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Abstract. An integrated analysis of the pelagic ecosys-
tems of the Ligurian Sea is performed combining time se-
ries (1995–2005) of several zooplankton groups (one group
for copepods smaller than 0.724 mm3 and nine groups for
individuals larger than 0.724 mm3, i.e. large copepods, de-
capod larvæ, other crustaceans, chaetognaths, appendicular-
ians, pteropods, thaliaceans, gelatinous predators and other
zooplankton), chlorophyll-a, nutrients, salinity, temperature,
density, and local weather at Point B coastal station (North-
ern Ligurian Sea). From 1995 to 2000 winters were wet and
mild resulting in lower winter sea surface density. These
years showed lower than average nutrients and zooplankton
concentrations while chlorophyll-a biomass was high. After
2000, winters were colder and dryer resulting in higher sea
surface density. Nutrients and zooplankton showed higher
concentrations while chlorophyll-a was lower than average.
The ca. 2000 change was observed for most zooplankton
groups with a one-year delay for some groups. Inter-annual
variability within each period was also observed. The ob-
served patterns suggest that the pelagic ecosystem trophic
state at the studied point is mostly set by the winter forcing on
the vertical mixing that upwells nutrients to the surface sus-
taining primary production. Surprisingly, low chlorophyll-a

biomass in high nitrate and zooplankton conditions during
the well mixed years suggest that phytoplankton biomass is
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controlled by grazers. The proposed mechanisms of stronger
winter vertical mixing hold for most of the time series, but
specific years with contradicting patterns suggest also the
possible influence of the summer climate. A review of re-
cent literature suggests that changes in the pelagic ecosystem
are not limited to the studied site but concern also the central
Ligurian Sea.

1 Introduction

Plankton, because of their rapid response to ecosystem vari-
ability, their non-exploitation as commercial species and
their amplification of subtle changes through non-linear pro-
cesses, have been suggested to be indicators of climate vari-
ability (Taylor et al., 2002; Perry et al., 2004; Hays et al.,
2005). Notably, the use of long-term plankton time-series
can be a key tool to detect those changes (Perry et al., 2004;
Alheit and Bakun, 2010; Mackas and Beaugrand, 2010). Re-
cently, temperature changes have been suggested to cause
regime shifts in pelagic ecosystems. For example, in the
Atlantic Ocean, a regime shift from cold to warm biotopes,
with a turning point in 1987, has been described and linked
to the North Atlantic Oscillation (NAO), and to surface tem-
perature anomalies in the Northern Hemisphere (NHT,Reid
et al., 2001, 2003; Beaugrand, 2004). However, in semi en-
closed seas and highly populated regions such as the Baltic
Sea, shifts in the pelagic ecosystem state have been primarily
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attributed to direct human impact (overfishing, eutrophica-
tion) while climate may have more influenced timing, mag-
nitude and persistence (Österblom et al., 2007).

Regarding Mediterranean plankton, very few studies on
long-term variation have been conducted due to the paucity
of long-term time series (Mazzocchi et al., 2007). The
possible appearance of a regime shift with a turning point
in 1987 has been proposed in two northern Mediterranean
coastal ecosystems (Adriatic and Ligurian Sea,Conversi
et al., 2010). The authors pointed out the synchrony be-
tween changes in the Mediterranean sea and the north, Baltic
and Black seas. The authors suggested the positive trend
of surface temperature in the northern hemispheres as the
main forcing for the concomitant changes in such remote
and diverse locations. From a joint study of six zooplankton
time series in the Mediterranean Sea, changes in zooplankton
community were also observed in a third Mediterranean area,
the Thyrreanean Sea, in addition to changes in the Adriatic
and Ligurian seas, with again, a main turning point in 1987
(Berline et al., 2011). The detailed analysis of a long time
series (1967–1993) in the Ligurian Sea suggested that the
pelagic ecosystem was heading toward a more regenerated
system after 1987 in which jellyfish controlled copepods by
predation and chaetognaths by competition (Molinero et al.,
2005, 2008). However, a more recent study from the same
time series extended until 2003 revealed that the zooplank-
ton and mainly copepods recovered to almost their initial
concentrations after 2000 suggesting a quasi decadal cycle
instead of a long term change (Garcia-Comas et al., 2011).
Higher abundance of zooplankton in the ’80s and late ’90s in
the Ligurian sea was correlated with dry and cold winters, re-
sulting in high winter mixing enhancing nutrients replenish-
ment and possibly strengthening the spring bloom. Diverse
zooplankton taxa (copepods, decapod larvæ, chaetognaths,
siphonophores, medusæ) showed quasi synchronous changes
suggesting that the whole zooplankton community was con-
trolled by its resources. This hypothesis of a “bottom-up”
control initiated by the intensity of the winter vertical mix-
ing is also supported by several observations in the southern
and central Ligurian Sea (Goffart et al., 2002; Nezlin et al.,
2004; Marty and Chiav́erini, 2010), with no consideration of
the zooplankton. The contrasting results show that the iden-
tification of regime shifts in North Western Mediterranean
pelagic ecosystems is a difficult task requiring the acquisi-
tion of multiple long time series of physical, biogeochemical
and planktonic data.

The aims of the present work are (i) to confirm the zoo-
plankton recovery in the late ’90s by using an independent
zooplankton time series, (ii) to determine, by combining
hydrology, nutrients, phytoplankton biomass and ten zoo-
plankton groups, if changes were simultaneous across the
pelagic ecosystem and (iii) to determine the main causes
of inter-annual variability of zooplankton in the Ligurian
Sea. Compared to those previous studies the present one is
original regarding: (i) the use of the WP2 net which has a

smaller mesh size (200 µm) than previously used nets (Juday-
Bogorov, 300 µm, used inMolinero et al., 2005, 2008;
Garcia-Comas et al., 2011); this allows us to study a smallest
fraction of copepods, known for their central role in Mediter-
ranean pelagic ecosystems (Calbet et al., 2001; Gallienne
and Robins, 2001; Siokou-Frangou et al., 2010). (ii) The
concomitant analysis of weekly-sampled time series of lo-
cal climate, hydrology, chemistry (nutrients), phytoplankton
(chlorophyll-a) and zooplankton in the Ligurian Sea from
1995 to 2005. Zooplankton samples analysis was done us-
ing the ZooScan equipment (Gorsky et al., 2010). Abun-
dance and biovolume for 10 zooplankton groups was calcu-
lated (small and large copepods, chaetognaths, appendicu-
larians, pteropods, thaliaceans, decapod larvæ, other crus-
taceans, other gelatinous and other zooplankton).

2 Materials and methods

2.1 Sampling site and environmental datasets

The Bay of Villefranche-sur-Mer is located in the Northern
part of the Ligurian Sea (NW Mediterranean Sea, Fig.1).
The monitored station, called Point B (Fig.1), is located
at the entrance of the Bay (43◦41.10′ N, 7◦18.94′ E; 85 m
water depth). All basic physical, hydrological, chemical
and biological parameters have been sampled weekly since
1995. The environmental variables selected for the analysis
are: nitrate (NO3 µmol l−1), chlorophyll-a (µg l−1), sea wa-
ter temperature (◦C), salinity (psu) and density (σθ ), sea wa-
ter stratification (1densitym−1 between 50 m and 10 m depth,
i.e. (Dens.50 m–Dens.10 m)/40 m), air temperature (◦C), pre-
cipitations (mm d−1), wind mean daily speed (m s−1) and ir-
radiance (J cm−2 d−1). Water for nitrate and chlorophyll-a
analysis was sampled by Niskin bottles at 6 different depths,
i.e. surface, 10, 20, 30, 50 and 75 m depth – depth averaged
values (0–75 m depth) were used in our analysis. nitrate were
analyzed by colorimetry (Aminot and Ḱerouel, 2004) with an
autoanalyzer Technicon Alliance, chlorophyll-a was deter-
mined by spectrometry and fluorimetry (Strickland and Par-
sons, 1977). A Seabird SBE25 CTD was used for weekly
sea water temperature, salinity and density analysis of the
water column. In the present work, temperature, salinity and
density were averaged over the depth (0–75 m). All these
environmental measurements fit the quality controls and pro-
tocols of SOMLIT (Goberville et al., 2010). Local weather
was provided daily by Ḿet́eo-France at a meteorological sta-
tion, the Śemaphore, located on Cap-Ferrat at 138 m height
and 1.2 km away from Point B.

2.2 Zooplankton data

The net samples used in this study were collected weekly
from February 1995 until December 2005 aboard theNO
Sagitta and NO Vellele. Sampling was carried out verti-
cally between 60 m and the surface with a WP2 net (mesh
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Fig. 1. Location of the sampling site (Pt. B) in the Ligurian Sea and the meteorological station Sémaphore (Śem.) situated in Cap Ferrat
1.2 km from Point B. The cyclonic circulation of the Ligurian Sea with the Liguro-Provençal Current, the Western Corsican Current and
the Eastern Corsican Current are also shown on this map. The central zone of the Ligurian Sea is separated from more coastal areas by the
frontal zone.

size of 200 µm, mouth aperture of 0.25 m2). The resulting
time series included 489 samples (7–8 weeks were miss-
ing per year on average) and contained a total of≈600 000
objects digitized with the ZooScan imaging system devel-
oped at the “Laboratoire d’Océanographie de Villefranche-
sur-mer” (Gorsky et al., 2010). The zooplankton sampling
was carried out in the frame of the RADEZOO program.

Each sample was gently separated into two subsamples
with a 1000 µm mesh. Then each subsample was fraction-
ated separately with the Motoda box in order to have an av-
erage of∼1000 objects per scan (Gorsky et al., 2010). Since
small objects are generally more abundant than large ones,
they were fractionated more. The separation of small and
large objects and the subsequent separate image acquisition
of the two-size classes prevents underestimation of large rare
objects (Gorsky et al., 2010). Results from both fractions
were then cumulated in the analysis. This procedure enables
to quantitatively record objects larger than 0.032 mm3 which
is equivalent to a spherical diameter larger than ca. 350 µm
(Vandromme, 2010). Images were analyzed by dedicated
imaging software called ZooProcess (Gorsky et al., 2010).
Several variables were measured from each extracted ob-
ject such as “Major”: primary axis of the best fitting ellipse
for the object, and “Minor”: secondary axis of the best fit-
ting ellipse for the object. From the Minor and Major axes,
an equivalent apparent elliptical biovolume (EBv) was esti-
mated: EBv = 4/3· π · (Major/2)· (Minor/2)2. All other vari-
ables (see Appendix 4 inGorsky et al., 2010) were utilized
for the automatic classification of objects which was per-

formed using the free software “Plankton Identifier” (Gas-
parini, 2007) based on Tanagra data mining software (Rako-
tomalala, 2005). The zooplankton was successfully sepa-
rated from non-living objects with a recall rate of 0.94 and
a contamination rate of 0.04 (seeGorsky et al., 2010, for def-
inition of recall and contamination). However this is mainly
due to the efficient classification of copepods (recall rate of
0.92 and contamination of 0.02). These rates decrease for
large objects and a visual classification of all objects larger
than 0.724 mm3 in EBv was performed (±1.5 mm length).
They were first separated from non-living objects and then
classified into nine zooplankton categories: appendicular-
ians, chaetognaths, copepods, decapod larvæ, other crus-
taceans, gelatinous, pteropods, thaliaceans and other zoo-
plankton (Fig.2 for examples of thumbnails). Adding the
small copepods automatically classified, ten zooplankton cat-
egories were defined. Percentages of total abundances con-
cerning these categories and representative species are given
in Table1.

In addition, copepods recorded during the 1995–2003 pe-
riod by the Juday-Bogorov net and analyzed exactly the same
way as the present work (ZooScan followed by supervised
classification, seeGarcia-Comas et al., 2011), were used to
test the consistency of the present time series compared to
already published ones at the same location (Garcia-Comas
et al., 2011). Small copepods were automatically identified
with a recall rate of 0.96 and a contamination rate of 0.19
(see table 1 and figure 2 inGarcia-Comas et al., 2011). The
Juday-Bogorov net (0.25 m2 mouth aperture, 330 µm mesh
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Fig. 2. Example of thumbnails directly issued from the ZooScan/ZooProcess of the ten identified zooplankton taxonomic groups. All
thumbnails have the same scale (bottom right corner) except the small copepods which have their own scale on top left.

size) was used weekly from 1966 to 2003. This allows an
overlapping period of 9 yr which (taking gaps into account)
represents 201 weeks where zooplankton was sampled with
both nets. Because of the differences between nets we made
the comparison only on comparable sizes usingNichols and
Thompson(1991) work. These authors stated that a net is
quantitative when it has a mesh size of at least 75 % of the
width size (equivalent to minor axis) of objects it records.
Considering an average minor:major axes ratio of 0.45 (av-
erage for copepods from ZooScan data,Vandromme, 2010),
this represents an ellipsoidal biovolume of 0.0525 mm3 for
the Juday-Bogorov. Because the mouth aperture and the tow-
ing speed of the WP2 and the Juday-Bogorov nets are similar
we did not fix an upper size limit.

2.3 Primary production and zooplankton carbon
requirement

In order to assess the role of mesozooplankton grazing on
phytoplankton, we estimated the primary production (or phy-
toplankton carbon production) and the mesozooplankton car-
bon requirement. The primary production (Pprod) was de-
fined as inNival et al. (1975), i.e. Pprod=gp ·Bphyto, where
Bphyto is the biomass of phytoplankton in mgC m−3 com-
puted as inNival et al. (1975), i.e. Bphyto= 54·Chl-a. The
growth of phytoplankton (gp) is calculated using a multi-
plicative model which includes limitation by nitrate, irradi-
ance and temperature (Andersen and Nival, 1988). Irradiance
at depth was calculated from irradiance at the surface using
the model ofRaick et al.(2005) andLacroix and Gŕegoire
(2002).

Then the carbon requirement of zooplankton (ZCreq),
could be expressed in mgC m−2 d−1 as (Nival et al., 1975),
ZCreq= Ration·Bzoo, whereBzoo is the biomass of zooplank-
ton in mgC m−3, calculated using size-carbon weight re-
lationships fromLehette and Herńandez-Léon (2009) and
Mauchline(1998) applied on samples of the WP2 (that quan-
titatively samples zooplankton in the size range [0.4:2.8] mm
ESD). The Ration is defined followingNival et al.(1975) as
a function of growth rategz, respirationr and assimilation
efficiencyA. For r andA we used the same values as inNi-
val et al.(1975), i.e. 0.19 d−1 and 0.7, respectively. Forgz

we used the formulation ofZhou et al.(2010) which is based
on Huntley and Boyd(1984) andHirst and Bunker(2003).
gz is a function of seawater temperature, chlorophyll-a and
weight of individualsw (mgC). ZCreq is then a function of
the weightw. Primary production and zooplankton carbon
requirement are then multiplied by 85 m (bottom depth at
Point B) to get values in mgC m−2 d−1.

2.4 Analysis

Graphs and analyzes are made using Matlab R2009b® (the
Mathworks Company, inc.). First, gaps in time series (see
Sect.2.2) are filled using the robust spline smoothing tool-
box for matlab ofGarcia(2010). Environmental variables are
averaged over the depth (0–75 m). Then a pre-whitening of
each time series is done (seePyper and Peterman, 1998; Ro-
dionov, 2006) using functions “ddencmp” and “wdencmp”
of the Matlab wavelet toolbox with threshold optimized to
have the Durban-Watson test value of residuals as close as
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Table 1. Large zooplankton categories (>0.724 mm3), percentage of abundance (Ab.) of these categories among zooplankton of this size
range, representative species or groups and dominant diet considered in this work. The category “Copepods (small)” comes from copepods
automatically sorted from 0.032 to 0.724 mm3. The percentage corresponds to the average ratio. The large zooplankton (i.e.>0.724 mm3)
represents 2.0 % of total zooplankton abundance.

Taxonomic groups % Ab./EBv Representative species Dominant diet

Copepods (small) 72.1 Acartiaspp.,Oithonaspp.,Clausocalanusspp.,
Paracalanusspp.,Oncaeaspp.,Farranula rostrata. . .

microplanktonophage/herbivors

Appendicularians 1.7 Oikopleura albicans, Fritillaria pelucida. . . filter-feeders
Chaetognaths 15.0 Sagitta inflata carnivores (copepods)
Copepods (large) 28.0 Centropagesspp., Temora stylifera, Calanus minor,

Calanus gracilis, Pleuromammaspp., Candaciaspp.,
Euchaeta marina. . .

omnivores

Decapod larvæ 4.5 Zoé, Protozóe and Metazóe larvæ of mostly crabs,
langoustine and lobsters

omnivores

Crustaceans (other) 6.8 Euphausiids (Meganyctiphanes norvegica, Nyctiphanes
couchii) and mysidacea

omnivores

Gelatinous predators 27.0 ctenophores (Beroesp.,Pleurobrachiasp. . . . ),
siphonophores (Muggiasp.,Lensiasp.,Agalma
elegans. . . ), Medusæ (Ephyrula ofPelagia noctiluca,
Rhopanolema velatum, Liriope Tetraphylla, Solmissus
albecans . . .) . . .

carnivores

Pteropods 5.8 Cavolinia inflexa, Creseis laciculata. . . filter-feeders/suspensivors
Thaliaceans 8.0 Thalia democratica, Salpa fusiformis, Dolioleta gegen-

bauri, Doliolum nationalis, Pyrosoma atlanticum. . .
filter-feeders

Zooplankton (other) 3.2 fish larvæ, annelids . . . mixed

possible from 2, i.e. minimum autocorrelation in residuals.
To detect the significant changes in zooplankton time series
the STARS method was used (Rodionov, 2004, 2006).

For Principal Component Analyzes (PCA), seasonal val-
ues (standardized to zero mean and unit variance) were taken
so that inter-annual fluctuations of each season for each de-
scriptor is considered. This allows a detailed analysis of
years to years variability, i.e. at which season inter-annual
changes occur. We defined seasons as winter lasting from
January to March, spring from April to June, summer from
July to September and Autumn from October to Decem-
ber. This corresponds roughly to hydrological seasons as ob-
served in records of sea water temperature at 10 m depth: the
coldest months are February and March (median of 13.5 and
13.4◦C, respectively) and the warmest months being July,
August and September (median of 22.6, 24.3 and 23.0◦C,
respectively). However, transition regimes that occur within
a month such as stratification and de-stratification may be
not well depicted. The PCA were done separately on zoo-
plankton and environmental datasets to assess if their main
variabilities have similarities (method used in, e.g.Molinero
et al., 2008; Black et al., 2010; Garcia-Comas et al., 2011).
Then we added supplementary variables to PCA correlation
plot (variables that have no weight in PCs extraction, e.g.
Beaugrand and Ibañez, 2004). Primary production, zoo-
plankton carbon requirement and chlorophyll-a are not in-
cluded in the environmental PCA which focus on climatic,

physical and chemical variables. Total Zooplankton is in-
cluded as supplementary variable in the zooplankton and
environmental PCA, chlorophyll-a and first PC of the zoo-
plankton PCA are included as supplementary variables in the
environmental PCA together with chlorophyll-a at all sea-
sons.

In addition to PCA, plots of seasonal variability showing
percentiles (Q1 = 25 %, Q2 = median, Q3 = 75 %) together
with annual means that include the contribution of each
month of some relevant parameters are presented in the Re-
sults section (Figs.4, 5 and 6). Then, to strengthen some
points of the discussion, normalized anomalies (as inGarcia-
Comas et al., 2011) of relevant parameters are shown. Fi-
nally, Spearman rank order correlations (rs) are calculated
between parameters discussed in the text.

3 Results

3.1 Consistency with previous time-series

With the 201 weekly data from 1995 to 2005 for which
the WP2 net and the Juday-Bogorov net were concomi-
tantly used, we performed a comparison of the estimates
of copepods larger than 0.0525 mm3. This lower limit en-
sures a comparison of copepods that are quantitatively sam-
pled by both nets since Juday-Bogorov net undersamples
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Fig. 3. Weekly time series of total zooplankton abundance. Black
stars correspond to original measurements without treatment. The
red curve corresponds to the time series with gaps filled using the
smoothing toolbox ofGarcia(2010) and pre-withened (Pyper and
Peterman, 1998; Rodionov, 2006). The magenta stairs correspond
to the STARS shifts detection method (Rodionov, 2004) that de-
tects significant changes in the mean. Here a significant increase
(α = 0.05) by 1.84 is recorded in February 2000.

sizes below it (see Sect.2.2 for details). The log of cope-
pod abundances estimated from both nets are significantly
correlated (standardized major axis regression with test of a
slope,p < 0.001, slope of 0.947 not significantly different
from 1). The log of copepods biovolume is also correlated
(same test,p = 0.025, mean slope 0.958 not significantly dif-
ferent from 1).

Including copepods smaller than 0.0525 mm3 in the com-
parison would result in an underestimation of the abundance
of about 3.63 times less by the Juday-Bogorov net compared
to the WP2 (median value of the 201 data points, Q1 = 2.37,
Q3 = 6.03). These results clearly show the underestimation
of small copepods by the Juday-Bogorov net, but also that
on comparable sizes. The results from both nets are consis-
tent.

3.2 Total zooplankton

Maximum weekly values of zooplankton abundances were
observed each year between February and May (Q1 = 1901,
median = 4905, Q3 = 6546 ind. m−3) and minimum weekly
values were observed in December–January (Q1 = 30, me-
dian = 56, Q3 = 104 ind. m−3). The dates of significant
changes in total zooplankton abundances weekly time se-
ries are reported in Fig.3, using STARS method (Rodionov,
2004, 2006). We observe that the total zooplankton signifi-

cantly increased from February 2000 by a factor of 1.84 on
average (from 601 to 1107 ind. m−3).

Furthermore, differences in annual cycle between the two
identified periods and inter-annual variability in zooplank-
ton abundance are presented in Fig.4a, b. Abundances of
zooplankton are on average of 877 ind. m−3 over the whole
period. The winter months (January to March) contribute
to 25.8 % (mean of 901 ind. m−3), spring months (April to
June) to 42.7 % (1527 ind. m−3), summer months to 20.7 %
(717 ind. m−3) and autumn months to 10.8 % (365 ind. m−3)
on average. A global increase occurs ca. 2000 (see Fig.3)
with years 2000, 2003, 2001 and 2005 being decreasingly
the most abundant (annual means of 1517, 1287, 1202 and
1009 ind. m−3, respectively, Fig.4b). This increase affected
all seasons (Fig.4a, b): winter months increased by 1.96 on
average, spring months by 1.73, summer months by 1.81 and
autumn months by 2.13.

3.3 Nitrate and chlorophyll-a

Nitrate and chlorophyll-a seasonal and inter-annual dynam-
ics are presented in a similar way to total zooplankton
(Fig. 4a, b). Nitrate maxima occur in winter, mostly be-
tween weeks 4 to 11 (Fig.5a), with values generally rang-
ing from 0.5 to 2 µg l−1. The winter accounts on average for
53.9± 11.3 % of the annual value (14.1± 5.2, 13.9± 7.8 and
18.1± 8.7 % for spring, summer and autumn, respectively).
Years with the maximum nitrate concentrations in winter are
2003, 2002, 1999, 2005 and 2004. This pattern is sensibly
different when considering annual values, notably because of
large nitrate recorded in summer and autumn 2002, 2003 and
2005, which is not the case for 1999 and 2004 (see Fig.5b).
After 2000, nitrate also exhibit a clear second peak from July
to October. On average nitrate increase from 2000 by 1.60 in
winter, 1.75 in spring, 4.14 in summer and 1.82 in autumn.

Chlorophyll-a maxima occur in winter and spring, mostly
between weeks 6 to 20 (Fig.6a), with values generally rang-
ing from 0.35 to 0.60 µg l−1. The winter accounts on av-
erage for 31.0± 3.5 % of the annual value, whereas spring
accounts for 28.2± 1.6 %, summer for 21.2± 2.4 % and au-
tumn for 19.6± 2.5 % of the annual value. The differences
between seasons are less marked than for nitrate or zooplank-
ton (see Sect.3.2). Years with the maximum chlorophyll-
a concentrations are 1995 to 2000. A decrease is observed
from 2001 to 2004 with a new increase in 2005 (Fig.6b).
This decrease after 2000 is the most pronounced for spring
and summer (0.72 and 0.73 times lower respectively; it is of
0.78 and 0.82 for winter and autumn).

3.4 Zooplankton groups inter-annual variability

A significant increase from 2000 was observed for the whole
zooplankton (using STARS method, Fig.3) and corresponds
to the increase observed in small copepods (February 2000,
see Table2). Larger zooplankton groups increased later,
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Fig. 4. (A) Median of weekly values of total zooplankton before 2000 (black) and after (red) with percentiles Q1 and Q3 (shaded area).
(B) annual means with contribution of each month. blue for winter (January to March), green for spring (April to June), cyan for summer
(July to September) and red for autumn (October to December).

Fig. 5. (A) Median of weekly values of nitrate concentrations before 2000 (black) and after (red) with percentiles Q1 and Q3 (shaded area).
(B) annual means with contribution of each month. Colors are used to easily differentiate the four seasons; blue for winter (January to
March), green for spring (April to June), cyan for summer (July to September) and red for autumn (October to December).

mainly in April or March 2001 except for large copepods
(see Table2), which is significant for 7 groups out of 10.

Main patterns of the inter-annual dynamics of zooplank-
ton groups were extracted using PCA and are presented in
Fig. 7a, b, c. Almost all taxonomic groups at all seasons
are positively correlated to the PC1zoo (Fig.7a), which rep-
resents 36 % of the variance. Only thaliaceans in summer,

appendicularians in summer and pteropods in spring are neg-
atively correlated to the PC1zoo. Looking at the time tra-
jectory (Fig.7b), the PC1zoo strongly separates years 1995
to 1999 (low values) from years 2000 to 2005 (high val-
ues), with a maximum in 2003. The strongest correlation
with PC1zoo occurred for summer values of zooplankton (or-
ange in Fig.7a), especially summer other crustaceans, other
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Fig. 6. (A) Median of weekly values of chlorophyll-a concentrations before 2000 (black) and after (red) with percentiles Q1 and Q3 (shaded
area).(B) annual means with contribution of each month. Colors are used to easily differentiate the four seasons; blue for winter (January to
March), green for spring (April to June), cyan for summer (July to September) and red for autumn (October to December).

Table 2. Exact time of increase of zooplankton groups detected us-
ing STARS method (Rodionov, 2004, 2006) on weekly time series.
The STARS method detects a change if the mean is significantly dif-
ferent between the two periods at the statistical levelα = 0.05. The
observed increase in appendicularians, pteropods and thaliaceans
time series is not significant according to the STARS method (non
significant increases are indicated in light gray). In addition, sig-
nificant decreases according to the STARS method are indicated in
parenthesis.

zooplankton group STARS (α = 0.05)

small copepods February 2000
large copepods September 2002
decapod larvæ April 2001 (August 2004)
other crustaceans April 2001 (September 2004)
chaetognaths April 2001 (November 2003)
appendicularians April 2003 (α = 0.2)
pteropods July 2003 (α = 0.5)
thaliaceans June 2001 (α = 0.3)
gelatinous predators March 2001
other zooplankton March 2001

zooplankton, decapod larvæ, small copepods, but also au-
tumn other crustaceans, spring appendicularians and winter
chaetognaths. The PC2zoo (19 %) shows a different pattern,
mainly due to the opposition between years 2002 and 2004
(Fig. 7c) and between autumn and winter/spring of these two
years. There is a clear opposition between low values that
occur during the first part of 2002 (January–June) and high

values that occurred at the end of the same year and year
2004 which shows an opposite trend with high values during
the first part of the year and low values afterward. The main
groups that contributed to the PC2zoo are autumn chaetog-
naths, decapod larvæ and thaliaceans, summer pteropods and
winter appendicularians (positive contribution), and winter
pteropods, winter other zooplankton and spring large cope-
pods (negative correlation).

3.5 Climatological and hydrological inter-annual
variability

PCA performed on environmental variables is presented on
Fig.8a, b, c. The PC1env (26 %) highlights years which have
high values in salinities, densities and nitrate and low values
in air and sea temperatures and vertical stratification espe-
cially in winter (1995, 1999, 2000, 2003, 2004 and 2005).
Years with positive PC2env (14 %) have mainly high val-
ues in spring and summer irradiation, higher autumn verti-
cal stratification, higher summer and autumn temperature,
and low values in precipitations in summer leading to drier
weather for this season. Total zooplankton is correlated to
PC1env (rs = 0.63,p = 0.044). The PC1zoo follow the same
pattern but with here an insignificant correlation with PC1env
(rs = 0.33). This indicates that years with high abundances of
total zooplankton are partially characterized by a set of cli-
matic and hydrological properties leading to less stratifica-
tion in winter (PC1env). However, correlations are not strong
enough to exclude potential major role of other physical or
biological factors. Chlorophyll-a is not linked to PC1env for
all seasons but is negatively linked to PC2env in summer and
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Fig. 7. Principal Component Analysis (PCA) performed on annual time series of zooplankton groups (see Table3 for abbreviations). Season
is indicated by colors and numbers. Winter (1, blue), spring (2, green), summer (3, cyan), autumn (4, red). Each annual variable is split
into four seasonal variables. For example, “cop3” is the time series of annual means of small copepods in summer. The correlation plot
(A) and the time trajectories(B, C) are presented for principal axes 1 and 2. Total zooplankton (Z) at each seasons and annually are added as
supplementary variables (see Sect.2.4).

Fig. 8. As Fig. 5 for environmental variables (see Table3 for abbreviations) with the inclusion of the total zooplankton and chlorophyll-a as
supplementary variables (i.e. not used to compute the PCA, see Sect.2.4). Colors and numbers after abbreviations relate to the season as in
Fig. 7. Correlation plot is presented in(A) and principal axes are presented in(B) for the PC1 and in(C) for the PC2.
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Table 3. Abbreviations used in PCA plots.

cop small copepods Cop large copepods dec decapod larvæ cru other crustaceans
chae chaetognaths app appendicularians pte pteropods tha thaliaceans
gel gelatinous predators oth other zooplankton Z total zooplankton chl chlorophyll-a
NO3 nitrate wT water temperature wS salinity wD density
T air temperature P precipitations I irradiation W wind speed
St water stratification PC1zoo PC1 of zooplankton PC2zoo PC2 of zooplankton
1 winter 2 spring 3 summer 4 autumn

autumn. Winter and spring chlorophyll-a values are weekly
linked to PC2env. This indicates, first, that other factors
than the winter climatic and hydrological properties affect
the chlorophyll-a, and that the summer and autumn chloro-
phyll-a are negatively affected by dry weather.

3.6 Estimated primary production and zooplankton
carbon requirement

The estimated primary production is on average of
148 mgC m−2 d−1. The most productive year is 2002 (av-
erage of 219 mgC m−2 d−1), followed by 1995, 2003, 2005,
2001, 2000 and 2004 (average of 187, 179, 174, 156, 149 and
143 mgC m−2 d−1, respectively). Zooplankton carbon re-
quirement is on average of 54 mgC m−2 d−1. Years showing
the highest carbon requirements are 2003 (79 mgC m−2 d−1),
2000 (72), 2004 (71), 2001 (67), 2002 (57) and 2005
(55 mgC m−2 d−1). Zooplankton carbon requirement rep-
resents on average 36.4 % of the phytoplankton production
(winter: 23.5; spring: 42.9; summer: 45.7; autumn: 43.5 %).

4 Discussion

4.1 Previous analysis of the pelagic ecosystem in the NW
Mediterreanean Sea

Previous time series analysis on different components of the
plankton communities at the same site highlighted the cor-
respondence between changes in the abundance and/or com-
position of some target species and the shift in the local cli-
mate that occurred in the late ’80s (Molinero et al., 2005,
2008). Molinero et al.(2005, 2008) proposed that jellyfish
out-competed chaetognaths and were detrimental to cope-
pods, which abundance dropped from the late ’80s. The au-
thors proposed a trophic reorganization due to oligotrophi-
cation related to increasing summer stratification driven by
water warming in the ’90s. With 10 more years to the same
time series but at the community level,Garcia-Comas et al.
(2011) found that total copepods and chaetognaths recov-
ered almost the abundance of the ’80s by year 2003 while
jellyfish remained abundant. Instead of a long term trend,
the authors proposed a quasi decadal fluctuation driven by
changes in winter mixing intensity acting through the input

of nutrient and phytoplankton production. They suggested
that dry years in the ’80s and from 1999 to 2003 would lead
in winter to the cooling of seawater surface temperature and
to an increase of the surface salinity, hence to an increase
of density close to deep values causing deep winter vertical
mixing in the coastal Ligurian Sea. The authors proposed
that zooplankton would benefit from higher phytoplankton
biomass. However, their study lacked observations of phyto-
plankton biomasses and of small copepods which were not
collected in the Juday-Bogorov net (mesh size of 330 µm
see Sect.3.1). In addition, recent study at an open sea site
in the Ligurian Sea (Dyfamed) supports the hypothesis of
a stronger convection from winter 1999 to 2006 (except for
years 2001 and 2002). A strong link between climate vari-
ability and notable precipitations and phytoplankton produc-
tion and composition was suggested (Marty and Chiav́erini,
2010). Deep convection brought to the surface high levels
of nutrients that triggered an intense phytoplankton bloom
composed mainly of diatoms (Marty and Chiav́erini, 2010).
Moreover, in the coastal zone of the Bay of Calvi (North-
ern Corsica, Ligurian Sea), the phytoplankton blooms were
reported to decrease from 1978 to 1998 as a possible conse-
quence of lower mixing related to a salinity decrease and a
temperature increase, which was assumed to entail less nutri-
ent replenishment (Goffart et al., 2002). The poor sampling
frequency (only 5 yr in a 20 yr’s time series) prevented the au-
thor to determine the detailed controlling factors. But surface
salinity appears to be the main determinant structuring the
phytoplankton community. Other biologically-oriented stud-
ies in the NW Mediterranean sea for medusæ (Goy, 1997;
Buecher et al., 1997), dolioliids (Menard et al., 1997) also
report about changes between “dry” and “wet” years in the
’80s. Finally, physically and modeling oriented studies also
insist on recent intensification of winter convective events in
the North Western Mediterranean Sea (e.g.Bethoux et al.,
2002; Herrmann et al., 2010; Marty and Chiav́erini, 2010).

In order to confirm zooplankton changes ca. 2000 we have
analyzed an independent zooplankton time series. The aim
is to further understand the prevailing mechanisms using a
more comprehensive data on local climate, hydrology, nu-
trients and phytoplankton. Results demonstrate significant
changes of different ecosystem components that occurred
during years 1999/2000 depending on the target components
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Fig. 9. Annual normalized anomalies of wet season (i.e. Novem-
ber to March) air temperatures(A), precipitations(B), winter den-
sity (C) and sea salinity and temperatures(D).

(zooplankton, nutrient, hydrology). Therefore, we have av-
eraged data from these two periods so as to investigate sea-
sonal changes in each period. However, some years within
each period may depart slightly from the mean seasonal cycle
showing that inter-annual variability is present within each
period. In the next sections we will evaluate the role of en-
vironmental factors that are determinant in structuring the
pelagic ecosystem during the two periods.

4.2 Winter-spring physical and climatic forcing

In the NW Mediterranean Sea, deep convection occurs dur-
ing periods of high salinity and low temperature of surface
waters influenced by winter atmospheric forcing (Leaman
and Schott, 1991; Bethoux et al., 1998, 2002). Climatic pre-
conditioning in autumn (October, November and December)
and early winter (January) with strong winds and low pre-
cipitations are determinant for the intensity of the mixing
in late winter (March and February) (Bethoux et al., 1998,
2002). Therefore Fig.9 presents precipitation and air tem-
perature during the whole autumn and winter periods and the
hydrological data only during winter. The pre-conditioning
phase results in increased surface density and allows surface
water to sink into the deep layer, mixing the water column.
Recent increases of winter vertical mixing and convection
strength were mainly related to an increase of salinity due
to a decrease of precipitations and rivers flow in the NW
Mediterranean Sea (e.g.Skliris et al., 2007; Ludwig et al.,
2009; Marty and Chiav́erini, 2010; Vargas-Yanez et al., 2010;
Herrmann et al., 2010). The inter-annual variability of the
strength of the winter vertical mixing clearly appears in the

PC1env (Fig.8a, b). The PC1env mainly opposed years with
low air/sea winter temperatures, high winter salinity, high
winter density and low stratification. During these years,
the frequency of surface density higher than 28.8 in win-
ter (see Table4) is increased. This value was observed by
Stemmann et al.(2008) to be found deeper than 150 m in
the Ligurian Sea coastal zone near Point B and observation
of values larger than 28.8 indicate mixing of deeper waters
to the surface, bringing with them elevated nutrient levels
(Garcia-Comas et al., 2011). Therefore all proxies of win-
ter vertical mixing demonstrate that strongest vertical mixing
occurred in winters 2005, 2000, 1999, 1995, 2003 and 2004.
According to the PC1env, the main climatological determi-
nant of these strong winter vertical mixing are the cold and
saline winter. Both precipitations and temperature anomalies
from November to March (Fig.9) are negatively correlated
to winter densities (rs =−82, p = 0.0037 for precipitations;
rs =−0.78,p = 0.0070 for temperature). Both autumn/winter
temperatures and precipitations need to be considered to ac-
count for the strength of the winter vertical mixing; for exam-
ple, 1998 shows the lowest seawater densities (and mixing)
because of highest temperatures but close to average precip-
itations. In contrast, year 2000 shows the highest seawater
densities with close to average temperatures, but the lowest
precipitations of the eleven years (Fig.9).

The main consequence of an increase in winter vertical
mixing is a tendency to a stronger replenishment of nutri-
ents (Garcia-Comas et al., 2011), yet not supported in the
present work by the direct correlation between winter sur-
face density and winter nitrate (rs = 0.61, p = 0.052). This
insignificant correlation is probably due to the high levels
of nitrate observed in 2003 which were associated with an
average convection intensity (see Figs.10a and9c, without
year 2003rs = 0.73 andp = 0.021). Marty and Chiav́erini
(2010) observed in the central Ligurian Sea an increase of
nitrate concentration in February by about 3 times between
years with low and high vertical mixing. In the present work,
years 1997/1998, estimated to be the less mixed in winter
(see Fig.8b), were almost 7 times lower in nitrate concen-
tration in February compared to year 2005. From the lit-
erature, such increases in nitrate and other nutrients at the
end of the winter have been related to a significant increase
in phytoplankton productivity, mainly diatoms, in the Lig-
urian Sea (Goffart et al., 2002; Nezlin et al., 2004; Marty and
Chiav́erini, 2010), and to a significant increase in zooplank-
ton abundances at Point B (Garcia-Comas et al., 2011).

4.3 Possible trophic control

A striking result of our analysis is an opposite pattern in
the inter-annual variability between chlorophyll-a and zoo-
plankton (Figs.8a, 6a, b and4a, b) with a significant cor-
relation (rs =−0.77, p = 0.0081) between annual values of
chlorophyll-aand the PC1zoo. This opposition seems mainly
driven by spring to autumn values of chlorophyll-a (see
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Table 4. Frequency of density≥28.8 during winter months (January to March) in the surface layer (0–10 m).

year 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

freq. 0.091 0 0 0 0.454 0.615 0 0 0.250 0.167 0.583

Fig. 10.Annual normalized anomalies of(A) winter nitrate,(B) an-
nual chlorophyll-a (Figs.8a, 5b and6b), (C) PC1zoo (Fig.7a, b)
and(D) annual total zooplankton (Figs.7a and4).

PC2env on Fig.8a). Nitrate concentrations show a similar
tendency as the total zooplankton and a pattern that is op-
posite to that of chlorophyll-a on the inter-annual time scale
(Fig.5b) with larger values after 2000 at all seasons (Fig.5a).
The global pattern of these interactions on the inter-annual
time scale is simply shown on Fig.10. It clearly appears
that nitrate and total zooplankton anomalies signs opposed
to chlorophyll-a ones (except for years 1999 and 2001).

This temporal dynamic stands at odds with the common
conceptual model that favorable nutrient conditions result in
high phytoplankton concentration. The opposite inter-annual
variability of chlorophyll-a as compared to zooplankton and
nitrate concentrations strongly suggests that grazers control
primary producers as it was suggested in other oceanic stud-
ies (“top-down” control,Micheli et al., 1999; Shurin et al.,
2002; Graneli and Turner, 2002; Feuchtmayr et al., 2004;
Borer et al., 2005; Sommer and Sommer, 2006; Sommer,
2008; Wiltshire et al., 2008; Landry et al., 2009; Fuchs and
Franks, 2010). Previous analyzes at the same location fo-
cused on zooplankton, thus chlorophyll-a dynamics were
not observed and this control was not discussed (Molinero
et al., 2005, 2008; Conversi et al., 2010; Garcia-Comas et al.,
2011). Moreover, studies focusing on phytoplankton in the
central and coastal Ligurian sea did not sample zooplankton

(Marty and Chiav́erini, 2010; Goffart et al., 2002). How-
ever, the two latter studies showed that nutrients and chloro-
phyll-a were positively correlated. This is potentially due to
lower zooplankton biomasses in those locations as compared
to the present site – 15–30 mgDW m−3 in Dyfamed, (Gas-
parini et al., 2004); 45–105 mgDW m−3 in Calvi, Corsica,
(Hecq et al., 1981; Brohée et al., 1989; Skliris et al., 2001);
to be compared to 20–700 mgDW m−3 at Point B (using con-
version factors inLehette and Herńandez-Léon, 2009). The
possibility of a “top-down” control in our study is unfortu-
nately not supported by experimental evidences. However,
estimates of primary production and zooplankton carbon re-
quirements (Sects.2.3and3.6), show a mean ratio of≈40 %.
This ratio corresponds to values estimated byGaudy et al.
(2003) in the Gulf of Lion (NW Mediterranean). These au-
thors mentioned that zooplankton could consume from 9 to
69 % in spring and from 6 to 83 % in winter of the primary
production (which ranged from 54 to 19 mgC m−2 d−1). Top
down control is also supported by the observation that the
start of the phytoplankton bloom is independent of the pe-
riod, but that differences between them occur after week 8
(Fig. 6a) at a time when zooplankton concentration is in-
creased by a factor of three between the two periods (Fig.4a).
Later in the year, zooplankton concentrations remain high
(as observed in the ’80s during dry years byGarcia-Comas
et al., 2011), probably controlling phytoplankton until Octo-
ber. The summer-autumn grazing may be sufficient to control
phytoplankton production in spite of higher loads of nitrate
those same years (especially in 2003 and 2005).

Therefore, zooplankton top down control of phytoplank-
ton cannot be demonstrated; but observed opposite annual
temporal patterns, compared annual cycles and calculated
high zooplankton carbon demand strongly suggest that this
control may occur every year from March to late October.

Interestingly, the decrease of chlorophyll-a started in 2001
with the increase of other large zooplankton groups (PC1zoo)
(i.e. 2001–2003, see Table2) while the increase of nitrate
and total zooplankton started in 1999–2000 (see Table2 and
Fig. 10). In addition, chlorophyll-a increases in 2005, con-
comitantly with a decrease of the PC1zoo (Fig.7b). Ac-
cording to previous empirical and theoretical works, such
control occurs mainly when a sustained co-existence be-
tween zooplankton feeding on different parts of the phyto-
plankton size spectrum is observed (Micheli et al., 1999;
Shurin et al., 2002; Feuchtmayr et al., 2004; Borer et al.,
2005; Sommer and Sommer, 2006; Sommer, 2008; Fuchs
and Franks, 2010). This can be the case in oceans where,
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for example, a long-term coexistence of tunicates and cope-
pods is observed, or in lakes with a co-existence of copepods
and Daphnia (Sommer, 2008). Copepods alone will feed
only on large phytoplankton (thus decreasing the competi-
tive pressure on small phytoplankton), or will feed on micro-
zooplankton (thus decreasing the grazing pressure on small
phytoplankton), both cases are likely to increase biomass
of small phytoplankton – while filter-feeders (thaliaceans,
appendicularians and also pteropods here) will feed on all
phytoplankton sizes (Sommer, 2008). The predominance of
filter-feeders from 2001 to 2004 may be responsible for low
values of chlorophyll-a observed over these years at all sea-
sons. Yet, microzooplankton are important grazers of small
phytoplankton (e.g.Calbet and Landry, 1999, 2004) and food
for mesozooplankton. Further measurements will be needed
to fully understand trophic links at this location.

4.4 Other biotic and abiotic effects

The winter forcing caused by nutrient replenishment due
to intense mixing seems to explain a large part of the
inter-annual variability of the zooplankton community (see
Sects.4.2 and 4.3). However several years stand at odds
with this conceptual schematic (e.g. 1995, 1999, 2001 and
2002) by showing an opposite pattern between the strength
of the winter mixing and the total zooplankton reached dur-
ing the year. Molinero et al. (2005, 2008) proposed that
the inter-annual fluctuations of the zooplankton communi-
ties were mainly determined by the summer climate (negative
link with summer irradiation, see Sect.4.1). Here, significant
and positive correlations are observed between zooplankton
and cumulated spring/summer (April–September) irradiation
(rs = 0.65,p = 0.034, with total annual values of zooplank-
ton andrs = 0.74,p = 0.013, with the PC1zoo). This increase
of solar irradiation was associated to an increase in stratifi-
cation (see PCA, Fig.8a). Such a positive effect of strat-
ification was also observed byAksnes and Ohman(2009)
andRykaczewski and Dunne(2010) in the California Cur-
rent Ecosystem who have suggested a possible “optimum”,
highlighting the non-linear response to stratification. In the
present case it is difficult to disentangle possible beneficial
effects from increased stratification (with years after ca. 2000
being closer to the “optimum”) from the winter forcing that
could propagate through the year. However, spring/summer
climate may play a role in the inter-annual variability of the
system, yet in a different way as expected by previous stud-
ies. Thus, longer time series will be needed to get various
patterns of winter and spring/summer forcing.

Another inter-annual variation was observed in the time-
lag between the appearances of the different taxonomic
groups (see Table2). It appears that most of the large groups
increased from 2001 to 2003 whereas small copepods in-
creased from 2000. Such a time-lag was already observed
at the same location byGarcia-Comas et al.(2011) in the
1981/1983 and 1999/2000 transitions. The reason for the

time lag is not understood but seems to be a constant feature
in the studied area. A possible explanation lies in the time
needed by large zooplankton to recover from the extremely
low abundances reached during unfavorable periods (espe-
cially in oligotrophic waters of the Mediterranean Sea). Such
a time lag in the responses of the different groups can ex-
plain the year 2000 peculiarity in which the herbivorous com-
munity was mainly composed of copepods and not of filter-
feeders, reducing the “top-down” control on phytoplankton
from zooplankton previously mentioned (see above).

Finally, the second peak of nitrate observed after year 2000
from August to November is related to stronger wind, saltier,
more dense waters and more stratification (see W3, wS3-4,
wD3 and st3 in Fig.8a). The higher stratification in such
wind conditions is explained by the averaging over three
months that dampen the short term de-stratification (data not
shown). Altogether the late summer/autumn patterns suggest
that vertical mixing upwelled nitrate to the surface more ef-
ficiently in the second period (2000–2005). The increased
of nitrate did not trigger phytoplankton accumulation but
may have contributed to maintain high levels of zooplankton
biomass in this period. These results suggest also that the
autumn bloom may be also controlled by zooplankton. Al-
though important, this second high productive period repre-
sents only a small proportion of total zooplankton interannual
changes (August to November months represent on average
21.4 % of the annual zooplankton abundances, Sect.3.2and
Fig. 4b).

5 Conclusions

Using a new 11 yr’s multiparametric time series including
zooplankton collected with a WP2 net, we show that:

– Zooplankton abundances increased almost by two from
2000 to 2005 compared to 1995–1999 but that strong
inter-annual variability is observed in both periods.

– An important driving factor of these fluctuations is the
strength of the winter mixing determined by winter pre-
cipitations and air temperature. Summer/autumn vari-
ability in mixing contributes to a smaller extend to the
observed changes.

– A clear opposite evolution of nitrate and zooplankton
vs. chlorophyll-a suggesting a strong “top-down” con-
trol of phytoplankton spring and autumn blooms by zoo-
plankton.

This study confirms that the pelagic ecosystem in the Lig-
urian Sea has not shifted toward a long-term oligotrophic
state as a consequence of communities reorganization in
a warming environment (Molinero et al., 2008; Conversi
et al., 2010). Instead, this study, together with other stud-
ies (Garcia-Comas et al., 2011; Marty and Chiav́erini, 2010),
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suggest that the plankton community responds to inter-
annual climatic changes related to the oscillation of dry and
wet periods in the NW Mediterranean Sea. The 40 yr zoo-
plankton time series at Point B (this work andGarcia-Comas
et al., 2011) is not long enough to disentangle the impact
of inter-annual changes in the precipitation regime from the
impact of the long term warming of the Mediterranean Sea
(Vargas-Yanez et al., 2010). In addition, current data avail-
able on the interactions between phytoplankton and zoo-
plankton is not sufficient to understand fully the complex
functioning of the plankton ecosystem. Therefore future
studies should complement the current observations by mea-
surements of rates (primary and secondary production) and
estimates of heterotrophic protozoa abundances, phytoplank-
ton size spectra or main taxonomic groups.
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Villefranche-sur-mer (OOV)” for providing hydrobiological data,
and the teams headed by Jean-Yves Carval and Jean-Luc Prévost,
of theNO Sagitta IIandNO Velelle, for their field work. We finally
thank “Mét́eo France” for providing the meteorological data.
Pieter Vandromme was financially supported by the “Ministère de
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