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ABSTRACT: Our knowledge of the response of phytoplankton to climate change is restricted by the
lack of phytoplankton long-term studies, especially those reporting species data. To circumvent this
problem, we combined recent data from sampling at monitoring sites with old bibliographic data. The
study was conducted on the genus Ceratium (planktonic dinoflagellates) in the NW Mediterranean,
as numerous studies have been conducted in the area since the beginning of the 20th century. In addition, species of this highly diverse genus are known to be particularly sensitive to water temperature, and should thus be responsive to global warming. The temporal distribution of Ceratium species
over the last century showed a progressive disappearance from the surface layer of likely stenothermic species, which may have moved to deeper layers in response to water warming, along with a decrease of species richness during the annual cycle. Seasonal and phenological aspects of Ceratium
assemblages were also affected, as illustrated by the earlier timing in the minimum of richness. A
change in the overall species assemblage also occurred from past to present in the Ligurian Sea, suggesting a warming in this area consistent with the development in surface water temperatures. Our
results suggest that Ceratium species may constitute good biological indicators of warming in the NW
Mediterranean Sea. In addition, the present study showed the importance of time-series data and the
value of historical literature as the basis for ecological studies of long-term trends needed to substantiate our current understanding of the impact of global change on marine biodiversity.
KEY WORDS: Ceratium · Phytoplankton · Climate change · Long-term series · Mediterranean ·
Biodiversity · Biological indicator · Historical ecology
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INTRODUCTION
Global climate change, as a new forcing process on
Earth, has been debated for a long time. It is now
largely recognized by scientists as well as by policy
makers and the public. While numerous studies addressing this topic increase our understanding of the
potential impacts of climate change on the marine environment, forecasting future scenarios remains difficult
due to the complexity of the interactions that link atmospheric and oceanic compartments (Murphy et al.
2004). The Mediterranean Sea offers a good model for
studies in this field, because it can be considered as a

miniature world ocean (Béthoux et al. 1999, Duarte et
al. 1999, Krijgsman 2002). This semi-enclosed sea is
largely oligotrophic, with warm and relatively salty, nutrient-poor waters (Duarte et al. 1999). An interesting
aspect of the Mediterranean Sea is the coexistence of
peculiar deep ocean processes, like the dense water
formation observed in winter in the western basin
(Béthoux & Gentili 1999), and typical coastal features,
such as the marked anthropogenic pressure favouring
eutrophication (Duarte et al. 1999). In the Mediterranean Sea, trends in increasing water temperatures
and salinity have been observed for several decades
(Béthoux et al. 1990, Rohling & Bryden 1992, Béthoux &
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Gentili 1996, Johnson 1997, Marbà & Duarte 1997), although periodic patterns such as the 22 to 25 yr period
of solar activity may overlay the monotonic trends and
mask them (Duarte et al. 1999). Nutrient concentrations, particularly phosphate and nitrogen, have also
increased from the early 1960s, probably due to increasing atmospheric and terrestrial inputs, while concentration in silicate has remained relatively constant
(Béthoux et al. 2002).
Using different approaches, a number of studies
have provided information on the temporal distribution
of Mediterranean Sea phytoplankton (Duarte et al.
1999, Goffart et al. 2002, Marty et al. 2002, Gómez &
Gorsky 2003, Bosc et al. 2004, Ribera d’Alcalà et al.
2004). Some of these studies show changes in phytoplankton in the NW Mediterranean in relation to climatic forcing. Pigment analysis over a decade revealed
a positive trend in phytoplankton biomass in response
to the lengthening of the summer stratification, accompanied by an increase of small-sized phytoplankton
(picoplankton and nanoflagellates) able to support regenerated production and a decline of diatoms, which
are responsible for new production (Marty et al. 2002).
Other studies based on nutrient, chlorophyll a and
pigment measurements also suggest that warming
favours picoplankton and flagellates, thus promoting
a shift toward a non-siliceous, regenerative system
(Béthoux et al. 2002, Goffart et al. 2002). Finally, from
remote sensing data, it appears that in recent years the
spring bloom has occurred earlier, perhaps in relation
with earlier water warming and higher irradiance,
whereas the autumn bloom tended to disappear as a
possible consequence of a lengthening of the stratification period (Bosc et al. 2004).
Very few studies so far have addressed the impact of
environmental and climatic forcing on phytoplankton
biodiversity, despite its acknowledged importance in
biogeochemical cycles and its role in shaping the
trophic web up to the highest levels (Duffy & Stachowicz 2006). Indeed, such studies are constrained by various problems. For example, it is difficult to know
phytoplankton diversity at a given location, even just
for selected groups of organisms, because species richness and abundance, and hence the estimated biodiversity, are strongly dependent on sampling method
and sampling effort (Tunin-Ley et al. 2007). Another
point is the scarcity of phytoplankton long-term series,
which are essential for the assessment of temporal
variations and their relationship with global change.
Considering these challenges, we chose to focus on an
armoured dinoflagellate genus, Ceratium Schrank, as
a biological model to examine potential effects of
global change on phytoplankton biodiversity. This cosmopolitan genus includes about 80 species (Sournia
1986), is found from polar to tropical areas and has

been the focus of numerous studies and monographs
since the end of the 19th century (e.g. Gourret 1883,
Jørgensen 1911, 1920, Trégouboff & Rose 1957a, b,
Halim 1960, Sournia 1967, Dodge 1982, Steidinger &
Tangen 1997), with limited and generally traceable
taxonomic changes over time. An advantage offered
by this genus is that identification to species level is
more feasible than for other phytoplanktonic groups,
where it can be limited by the small size of the organisms or may require the use of electron microscopy
and molecular tools. Moreover, Ceratium species are
known to be sensitive to temperature in terms of biogeography (Dodge & Marshall 1994), seasonality and
morphology (Sournia 1967), and have hence been proposed as biological indicators of water masses (Dodge
1993, Okolodkov 1996, Ochoa & Gómez 1997, Sanchez
et al. 2000, Raine et al. 2002), current regimes
(Dowidar 1973) and climate change (Dodge & Marshall
1994, Johns et al. 2003). In the northwestern Mediterranean Sea, the genus is species-rich and often dominates the armoured dinoflagellates in terms of abundance (Tunin-Ley et al. 2007). In historical terms,
Ceratium in the Mediterranean is described by an
abundant literature due to the early establishment of
several marine stations in the area that greatly
favoured plankton studies. These old studies provide
timely descriptions of Ceratium species and, although
sampling and methods were sometimes less precise
than in current studies, they represent an interesting
source of information when using an appropriate
method of analysis.
Here, historical observations on Ceratium species
were added to more recent data in order to build a
dataset representing the 20th century from beginning
to end, thus circumventing the scarcity of phytoplankton-focused long-term series. Using the genus Ceratium as a biological model, we asked if there was a
change in Ceratium species composition over the last
century in the NW Mediterranean Sea and, secondarily, if there was a link between changes in Ceratium
species composition and temperature over time.

MATERIALS AND METHODS
Acquisition of historical Ceratium data. The choice of
studies that contained Ceratium data was constrained by
3 factors: sampling method, sampling duration, and sampling location. The datasets based on bottle sampling
were eliminated, since the study of Ceratium species
richness requires the analysis of large volumes of water
that is only possible by net sampling. To allow consideration of the species phenology, we retained only the
studies related to observations over annual cycles. As we
already had data related to Ceratium phenology from
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Villefranche Bay in France (Tunin-Ley et al. 2007), we focused the present study on data from 2 sites in the Ligurian Sea, in Monaco (Monaco) and Genoa (Italy). Data
from the West Ligurian Sea were not considered because
the Rhone river inputs, which are conveyed westward by
the Ligurian-Provencal current (Gómez & Gorsky 2003),
make this area a more nutrient-rich environment compared to the eastern Ligurian and Tyrrhenian Seas,
which range from oligotrophic to mesotrophic throughout the annual cycle (Bianchi et al. 1999). The oldest
studies from the Ligurian Sea reported the monthly presence of Ceratium species, among other microphytoplankton species, from January 1907 to February 1914
during the Eider cruises conducted in the vicinity of
Monaco (Pavillard 1934, 1936, 1937a, 1937b). Three vertical hauls (210 to 140 m, 140 to 70 m, 70 to 0 m) with a
Nansen net (mesh size was not mentioned) were performed monthly at Stns I, II, and III, located at 2485 m,
6300 m and 13 500 m distance from the Museum of
Oceanography of Monaco on a southeast oriented transect. On the same dates, a horizontal surface tow lasting
35 min was carried out using a narrow net (mesh size
was not mentioned) and surface water temperature was
measured. Data from 1907 were discarded because they
were too few. To allow for comparison with other sites,
for which the maximal depth never reached 80 m, only
the 0 to 70 m data were retained. As Stns I and II were
quite close to each other, the vertical sampling data were
pooled. In another study on the annual phytoplankton
and Ceratium cycle in Genoa Bay in 1915, sampling and
temperature measurements were performed monthly
3 km offshore Quarto dei Mille, Italy (Forti 1922). The
sampling depth was not specified.
In the Tyrrhenian Sea, a lot of phytoplankton-focused
studies were conducted mainly in the Naples area.
Temporal distribution of surface phytoplankton was
studied between April 1929 and March 1931 in Naples
Bay, 2 km offshore the city (Issel 1934) by analysing
15 min horizontal hauls carried out monthly with a
medium Apstein net at 3 to 4 m depth. Unfortunately,
water temperature data were not collected in this
study. Finally, we used surface data gathered during 4
cruises from February 1969 to February 1970 in the
Low Tyrrhenian basin (Stns 5 to 17 in Magazzù &
Andreoli 1971).
Acquisition of current Ceratium data. Samples were
collected over 3 annual cycles in the Villefranche Bay
(Ligurian Sea) at the ‘Point B’ long-term monitoring
site (43° 41.10’ N, 7° 19.00’ E), which is located at the
mouth of the bay (86 m in depth). From December 2001
to December 2003, a monthly 0 to 80 m sampling in
double oblique angle was performed with a homemade conical phytoplankton net (53 µm mesh size,
54 cm diameter, 280 cm length). In 2005, a 0 to 80 m
bimonthly vertical sampling was performed with the
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same net. The filtered volume was obtained in 2001 to
2003 with a TSK mechanical flowmeter (TsurumiSeiki) and in 2005 from a simple calculation (filtered
volume = diameter of plankton net × depth). Species
were identified to the infraspecific level using a light
microscope (Alphaphot 2-YS2, Nikon Instruments) and
the nomenclature proposed by Sournia (1967) was applied. The counting effort per sample was completed
when a plateau in species richness was obtained. Surface water temperature was measured with a CTD
during each sampling.
The long-term study site MareChiara (MC) has been
monitored bimonthly to weekly since 1984 (Ribera
d’Alcalà et al. 2004) in the Gulf of Naples, Tyrrhenian
Sea, 2 miles from the coastline over a depth of 0 to 80 m
(40° 48.5’ N, 14° 15’ E). Net sampling has been regularly carried out using a phytoplankton net (20 cm
diameter, 20 or 40 µm mesh-size), towed slowly for
10 to 15 min in surface waters. We analyzed 4 annual
cycles, using the same counting protocols as those
specified above, but identifying Ceratium species to
the species level. Monthly horizontal surface samples
were analysed from the years 1984, 1988 and 2002. In
2005, bimonthly surface samples were counted for the
entire year, and 0 to 40 m vertical tows from June to
December. Surface water temperatures were recorded
for each observation with a reversed thermometer in
1984 and 1988 and with a CTD in 2002 and 2005. The
geographical location of the different sampling sites is
shown in Fig. 1.

Fig. 1. Location in the northwestern Mediterranean Sea and
sampling years for the 6 sites of the studies mentioned
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Construction of the dataset. The different nature of
the studies we included, often just reporting the occurrence of Ceratium species in the case of older studies,
required the transformation of data from all sites into a
homogeneous presence/absence dataset. Information
on infraspecific taxa was omitted since only a few studies provided these details. Additionally, we updated
the names of the species and harmonised them using a
single reference nomenclature following Sournia
(1967), as this is the most detailed and clear description
of Ceratium species so far available. The characteristics of the final dataset are summarised in Table 1.
Data analysis. Only the 20 species common to all
sites were used for statistical analysis. Data from surface horizontal sampling were analysed separately
from those from vertical sampling. In order to highlight the main patterns of long-term distribution of
Ceratium species, a multiple correspondence analysis
(MCA) was applied. The analysis describes the total
inertia of a multidimensional set of data in a sample of
fewer dimensions (or axes) that is the best summary of
the information contained in the data. The method is
based on the same principle as the correspondence
analysis (CA) (Benzecri 1973), but it is applied to
disjunctive tables and uses a chi-squared metric
(Legendre & Legendre 2000), therefore being particularly suitable for binary datasets. Each species is represented by 2 columns, coding for its presence and
absence, respectively. The position of a sample in the
multivariate space is defined using all 20 Ceratium
species. Proximity among samples reflects similar species occurrence in those samples. Illustrative variables
that do not contribute to the construction of the factorial space can then be projected on the reduced space
in order to determine an ecological explanation for
the axes. For example, it is possible to code supplementary illustrative variables like months, years or

sampling sites. These composite variables correspond
to the mean position in the multivariate space of all
samples that validate the variable modality.
To assess the potential effect of seawater temperature on species distribution, we plotted seasonally
detrended temperature data in the factorial space of
the stations. To this end, a second MCA was performed removing data from the Naples 1929 to 1931
and the Low Tyrrhenian 1969 to 1970 studies, for
which temperature data were not available. The sea
surface temperature (SST) values were interpolated
with the spline cubic method, using the coordinates of
the stations of the second MCA analysis that corresponded to the same dates, thus obtaining a scaled
area of SST within the space of the MCA (data not
shown). Temperature residuals were then obtained
for each data point by subtracting the monthly temperature average for that site from the SST value corresponding to that data point. The residuals thus
obtained were interpolated as above and represented
in the space of the MCA.

RESULTS
The entire dataset from all studies included information on a total of 46 Ceratium species (Table 2), 20 of
which were common to all sites. Four species were
found at only one site, of which 3 (Ceratium longipes,
C. porrectum and C. schröteri ) were limited to Villefranche waters and one (C. lineatum) to the recent
dataset from Naples. The total number of Ceratium
species per site ranged from 27 to 44 (Table 2). The
maximum richness was measured in the recent Villefranche Bay samples, while the lowest was observed in
the Low Tyrrhenian Sea in 1969 to 1970. The total
number of species was overall higher at Ligurian sites,

Table 1. Data type and sources
Site

Marine
area

Sampling
period

Sampling
method

Sampled
depth

Water
temperatures

No.
observations

No.
annual
cycles

Source

Monaco

Ligurian

1908–1914

Horizontal &
vertical

Surface or
0–70 m

Yes

211

5
(+ 2 mo)

Pavillard (1934,
1936, 1937a,b)

Genoa

Ligurian

1915

Horizontal

No information

Yes

12

1

Forti (1922)

Naples old

Tyrrhenian

1929–1931

Horizontal

3–4 m

No

24

2

Issel (1934)

Low
Tyrrhenian

Tyrrhenian

1969–1970

Horizontal

Surface

No

11

1

Magazzù &
Andreoli (1971)

Naples
recent

Tyrrhenian

1984, 1988,
2002, 2005

Horizontal &
vertical

Surface or
0–40 m

Yes

70

4
(+ 7 mo)

Present study

Ligurian

2001–2003,
2005

Vertical

0–80 m

Yes

50

3
(+1 mo)

Present study

Villefranche

X
X
X

falu

–

fusu

–

X

X

X
X
X

X

X

X

X

X

X
X
X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

fali

X

X
X

X

–

X

exte

X
X

X

X

X

X
X

–
–

X

X

X

horr

X

–

X

X

X

X
X
X

X

decl

X

X

X
X

X
X
X

X

–

X

X
X

X
X
X
X

gibb
–
hexa

X

–

X
X

X

X

X

X
X

carr
conc

X
X
X
X

–

X
X
X
X

Monaco
(1908–1914)
W Sp Su A

arie
–
–
cand

MCA
coding (species
name abbreviation)

C. arietinum Cleve
C. azoricum Cleve
C. belone Cleve
C. candelabrum
(Ehrenberg) Stein
C. carriense Gourret
C. concilians
Jørgensen
C. contortum
(Gourret) Cleve
C. contrarium
(Gourret) Pavillard
C. declinatum
(Karsten) Jørgensen
C. deflexum
(Kofoid) Jørgensen
C. digitatum Schutt
C. euarcuatum
Jørgensen
C. extensum
(Gourret) Cleve
C. falcatiforme
Jørgensen
C. falcatum
(Kofoid) Jørgensen
C. furca (Ehrenberg)
Clarapède & Lachmann
C. fusus (Ehrenberg)
Dujardin
C. geniculatum
(Lemmermann) Cleve
C. gibberum Gourret
C. gravidum Gourret
C. hexacanthum
Gourret
C. horridum (Cleve)
Gran
C. inflatum (Kofoid)
Jørgensen
C. kofoidii
Jørgensen

Species

X

X
X
X

X

X

X

X

X

X

X
X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X
X

X

X

X

X

X

X

X

X
X

X

X

Ligurian Sea
Genoa
(1915)
W Sp Su A

X

X

X
X
X

X

X

X

X

X

X
X

X

X

X

X
X

X
X
X
X

X

X
X
X

X

X

X

X

X

X

X

X

X

X
X

X

X
X

X

X

X
X
X

X

X

X

X

X

X

X

X

X
X

X
X
X
X

X

X

X

X
X
X

X

X

X

X

X

X

X
X

X

X

X

X
X

X
X
X
X

Villefranche
(2001–2003, 2005)
W Sp Su A

X

X

X
X
X

X

X

X

X

X
X

X

X

X

X

X
X
X
X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X
X
X
X

Naples old
(1929–1931)
W Sp Su A

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X
X

X

X

X

X

X

X

X
X

X

X

Tyrrhenian Sea
Low Tyrrhenian
(1969–1970)
W Sp Su A

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X
X

X
X
X
X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X
X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X
X
X

X

X

X

X

X

X

X

X

X

X
X

X

X
X

Naples recent
(1984,88, 2002,05)
W Sp Su A

Table 2. Ceratium species presence/absence (X) recorded in our samples and the literature. Seasonal presence and total number of species are reported for each study.
W: winter; Sp: spring; Su: summer; A: autumn; –: not included in multiple correspondence analysis, MCA (not common to all sites)
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No. of species

46

39

32

X

trip

–

X
X
X

X
X
X

X
X

X

X

X
X

X

X

X

X

X

X

X

X

X

tere
tric

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X
X

X
X

X

symm

X

X

X

X

X

X

X

–

X

X

X

X

X

X

–
–

X

X

X

X

–
–

X

X

X

X

X

X

pent

X

X

X
X

X

X

X

X
X

X

X

–
–

X

X

X

X

X

–

X

X

X

X

X

mass

X

X

macr

X

X

X

X

X

X

–

X

X

X

X

X

–

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X
X

X

X

X

X

X

X

X

44

X

X
X

X

X

X

X

X

X
X

X

X

X

X

X

X

X
X

X

X

X
X

X

X

X
X

X

X

X

X

X

X

Villefranche
(2001–2003, 2005)
W Sp Su A

–

X

Ligurian Sea
Genoa
(1915)
W Sp Su A

X

X

Monaco
(1908–1914)
W Sp Su A

–

limu
–

MCA
coding (species
name abbreviation)

C. limulus Gourret
C. lineatum (Ehren–
berg) Cleve
C. longipes (Bailey)
Gran
C. longirostrum
Gourret
C. longissimum
(Schröder) Kofoid
C. lunula (Schimper
ex Karsten) Jørgensen
C. macroceros (Ehren–
berg) Vanhöffen
C. massiliense
(Gourret) Jørgensen
C. minutum
Jørgensen
C. paradoxides Cleve
C. pavillardii
Jørgensen
C. pentagonum
Gourret
C. platycorne Daday
C. porrectum
(Karsten) Jørgensen
C. ranipes Cleve
C. schroeteri
Schröder
C. setaceum
Jørgensen
C. symmetricum
Pavillard
C. teres Kofoid
C. trichoceros
(Ehrenberg) Kofoid
C. tripos (Müller)
Nitzsch
C. vultur Cleve

Species

Table 2. Continued

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

31

X

X
X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

Naples old
(1929–1931)
W Sp Su A

X

X
X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

27

X

X

X
X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

Tyrrhenian Sea
Low Tyrrhenian
(1969–1970)
W Sp Su A

X

X
X

X

X

X

X
X

X

X

X

X

X

X
X

X

X
X

X

X

X

X

X

X

X

X
X

38

X

X
X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X
X

X

X

X

X

X
X

Naples recent
(1984,88, 2002,05)
W Sp Su A

90
Mar Ecol Prog Ser 375: 85–99, 2009

Tunin-Ley et al.: Long-term changes in Ceratium

but no clear geographical or temporal trend could be
distinguished. The monthly averaged species richness
showed different annual patterns among sites (Fig. 2),
with periods of maxima and minima, except for the
Genoa study and the recent vertical samples from
Naples. For most studies, the maximum richness corresponded to the winter period and ranged from 20 to 30
species. The only dataset with both horizontal and vertical hauls, i.e. Monaco, showed higher species richness in the former than in the latter. Species richness,
particularly its minimum value, generally decreased in
horizontal surface sample data from the literature compared to the present. In contrast, the overall richness in
vertical samples was higher in recent data from the
Ligurian Sea, although this observation is only based
on 2 studies (Monaco and Villefranche). The minimum
richness was similar between the 2 studies, but it was
found in spring instead of summer in the recent Villefranche dataset.
The MCA also highlighted spatial and temporal variability in the monthly species composition of the genus
Ceratium (Fig. 3). Different ecological meanings could
be attributed to the first 2 most explanatory axes,
which carried 23.6 and 10.2% of the total inertia,
respectively. Axis 1 was characterized by the absence
of the 20 common species on its positive part and the
presence of the same species on its negative part. This
opposition is induced by the method, which builds a
disjunctive table resulting in 2 modalities per species:
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absence and presence. A marked opposition on Axis 2
between the Ligurian Sea (on the negative part) and
the Tyrrhenian Sea (on the positive part) highlighted a
difference in the annual composition in Ceratium species between sampling locations. The datasets from
Monaco and Genoa obviously had negative coordinates on Axis 2, whereas those from Naples and the
Low Tyrrhenian basin were close to the Tyrrhenian
Sea dot. Interestingly, the Villefranche study exhibited
an intermediate position between the Ligurian and the
Tyrrhenian dots, with a positive coordinate on Axis 2,
suggesting that the species composition in Villefranche
was more similar to that characteristic of Tyrrhenian
waters. The last important result of this analysis was
the repetitive seasonal cycle demonstrated for Ceratium species composition, independent of location.
This was shown by the opposition on the 2 axes
between warm (May to September) and cold (November to March) months, with April and October apparently constituting transition periods. The coordinates
of the species presence on Axis 2 defined species
groups according to location (Fig. 4); species exhibiting the highest positive coordinates (C. trichoceros, C.
teres, C. falcatum and C. extensum) could be considered as more characteristic of the Tyrrhenian Sea and
species with extreme negative coordinates (C. carriense, C. gibberum, C. hexacanthum and C. symmetricum) as associated with Ligurian waters. Species presenting coordinates close to zero (C. tripos, C. furca, C.
concilians and C. declinatum) were
observed equally at the different sites.
Temperature residuals were represented in the plane of the MCA performed on datasets for which SST were
available (Fig. 5), where the 2 first axes
explained most of the total inertia (22.3
and 11.9% surface water observations,
27.6 and 9.21% MCA on vertical hauls).
The surface water observations from the
oldest study in Monaco (Fig. 5a) were
mostly located on the negative part of
Axis 2 and were opposed to the recent
observations from Naples, which had
positive coordinates on this axis. The old
observations from the study in Genoa had
intermediate coordinates. A similar opposition on Axis 2 between old observations
in Monaco and recent ones in Villefranche and in Naples was apparent in
the vertical sampling data (Fig. 5b).
These oppositions, which reflected a difference in the annual Ceratium species
Fig. 2. Monthly average species richness per site throughout the annual cycle.
composition, were related to seasonally
(a) Horizontal surface sampling, (b) vertical sampling. When 2 annual cycles
detrended water temperatures but not to
were available, both were plotted; when 3 or more annual cycles were
water temperature (data not shown).
available, error bars representing monthly SD were plotted
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Fig. 3. Results of the MCA applied to the complete dataset.
( ): species presence, ( ): species absence. Monthly means,
study sites and marine areas have been added as illustrative
variables (green triangles)

Fig. 4. Coordinates on Axis 2 (from the global dataset MCA) of
Ceratium species presence

Indeed, the old observations from the Monaco study
corresponded with relatively colder water temperatures for vertical as well as for surface horizontal sampling. In contrast, the recent observations from Villefranche and Naples were associated with relatively
warmer temperatures (positive residuals), regardless
of the sampling method. C. carriense, C. candelabrum
and C. hexacanthum presented extreme negative coordinates on Axis 2 for horizontal surface sampling and
extreme positive coordinates on Axis 2 for vertical
sampling (Fig. 6), hence appearing more closely related to old samples and cold waters. C. arietinum, C.
falcatum, C. teres and C. trichoceros had extreme positive coordinates on Axis 2 for horizontal surface sampling and extreme negative coordinates on Axis 2 for
vertical sampling (Fig. 6) and were thus associated
with recent samples and warmer waters.
The annual occurrence of Ceratium species at the
different sites and relationships with the monthly averaged SST (Fig. 7) showed differences in phenology
among species and sites, as well as with temporal
changes in temperature. The averaged annual cycle of
SST showed a longer warm season in the recent studies compared to the old ones. Warming of the surface
waters in Monaco at the beginning of the 20th century
began in May, whereas it started in mid-April in the
more recent studies. The end of the warm period
showed an even stronger delay over time. In the recent
studies, SST exceeded 16°C in December, whereas it
was below 16°C in the oldest studies. The peak of heat
(above 22°C) also lasted longer (old studies: 2 mo;
recent studies: 3.5 mo), was stronger (maximum from
about 24°C to 25–26°C) and occurred earlier (July to
August instead of August to September). As for the
phenology, some species had a similar annual occurrence at all sites, which did not really change over the
time. Among these, 2 species (C. furca and C. tripos)
were perennial and some others (C. fusus, C. massiliense and C. pentagonum) were almost perennial,
since they were absent only for a couple of months.
Most species exhibited neither perennial nor seasonal
occurrence. Species such as C. horridum, C. symmetricum and C. teres were completely or partially absent
from surface waters during the warm period, but were
often encountered in deeper waters, although vertical
samples generally included less species. The seasonal
pattern of some species varied among the sites. In
Monaco, C. arietinum, C. horridum, C. macroceros, C.
pentagonum, C. symmetricum, C. teres and C. trichoceros were less frequently present or completely absent from surface waters during the warm season,
whereas all except C. teres were completely absent
from the vertical samples. In Genoa, only C. declinatum and C. symmetricum disappeared during the
warm season. By contrast, C. arietinum was restricted
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Fig. 5. Relationship between stations and interpolated surface water temperature residuals. Station coordinates result from the
second MCA applied to data with available water temperatures. (a) Horizontal surface sampling, (b) vertical sampling

Fig. 6. Coordinates on Axis 2 (from the second MCA) of species presence. (a) Horizontal surface sampling, (b) vertical sampling

to the warm period. In the old study conducted in
Naples, many species were not found during summer
and/or late spring. The study conducted in the Low
Tyrrhenian Sea differed from the others because no
species were strictly absent during summer, yet some

were absent from mid-winter to spring and others
were present during various seasons. In recent surface
samples from Naples, C. arietinum, C. horridum, C.
limulus, C. symmetricum and C. teres were not
encountered during the warm period. In vertical sam-
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Fig. 7. Relative monthly presence of Ceratium species throughout the annual cycle for each site, (d) dot size is proportional to the
relative monthly presence in each month. (s): Only one annual cycle was available. Mean monthly surface water temperatures
have been added when available

ples from Naples, the incomplete annual cycle did not
allow conclusions regarding any thermal preference of
the species. Finally, in vertical samples from Villefranche, none of the species displayed a clear seasonal
preference, except C. teres, although it was scarcely
observed throughout the 3 annual cycles. A change
was observed in the phenology of 4 species (C. carriense, C. gibberum, C. hexacanthum and C. limulus),
which were rather perennial in the old studies but
became less present in the recent surface samples and
were frequently undetected alltogether.

DISCUSSION
In spite of the constraining aspects of our long-term
dataset (data scattered over time, different sampling
depths, lack of quantitative data, few hydrological
data), we found some trends that may be related to
warming. The annual composition of the Ceratium
community in terms of species occurrence and species
associations has changed with time and may be a response to local warming. Indeed, the species composition in Villefranche seems to have shifted towards that

Tunin-Ley et al.: Long-term changes in Ceratium

found in Tyrrhenian waters, which suggests warmer
conditions in the Ligurian Sea, given that the Tyrrhenian waters are generally warmer than in Villefranche.
Changes observed in Ceratium species were more subtle than expected. A common response to climatic
warming is the appearance, and potentially subsequent
increase, of non-indigenous species of warmer affinities, resulting from an expansion of their distribution
range. Such phenomena have indeed been described
for several terrestrial (Parmesan et al. 1999, van Herk et
al. 2002, Parmesan & Yohe 2003) and marine (Francour
et al. 1994, Nehring 1998, Walther 2000) ecosystems.
Interestingly, we found that the Ceratium species that
recently appeared in Villefranche Bay (C. longipes, C.
porrectum and C. schröteri) are considered cold-temperate species (Sournia 1967, Dodge & Marshall 1994,
Steidinger and Tangen 1997) and were encountered in
winter. They may have naturally arrived via the Strait
of Gibraltar or have been introduced by ships’ ballast
water. Indeed, dinoflagellates, mostly cysts but also
vegetative cells, can survive in seawater ballast and are
able to colonize new sites in this way (Hallegraeff &
Bolch 1991, 1992, Lavoie et al. 1999). Rather than by
water temperatures, which remain quite homogenous
during the winter period in the northwestern Mediterranean, these cold-water species were probably
favoured by other factors such as nutrient availability.
Indeed, in the northwestern Mediterranean, an increase in concentrations of nitrates and phosphates in
deeper layers has been observed since the 1960s, corresponding to the intensification of anthropogenic activities (Béthoux et al. 1992). The few species which are
characteristic of warm waters, such as C. geniculatum,
C. lunula or C. vultur (Sournia 1967), did not display
any trend of increasing occurrence and were scarcely
observed both in the older study and in recent samples.
Interestingly, the main change observed was the disappearance over time of several species during a sensu
lato summer period from historical observations to recent ones. From a global outlook, it seemed that Ceratium species were responsive to warming in terms of
thermal tolerance rather than thermal preference.
Thus, the maximum temperature threshold would affect distribution of Ceratium species in the Mediterranean Sea in the same way as the lower limit of the
temperature range dictates the northern boundaries of
other species in cold-temperate waters (Dodge & Marshall 1994). In our case, the lower proportion of species
disappearing during the warm period in vertical observations suggested that stenothermal species likely
would find more suitable conditions in the colder waters under the thermocline. This assumption was supported by the decrease of annual species richness from
past to present in surface observations while it tended
to increase in vertical ones.
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Determining how an increase in average temperature may affect the annual specific composition in the
genus Ceratium obviously is not a simple affair, especially when considering only presence/absence data.
Besides the direct impact of temperature on physiology, climate change may affect species distribution
indirectly through changes of the hydrographical or
trophic conditions, with consequences that in some
cases may become manifest after some years due to
biological and hydrographical resilience. In the central
North Sea C. furca, like other potentially harmful
dinoflagellate species, has become more abundant
over the last 4 decades and its distribution has moved
northward since the 1990s while the area experienced
a warm period since the end of the 1980s (Edwards et
al. 2006). In Villefranche Bay, C. furca exhibits a peak
of abundance during spring that often corresponds to
its dominance over other Ceratium species (Halim
1960, Gómez & Gorsky 2003, Tunin-Ley et al. 2007). A
recent study has demonstrated that the dominance of
C. furca during spring was associated with an important bloom of salps in the bay, likely responsible for the
drastic drop-off in other Ceratium species (Tunin-Ley
et al. 2007). The mechanisms that allow C. furca to
avoid predation by salps are unknown, but they may
be related to specific abilities for mixotrophy that
would allow this species to live in deeper waters where
light is limiting for other species and salps may be
absent (Tunin-Ley et al. 2007). Indeed, mixotrophic
behaviour has been observed in several Ceratium species, including C. furca (Smalley et al. 1999) and C.
fusus (Mikaelyan & Zavyalova 1999).
Based on their vertical and spatial distribution, Sournia (1967) distinguished euphotic from oligophotic
and neritic from oceanic Ceratium species. These descriptors potentially reflect different trophic abilities,
as mixotrophic organisms are theoretically less dependent on nutrient availability and irradiance. In
the present study, mixotrophic abilities could explain
observed differences in species composition between
the Ligurian and Tyrrhenian Seas and their change
with time. By enhancing the summer stratification,
warming could favour mixotrophic species that are
able to overcome nutrient depletion above the thermocline and low irradiance under the thermocline.
The biogeographical features of the species examined here seemed to have no influence on the typical
Ligurian and Tyrrhenian associations; the species that
we considered distinctive of the Ligurian (Ceratium trichoceros, C. teres, C. falcatum and C. extensum) and
the Tyrrhenian (C. carriense, C. gibberum, C. hexacanthum and C. symmetricum) associations are all considered temperate–tropical, with the exception of C.
hexacanthum which is described as more cosmopolitan
(Sournia 1967, Dodge & Marshall 1994, Steidinger &
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Tangen 1997). Due to its geological history and diverse
climatic and hydrological conditions, the Mediterranean Sea shelters species exhibiting different
affinities, from cold-temperate to tropical conditions
(Bianchi & Morri 2000, Bianchi 2007). Among Ceratium species, all biogeographical origins are represented in the northwest Mediterranean, with an important mix of species that everywhere else are restricted
to the intertropical area. Nonetheless, 2 typical Ligurian species (C. carriense and C. hexacanthum) were
strictly associated with old observations and negative
temperature residuals, while the typical Tyrrhenian
species C. trichoceros and C. teres were characteristic
of recent samples from Villefranche and Naples and
positive temperature residuals. This strongly suggested that temperature affected these particular
species and, to a lesser extent, the other species. The
stenothermal character may explain the observed differences in species associations between the Ligurian
and Tyrrhenian Seas, yet this aspect remains unexplored in the literature. Furthermore, these typical species are not specifically associated with any depth or
environment, which makes it difficult to infer any link
with mixotrophic status.
In marine pelagic ecosystems, phenological changes
related to global warming have been studied mostly in
cold-temperate areas. For example in the North Sea,
the seasonal peak appeared to occur earlier for some
planktonic groups, but not for all, which could lead to a
decoupling of the trophic relationships that connect
these groups (Edwards & Richardson 2004). Different
from diatoms, which did not change their timing,
dinoflagellates were among the groups responding to
warming with an earlier occurrence of the seasonal
peak for several genera, especially Ceratium (Edwards
& Richardson 2004). This is consistent with the change
in timing that we found in the present study, with the
species richness minimum moving from summer to
mid-spring. Like the observed variations in species
associations, this phenological change might result
directly from local warming. However, it could also
depend on other factors that varied in relation to temperature, such as reduced nutrient availability, which
may favour some Ceratium taxa with mixotrophic
characteristics or shifts in seasonal zooplankton peak,
which may strongly affect the Ceratium species richness in some cases (Tunin-Ley et al. 2007).
Several types of biological indicators of climatic
change have been suggested, for example abundance
of individual taxa, functional attributes of the ecosystem, species assemblages and phenological traits
(Beaugrand 2005). Various changes in Ceratium species observed in the Ligurian Sea may be used as indicators of warming in the northwest Mediterranean Sea
and in other areas. First, the diminished occurrence of

certain Ceratium species during the warm season in
surface waters is an important sign of change. Among
these, C. teres, but also C. symmetricum and C. horridum to a lesser extent, could be proposed as indicators of warming since they seemed to be limited by a
maximum temperature threshold. However, the 2 latter species display several infraspecific taxa that may
respond differently to the warming, although only the
infraspecific taxa in C. horridum seemed to be limited
by thermal conditions (Sournia 1967). More generally,
Ceratium species composed of several infraspecific
forms might not be good candidates as biological indicators, since these forms often correspond to seasonal
variants (Sournia 1967), which may allow a species to
be perennial. In these cases, an infraspecific taxon
known to be thermophilic or psychrophilic may be
more relevant. Another good indicator of change is the
total Ceratium species richness in summer, assuming
that Ceratium species are sensitive to warming in
terms of maximum temperature tolerance, as suggested by the present study. The phenological traits of
Ceratium species may also be used, as the seasonal
character of their annual cycle is strongly marked.
Among these, the timing of the minimum of total species richness would be an interesting indicator of
warming; as this is often associated with the dominance of C. furca (Tunin-Ley et al. 2007), changes of
this species could be also monitored. Variations in the
abundance of individual species, which were not
considered in the present study, would likely provide
relevant information about the impact of warming.
Finally, it is expected that species from the tropical
Atlantic or from the warmer eastern Mediterranean
basin will be able to expand their distribution into the
northwest Mediterranean given an increase in average
temperature, as has happened in recent years with
several benthic invertebrates, macroalgae and fish
species (Bianchi 2007). Among species either absent or
very scarce in the western basin but common in the
eastern basin, C. breve, C. egyptiacum and C. reflexum (Gómez 2003) could be given special attention, as
they are potential candidates for a range expansion
over the next several decades towards the northwest
Mediterranean.
Assessing the response of phytoplankton to climate
change represents a huge and far from overcome challenge. Long-term monitoring of phytoplankton is certainly the most robust approach to understand how
external forcing drives the variation in phytoplankton
biodiversity. As a complement, the method used in the
present study offers new opportunities for planktonfocused analysis in the framework of climate change
by considering and integrating a significant amount of
data from the literature and showing that it is possible
to overcome problems caused by disparity among
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datasets. For example, this kind of approach could be
applied to the profuse datasets on copepods, for which
sampling and especially net mesh size often differ from
one study to another. Thus, it becomes possible to
extract unexpected information from huge datasets
because fundamental differences in methodology can
be taken into account in the interpretation.
One of the unexpected effects of warming observed
in the present study was the disappearance of species
less tolerant to temperature change, rather than the appearance of warmer water species. This trend, wellknown for stenothermic benthic groups like corals, was
not thought to be important for plankton, where
spreading abilities should favour colonisation rather
than local decline. While an increase of biodiversity can
result, at least temporarily, from range expansion coupled with limited local extinctions, in this case the disappearance of some species may cause a loss of biodiversity if not balanced with immigration of tropical
species. On the other hand, the deepening of the
stenothermic species may be considered as colonisation
over the vertical dimension, a response to warming already observed for fish species (Perry et al. 2005) that is
likely to occur for phytoplankton in future decades.
The present study provides further evidence of the
difficulty in assessing long-term changes in phytoplankton species and assemblages due to the scarcity
of the data that are globally and locally available. The
mere lack of environmental data limited the ecological
interpretation of the observed biological changes and
their implications in a context of global change. In spite
of the numerous samples that we pooled, our work did
not allow us to statistically confirm the trends we
observed in Ceratium species composition. However,
obvious changes were identified that actually correspond to strong signals, considering the limits of the
dataset. Thus, if we cannot propose a general pattern
for the consequences of climate change on phytoplankton diversity, we demonstrated that Ceratium
species composition has subtly changed over the last
century in a way that parallels water warming in the
Ligurian Sea. In the context of global change, the present study suggested that investigations on its impacts
on biodiversity may be largely facilitated by the search
for specific biological indicators that allow the restraint
of monitoring effort to relevant responsive parameters.
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