18 0.9466 21 0.0000

RES 18

TOT 26

Cochran test: 0.2143 (NotSignificant) 0.1250 (NotSignificant)

B

SNK test a posteriori fertile
thalli ratio

SNK test a posteriori releasing thalli
ratio (TxW)

Temperature

Temperature Water motion Temperature

30◦C < 18◦C < 24◦C NH 30◦C < 18◦C < 24◦C

LH 30◦C < 18◦C < 24◦C

HH 30◦C = 24◦C = 18◦C

Water motion Temperature Water motion

HH < LH < NH 18◦C HH < LH < NH

24◦C HH < LH < NH

30◦C HH < LH = NH

S.E. = 2.0005 S.E. = 0.3143

Significant P-values are given in bold. B: Results of the posteriori comparisons
(SNK test) for the factors temperature and water motion and the interaction (TxW),
respectively, referred to FT/TT and RT/FT.

such factors must be considered when investigating C. cylindracea
sexual reproduction.

With regard to temperature, in the field, a significantly higher
FT/TT ratio was observed in the second part of August and
in September, when the mean seawater temperature was about
24◦C, while in the first half of summer, when the temperature was
higher, a lower number of FT were observed. Furthermore, the
results of the laboratory experiment highlighted a similar trend,
as the FT/TT ratio was significantly higher in the aquaria with a
temperature of 24◦C, while remarkably lower ratios were, instead,
observed at both 18 and 30◦C. These results are in accordance
with those of other studies on macro and microalgae (e.g., Henry,
1988; Dieck, 1992; Kalita and Tytlianov, 2003; Agrawal, 2012),
and they suggest that C. cylindracea must be included in the list of
green algae characterized by a very narrow range of temperatures
favorable for sexual reproduction. For most algae, indeed, the
temperature range that allows for reproduction is considerably
limited compared to that for vegetative growth, and they may
reproduce asexually or sexually at different, also quite small,
temperature ranges (League and Greulach, 1955).

Anyway, considering the few data available in the literature
for the species, some differences can be noticed. A slightly
higher gametogenesis temperature was, indeed, described both
by Panayotidis and Žuljević (2001), with FT primarily observed
at 26◦C, and Žuljević et al. (2012) with a peak of FT recorded
at 25◦C, even if they asserted that on the whole C. racemosa in
the Adriatic Sea becomes fertile when the seawater temperature
is between 20 and 25◦C.

Some quite interesting information can also be obtained by
analyzing the correlation between FT/TT and RT/FT ratios and
water motion, which resulted negative. Higher ratios, indeed,
were observed in the aquaria where no water motion occurred.
A similar pattern was also observed in the field, where the
FT/TT ratio appeared to be related to a stimulating effect
of calm condition for gametogenesis. These results suggest
that a stimulatory effect of calm conditions seems to exist
for gametogenesis and not only for gamete release, as already
observed for other species of Bropsydales (Brawley et al., 1999;
Speransky et al., 2000). According to Pearson et al. (1998),
C. cylindracea seems to be among the algae that have the ability to
perceive water motion via boundary layer bicarbonate levels and
photosynthetic metabolism (Pearson and Brawley, 1996, 1998),
and to consider it as a signal coordinating the different phases of
its sexual reproduction.

Stressing the remarkable direct effects of wave forces affecting
intertidal organisms, Denny (1995) asserted that they primarily
included damage and, especially, displacement of unattached
parts that usually occur for gametes floating in water more than
adult individuals attached to the substratum. The hypothesis
of gamete displacement and dilution is also confirmed by the
significantly lower abundance of gametes in the water near the
discharge tubes observed in aquaria with high water motion.
Even if, in all the aquaria, gamete abundances appeared to be
quite similar to those observed by Goldstein and Morrall (1970),
for several species of the Caulerpa genus, significantly higher
abundances were observed under no water motion conditions,
especially when a temperature of 24◦C were simulated.

From the obtained data, the effect of temperature is evident
only in the optimal condition of water motion, thus allowing
us to suppose that water motion is the main factor in
C. cylindracea gametogenesis and spawning (as also confirmed
by the differences in the Pearson correlation coefficient).
Temperature, instead, seems to have, especially in some cases
(e.g., 30◦C when water motion is remarkable) a secondary
additive effect. Actually, for some other seaweeds, gamete release
is strictly restricted to calm intervals (Serrão et al., 1996), thereby
preventing the gamete dilution predicted to occur by turbulent
flow and water exchange (Pennington, 1985; Denny and Shibata,
1989; Levitan et al., 1992). Indeed, gamete production only under
low water motion conditions represents an extremely valuable
adaptation for an organism inhabiting the intertidal zone, as it
allows to finalize gamete release, reducing dispersion. In this
way, a large number of gametes appear to be available for
gamete collision and fertilization, enhancing the probability of
zygote formation.

These results also provide some interesting insights into the
relationship between C. cylindracea diffusion and the climate
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FIGURE 8 | Mean (±ES) length (A) and width (B) of the observed gametes in the aquaria with different temperature and water motion treatments.

FIGURE 9 | Mean (±ES) abundance of the observed gametes in the aquaria with different temperature and water motion treatments.

changes that are interesting in the Mediterranean Sea (e.g., Adloff
et al., 2015; Marbà et al., 2015). This basin is considered a
miniature ocean highly affected by climate changes (Lejeusne
et al., 2010). Furthermore, climatic models predict that this
basin will be one of the regions that will experience the main

effects of both the global warming trend and of an increase in
extreme events significantly altering currents and water motion
in it. Considering that the two main factors playing a key role
in the gametogenesis and spawning of C. cylindracea appear to
be precisely sea water temperature and motion, for which the
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TABLE 3 | (A) Results of the ANOVA on data regarding the abundance, length, and width of gametes in relation to treatments: Temperature (T): 18 vs. 24 vs. 30◦C;
Water motion (W): no water motion (NH) vs. low water motion (LH) vs. high water motion (HH).

A

ANOVA

Gamete Abundance Gamete Lenght Gamete Width

DF F P F P F P

Temperature (T) 2 156.6900 0.0000 4.01 0.0563 2.8600 0.0837

Water motion (W) 2 336.2900 0.0000 1.21 0.3210 0.3700 0.6969

TxW 4 5.4000 0.0049 0.34 0.8444 0.2900 0.8810

RES 18

TOT 26

Cochran test: 0.3483 (NotSignificant) 0.2111 (NotSignificant) 0.3289 (NotSignificant)

B

SNK test a posteriori gamete abundance (TxW)

Temperature

Water motion Temperature

NH 30◦C < 18◦C < 24◦C

LH 18◦C < 30◦C < 24◦C

HH 30◦C = 18◦C < 24◦C

Temperature Water motion

18◦C HH < LH = NH

24◦C HH < LH < NH

30◦C HH < LH = NH

S.E. = 2.0964

Significant P-values are given in bold. B: Results of the posteriori comparisons (SNK test) for the interaction (TxW) referred to gamete abundance.

species seems to have a narrow range of tolerance, it is plausible
to hypothesize that ongoing climate changes can significantly
reduce the chances of successful reproduction of the species
in the basin. In case of not optimal environmental conditions,
indeed, reproducing asexually could be more advantageous, as
recently observed for other species (Endo et al., 2021). Therefore,
a situation of increased water motion and temperature similar
to one of those simulated during the laboratory experiment,
especially in summer, when the vegetative growth of the species
reaches its maximum (Piazzi et al., 2001b), will lead to a reduction
in the number of FT and, consequently, in the probability of
spawning events to occur.

A further observation that a favorable combination of several
interacting factors must occur for FT production and gamete
release (Serrao et al., 1999; Santelices, 2002) is represented by
significantly lower FT/TT ratio that was observed during field
observations when compared with both of those obtained under
controlled conditions. Indeed, these data suggest that in the
field, other factors presumably not acting in the aquaria played
a role in such processes, as already observed for the Caulerpa
genus during other studies (Phillips, 2009; Žuljević et al.,
2012). Considering the other factors triggering gametogenesis
and spawning for algae (e.g., extracellular organic substances,
pollution, pH of the medium, osmotic stress, etc., according

to Agrawal, 2012), an active role of pheromones and other
inhibiting extracellular substances can be supposed for the above-
mentioned processes. Pheromones are particularly important
for the chemical communication between individuals preceding
the sexual reproduction of algae (Maier, 1993). While such
substances can be easily diluted in the water under natural
conditions, at least when thallus abundance is not particularly
high, their efficiency in aquaria is expected to be higher. Indeed,
in the aquaria, gametogenesis and release can also be enhanced by
the absence of extracellular organic substances produced by other
algae that could have an inhibitory effect on the reproduction of
the considered species, as observed by Wichard and Oertel (2010)
and Lüning et al. (2000) for other seaweeds.

Finally, also considering the peculiar morphological features
of the observed gametes, some interesting considerations can be
made. All the gametes observed during the study had the same
length (5.5 to 6.1 µm) and width (1. to 2.5 µm) and lacked the
eyespot (Figure 3D). These results are in accordance with that
of Goldstein and Morrall (1970) and to Žuljević et al. (2012)
that observed that anisogamous gametes for the species with
female and male differ for the size and the presence/absence of
the eyespot. Therefore, all the observed gametes presumably were
males while no female ones were observed, contrary to what
was described by Žuljević et al. (2012) for the Adriatic Sea, who
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observed only larger female gametes with the eyespot. A quite
similar result was instead obtained by Phillips (2009) for the
congeneric species C. taxifolia, for which, even if a few female
gametes were observed, a markedly male sex ratio was noticed.
These results suggest that gender expression in Tavolara Punta
Coda Cavallo MPA populations of C. cylindracea has deviated
from the 1:1 male:female allocation, expected when sex is wholly
genetically determined, as already observed for C. prolifera,
for which either only male (Meinesz, 1979) or female gametes
(Dostal, 1929) were described. Even if sex ratios in macroalgal
species have been poorly studied (Holmes and Brodie, 2004),
and the causal factors responsible for biased sex ratios are still
almost unknown, these results can be explained by considering
that Caulerpa populations can be composed of many male plants,
few bisexual plants, and no female ones.

In conclusion, the obtained data suggest that C. cylindracea
sexual reproduction occurs in the Thyrrenian Sea and that it
should be taken into account when focusing on the invasion
dynamics of the species. Moreover, as the gametogenesis and
spawning of C. cylindracea are mainly regulated by water
motion and temperature, such factors must be considered for
the management of the species, considering that, as sexual
reproduction occurs, new more invasive genotypes for the species
could be produced in the Mediterranean, even if the ongoing
climate changes must also be considered in the reproduction and
diffusion dynamics of the species.
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