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Abstract. In the Straits of Messina, large gradients of tidal 1 Introduction
displacements, as well as the topographic constrictions, de-
termine the upwelling of deeper waters in the surface layerHydrodynamical processes affect the spatial distribution and
This work describes the seasonal variability in the surfacetemporal development of phytoplankton biomass on the
distribution of phytoplankton biomass depending on the up-world’s oceans and seas. Among the hydrological events,
welling phenomena. Temperature, salinity, nitrates and phythe divergent current bring nutrients into the upper layer of
toplankton fluorescence were measured in 1994 and 199he water column and modulates the chlorophylidistribu-
by continuous underway surface real-time measurements onion (Koike et al., 1982; Echevderet al., 2002; Gomez et al.,
board dedicated research boats. Each survey was performem04; Kontoyiannis et al., 2005). Upwelling is a hydrological
following the dynamic phases of flooding and ebbing tides.phenomenon that strongly impacts the marine ecosystem. In
Tidal currents are essentially southward during high tide andfact, upwelling systems belong to the most productive marine
northward during low tide. environments, and are characterized by increased ‘biological
During the low water slack tide, large spatial gradientsrichness’in all levels of the trophic chain. Low water temper-
of physical-chemical and biological parameters were found ature is one of the indicators of upwelling, and the difference
while at the high water slack tide, a diffused phytoplankton of sea-surface temperatures between an upwelling zone and
fluorescence was observed only in autumn due to a season#ie surrounding waters is a parameter for defining upwelling
thermocline. Salinity, nitrate and chlorophyilfluorescence intensity (Levasseur et al., 1987; Lee et al., 1997; Tang et
data revealed a significant positive intercorrelation, whereasl., 2004; Reul et al., 2005). In these environments, phyto-
they were inversely correlated with temperature. Generallyplankton growth is primarily regulated by the availability of
the upwelling distribution was limited to narrow zones dur- allochthon nutrients, primarily nitrates, which stimulate the
ing winter, while in summer it was found in the middle of production of phytoplankton (Ruiz et al., 2001; Chen et al.,
the Straits and in the southern zones. During spring in the2004).
southern zone of the Straits, the maximum chlorophyflli-
orescence was detected (May 1995, 82Chla 1); in 1.1 Description of the study area
summer, when back and forth tidal movements between the

Tyrrhenian and the lonian seas intensify, decreased valuegne Straits of Messina, at the center of the Mediterranean
were observed throughout the study area. Sea (Fig. 1a), is an area where strong currents determine fast
The data set obtained through continuous and repeatablehanges in the oceanographic conditions. This system, sepa-
samplings has allowed the study of different time-spacerating the Italian peninsula from Sicily, is an amphidromic
scales in the Straits of Messina, a very strong and dynamigoint for the tides of the Tyrrhenian in the northwest and
environment. the lonian seas in the southeast (Fig. 1b). Morphologically,
The Straits system could be compared to an "intermittentthe Strait resembles a funnel-shaped geometry with a north-
pump” which, during the different seasons, initially enriches south length of 40km and a west-east width ranging from
itself and subsequently provides nutrients to the surrounding km near the Tyrrhenian edge, to about 25km at the lo-

basins. nian open boundary. The narrowest section (Ganzirri—-Punta
Pezzo), which coincides with the sill region, has a depth of

Correspondence to: F. Azzaro ~80m and divides the area into northern and southern sec-

(filippo.azzaro@iamc.cnr.it) tors. The sea bottom slopes steeply downward to a depth of
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Fig. 1. Geographical location of the Straits of Mess{#g and automatic surface trackigB).

face water turbulence in the Straits is mainly influenced by
two types of circulation, a steady surface current and a tur-
bulent mixing, both of which generate discontinuity of the
o thermo—haline distribution in the surface layer (Fig. 2). The
~200 .
steady current has a maximum speed of 2hand a preva-

P. Pellaro

L a0 g lently north to south direction at the surface (0—30 m). Water
~-600 % turbulence is caused both by internal waves and by tidal cur-
- k800 T rents (Alpers and Salusti, 1983; Griffa et al., 1986; Di Sarra

et al., 1987; Sapia and Salusti, 1987; Bignami and Salusti,
1990; Nicob and Salusti, 1991; Alpers et al., 1996; Brandt
et al., 1997; Brandt et al., 1999). Internal waves are caused

Low Tide N €« S — 1000

1200

0 by differences in water mass densities of the two basins that
200 are facing in the Straits. Tidal currents are caused by op-
400 posite tidal oscillations of the two basins (max 27 cm) with
L0 & almost the same amplitude and period (about 6 1/4 h). These
= conditions lead to the upwelling of deeper water of Levan-
T tine Intermediate Water origin (Cortese and De Domenico,
High Tide S > N [~ 1000 1990), which is colder, more salty and more nutrient-rich
= 1200 compared to the Tyrrhenian Surface Waters (Atlantic Water

origin). Harmonic oscillations of the current flowing from
Fig. 2. Straits of Messina: schematic distribution of the tidal cur- the Tyrrhenian Sea waters into t_he lonian Sea (high tide cur-
rents during the maximum speed in the low and high tide flow (Ver- rent), and from the lonian water into the Tyrrhenian Sea (low
celli, 1925). Sill location refer to Fig. 3. tide current) are encountered, with a brief slack water inter-
val (balancing flow).

1000 m at 19 km south of the sill. The northern sector has a Because of these particular environmental features, the
gentler slope, and the 400 m isobath is located 15 km north oftraits have been studied by many researchers in order to de-
the sill toward the Tyrrhenian Sea. The Straits exhibits strongfine forcing factors that determine its current regimen (cf.,
tidal currents driven by both barotropic and baroclinic pro- Vercelli, 1925; Vercelli and Picotti, 1926; Defant, 1940; Del
cesses, due to strong bathymetric constraints exerted by thHgicco, 1982; Tomasin and Tomasino, 198%hm et al.,

sill and coastal morpho|ogy (Hopkins et a|_’ 1984; Farmer et1987, Mosetti, 1988; Androsov et al., 1994; Androsov et al.,
al., 1995; Farmer et al., 2002; Vargasiéz et al., 2002). 2002). Many hydrobiological studies have been conducted
Large gradients of tidal displacements are encountered in theVer the last few decades to describe the influence of com-
Straits of Messina, because the predominantly semi-diurnaPlex hydrodynamic conditions on biological parameters (De
north and south tides are approximately in phase oppositionPomenico, 1987; Bruni et al., 1988; Genovese et al., 1984;
Due to both phase opposition and topographic constrictionsPe Domenico et al., 1988; Magazet al., 1987; 1989; 1995;
the current velocities can attain values as high as 3.0'ms Guglielmo et al., 1995; Decembrini et al., 1998; 1999; Az-
in the sill region, and are related to the position of the sun,zaro et al., 2004a; 2004b).

the phase of the moon, the wind speed and direction, and the

air pressure distribution (Vercelli, 1925; Defant, 1961). Sur-

Ocean Sci., 3, 451-460, 2007 www.ocean-sci.net/3/451/2007/
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Fig. 3. 48-h behaviour of density at sill station surveyed with a frequency of 1-h at syzygy (December 1993). Estimated current direction
(+=S—N; —=N—S) and speed (Knots) from “Tavole di Marea |.I.M.M.". Reference to Fig. 2.

1.2 Background and approache of massive upwelling of cold water from depths. In fact, the
more evident chemical-physical and biological variation was

The majority of previous hydrological research has been conobserved during the rise of deeper waters.

ducted along the principal north—south axis using traditional The aim of the present study was to assess the seasonal

oceanographic methods that, due to the time limitations ofinfluence of the strong tidal variability on the surface phy-

sampling, have produced an incomplete characterization ofoplankton distribution (estimated as chlorophyll fluores-

the horizontal extent and timing of the variability of the cence) in the water upwelling into the Straits of Messina sys-

Straits of Messina. In recent years, oceanographic investitem. The results covered an annual cycle at monthly scale,

gations using innovative strategies and techniques have leflarrowly focused on providing a first-order description of the

to the observation of the upwelling of deeper water, not onlyobserved seasonal variability of the physico-chemical and bi-
in restricted zones (sill), but also in the wider areas of theological parameters.

system. These recent contributions have led to a better un-

derstanding of the system (Azzaro et al., 1995; Cescon et

al., 1997; Azzaro et al., 2000), but despite the development

of new study approaches, prove to be limited in time. Con-2 Materials and methods

ceivably, the concomitant ubiquitousness of water currents

of different densities in the Straits, provokes natural verticalgpatial and temporal distribution patterns of physico-

instability and an increase of deeper waters (upwelling). Achemical (temperature, salinity, and nutrient concentrations)
conventional 48-h hydrological survey (with a 1-h sampling g4 biological (chlorophy#a measured by in situ fluores-
interval) in a fixed sill station is representative of the frequent .gnce emission) parameters were monitored for 25 months
_upwel!ing occurrence, as indicgted by t_he detected densit)during a local research project, and data are presently
inversion (see the example of Fig. 3). Itis then assumed begyajlable for the central-northern side of the Straits of
low that the timing of these overturns is highly coincident \essina. Discrete water samples (nutrients, chlorophayll
with the slack water interval when the rearrangement of theetc.) based on conventional methods were collected dur-
stable water column occurs as a result of instability. Near '[hqng the surveys. The wind, air temperature and pressure
end of the advective unsteadiness and during the onset of Wayere measured during each hydrographic cruise. Automatic
ter slack, natural vertical vorticity and turbulent tidal currents ygg)-time data were obtained by monthly surface tracking,
occur. Flow continuity requires an upward flow from deeper from December 1993 to December 1995, in the area between
waters to the south to maintain the divergence. As the vortictapo Peloro (Sicily) to the north and Reggio Calabria to the
ity and the associated cyclonic mgander dissipate, upwellinggth. This area was covered on the R/B “Delfo” using zig-
should cease. The subsequent tidal stream could sweep thgq cruise tracks between the Calabrian and Sicilian coasts,
cold anomaly out of the Straits, and cause the temperature tQqopting the lagrangian method in order to follow the wave
rise again, setting the stage for the next tidal event. of tide in the Strait. The location of the area and the track fol-
A data set from continuous and repeatable sampling ofiowed by the boat in each survey is displayed in Fig. 1b. Itis
water temperature and chlorophy# fluorescence has al- well known that the maximum intensity-@ m/s) of the tidal
lowed the study of different time-space scales in the Straitssyrrents occur during spring tides, corresponding to syzygy
of Messina. lunar phases. Measurements were carried out when the wa-
Due to high hydrodynamic system variability, the surface ter slackens during the spring tide period to individuate the
tracking was performed during the slack water, when the adupwelling of deeper waters. Prior to taking measurements,
vective current can be considered negligible and the turbuthe current forecast from “Tide tables of the Istituto Idro-
lent moving water is replaced by upwelling water. Not sur- grafico della Marina, Genova” was used in order to seize the
prisingly, temperature records indicate that this is the onsetjuasi-stationary situations following the dynamic phases of

Wwww.ocean-sci.net/3/451/2007/ Ocean Sci., 3, 451-460, 2007
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Fig. 5. Plot of chlorophyll-a concentration versus chlorophyl:
fluorescence.

parison with laboratory analysis (according to Strickland and
Parsons, 1972; Innamorati et al., 1990; Grasshoff, 1983). As
it shown in Fig. 5, the scatter plot demonstrates evident cor-
relation between chlorophylla fluorescence and concentra-
tion.

3 Results and discussions

Eﬁ&gbhyll'\ﬁapﬂucc())rZspcaerLScangng(ra?%i/ (X\ﬁ;ecr)f tse;m‘;r%tg;fag;? As a part of several studies related to the influence of the
a . . . . .

o . . hysical forcing on the first level of the trophic chain, the
with airborne images (MIVIS, right) data (25 September 1999). Ey(}jlro—biologicgl behavior of surface waters F;‘)rom December
1993 to December 1995 are presented. The seasonal aver-
. Co . . age and standard deviation of measured parameters during
high (high tide current, 3 h/cruise) and low (low tide current, the slack water after low tide flow (low water slack) and

3hicruise) tides. ) ) ) after high tide flow (high water slack) are reported in Ta-
The above-mentioned local sampling strategy (Fig. 4) Wasyje 1. Nitrate and salinity trends in winter and spring sea-

recently repeated, and results showed that the images oly,ns are shown to point out the upwelling process. Among
_talned sm_1u|taneously by MIVIS (MquspectyaI Infrared Vis- he cruises, four monthly surveys both in low and in high
ible Imaging Spectrometer) can be superimposed onto thgges were chosen in order to represent the seasonal phyto-
measures at sea as reported in Azzaro et al. (2001). plankton fluorescence and temperature conditions depending
Seasonal real-time tracking of surface water temperaturegn the tidal current pattern.
salinity and fluorescence by chlorophylt were automati-
cally measured (at a frequency of 30s) using a CTD probe3.1 Nitrate and salinity distributions
(Meerestechnik Elektronik) implemented with a fluorome-
ter (Haardt-1101LP). The sensors were positioned inside &he high frequency real-time measurements of surface ni-
steel tank where the water flowed, drawn by a membrandrates and salinity distributions observed in December 1993
pump at the back of the system; the sensors outputs werand April 1994 are shown in Fig. 6. In the winter season
transmitted to a computer for display and storage. In ad-during the low water slack tide, the maximum nitrate con-
dition to the above parameters, nitrate-nitrite automatic ascentrations were found along the Sicilian (1,8% — Pace)
says were performed in the winter and spring of 1994 (at aand Calabrian coasts (1.361 — Punta Pezzo) and were as-
frequency of 30 s) in two different surveys onboard the R/V sociated with the maximum salinity (38.24) and the mini-
“Urania” using an Alliance Integral analyzer (analytical ac- mum temperature (15°8). In the high water slack tide, the
curacy of 0.15M). CTD-FI data quality for salinity, fluores- nitrate concentration increase was located near Villa S. Gio-
cence by chlorophylta and nitrate were assessed by com- vanni (1.2uM of NO3 and salinity of 38.22). Lower nitrate

Ocean Sci., 3, 451-460, 2007 Wwww.ocean-sci.net/3/451/2007/
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and April 1994 in the slack water after low tide (upper panel) and high tide currents (lower panel).

Table 1. Seasonal (1994-95) average and standard deviation (sd) of temperature, salinity, chletofibgliescence in the slack water
after low and high tide currents.

Seasons 1994-95 Low Water Slack — mean (sd) High Water Slack — mean (sd)
Temp°C Salinity ng-Chla 171 TempecC Salinity ©g-Chlg 171

Winter 15.30 (0.56) 37.90(0.51) 0.16 (0.05) 15.50 (0.70) 37.77(0.47) 0.16 (0.04)

(Dec—-Jan-Feb)

Spring 15.85(1.06) 38.05(0.28) 0.26(0.24)  16.05(0.78) 37.80(0.42) 0.10 (0.08)

(March-April-

May)

Summer 19.80(5.93) 38.08(0.39) 0.07 (0.03)  25.40(3.57) 37.90(0.56) 0.06 (0.05)

(June—July—Aug)

Autumn 20.75(2.47) 37.98(0.47) 0.14(0.13) 20.16(2.59) 38.01(0.28) 0.16 (0.03)

(Sep—Oct—Nov)

concentrations, close to undetectable values and associatadlinity (r=0.52, p<0.01, n=1560), and an inverse correla-
with a salinity of 37.50, were measured in the northern zonetion with temperature (r=0.84,0.01, n=1560), (Fischer,
of the Straits. 1946). A direct correlation (n=1560 December ‘93 and April
During the spring season surveys, higher nitrate con-94) was observed between chlorophydl fluorescence and
centrations and wider upwelling zones were detected comsalinity (r=0.22 p<0.01) and nitrate levels (r=0.1249.01),
pared to winter surveys. Major NOvalues during spring While an inverse correlation was observed with temperature
(3.67uM) in the low water slack were associated with maxi- (r=0.23 p<0.01). It is likely that tidal pumping is an im-
mum salinity (38.39) and were located between Capo Pelorgoortant contributor to the nutrient supply of this area, which
and Punta Pezzo, while the highest concentration (2M)l  suggests that the N{zoncentration could be a conservative
was recorded between Pace and Punta Pezzo at the high waarameter of the upwelled water in the Straits of Messina
ter slack. (De Domenico M. et al., 1988). Upwelled water is cooler
The correlation analyses of nitrate concentration and@nd saltier than the original surface water, and has much
thermo-haline parameters showed direct correlations witthigher concentrations of nutrients such as nitrate, which

Www.ocean-sci.net/3/451/2007/ Ocean Sci., 3, 451-460, 2007
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sustain the biological primary production. The high values3.2 Seasonal trend of phytoplankton fluorescence and tem-

of chlorophyll-a fluorescence at the boundary of the diver-
gence zone are likely determined by the upward flux of nutri-

perature distribution

ents to the euphotic zone and by the intense tidally-inducedrhe hydro-biological parameters recorded monthly during

vertical mixing.

Ocean Sci., 3, 451-460, 2007

1995 during both low and high water slack tide are described.
The correlation matrices for both slack tides, based on 1000

www.ocean-sci.net/3/451/2007/
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individu.al qf':ltapoints for_each compone.nt (Taple 2), ShOWTable 2. Correlation matrix for the seasonal (1994-95) data: low
some significant correlations. Thus, during spring, SUMMeN, ater slack (upper right); high water slack (lower left); number of

and fall seasons, fluorescence is positively correlated withyata for each set>1000. Significance of correlation coefficients:
salinity and negatively correlated with temperature, while in r=0.062 (P=0.05); r=0.081 (P=0.01).
winter the correlation is inverted in high water slack and in

low water slack there is a lack of correlation. The spatial dis- Winter (Dec-Jan-Feb) Spring (Mar-Apr-May)

. . . . . T S F T S F
t_rlbutlo.n among the d|fferent seasons is clear evidence of the —, & s @ s
tidally-induced upwelling character of the zone. The contour 7 0,052 0.020 T -0.393 0686
plots of sea-surface temperature and chlorophyffluores- e O SR
cence (SST and Chla-FI hereinafter) and seasonal distribu-
tion patterns qre dI_Splayed In FIgS' 7 and 8 . . Summer (Jun-Jul-Aug) Autumn (Sep-Oct-Nov)

General uniformity of the surface thermo-haline horizontal T s F - T s F
. . . HWS LWS HW: LWS
structures were observed during winter months in slack wa- "} 0126 0556 T 0424 0375
ter; water temperature ranged between 14C3&nd 15.67C S -0.745 0.366 s 0707 0.232
F -0.732 0.292 F -0.560 0.370

(AT=1.3°C), and salinity ranged from 37.44 to 38.12. In the
low water slack tide, SST was lower (15°8Din January
1995; Fig. 7) in the northern zone bounded by the Ganzirri-

Punta Pezzo section. In the high water slack, SST was found T 1
to be lower (15.20C in January 1995; Fig. 8) mainly in the values and homogeneous distributions (Q:g3Chla I

central zone along the Sicily coast. During winter, phyto- vge;g fO':I(n;ﬂ;k;nrahewcg;/grgsggﬁ,:(;eisbggﬁZT;Cih\:\Zg r\S/aIlil:zs
plankton fluorescence was low and was uniformly distributed( ~—oung-Lhna ). . . . '

in the area (around 0.%&y-Chla %) in both slack waters fact, the distribution of blomas§ in autumn was influenced
(Figs. 7 and 8). However, in the low water slack tide aby the presence of a thgrmochne. A “?po” by Brandt et
slight increase in the Chla-FI concentration at the middle ofal' (1999) on high-resolution hydrographical measurements

the southern zone and in the western part of the central zon%arrleOI OUt. in October 1995 approximately at slack Wate_rs
were found, whereas at high water slack tide (Fig. 8) in theafter both tidal flows, showed that when south of the Straits

sill, the thermic profile was characterized by the presence of

upwelling zone, between Ganzirri-Punta Pezzo, a decrease . : )
of Chla-Fl values was measured (0/ig-Chla I-2). a well-mixed near-surface layer with a thickness of about 40

During the spring season, the upwelling zone found in meters. The astronomic conditions imply that advective ve-

e witer gracal extnded f th sout (1550 iy 0L O eleT re songer i s oo ke sur
1995; Fig. 7) during both low and high slack waters. In par- ' P

ticular, during low water slack tide (Fig. 7), the maximum here (greater shear, more mixing). On the other hand, the si-

phytoplankton fluorescence (0.88-Chla 1) was recorded mﬁggpfﬁgs S;veilr(])plg]fe:ltj tcr) :;2;Zuntgn;?ha;rthir?;ggn;gcﬁg
in the southern part, whereas in the high water slack, Chla- pumping P

FI was extremely low with a slight increase in the southern euphotic zone from deep waters. These counteracting influ-
sector &£0.12ug-Chla 1) ences are likely responsible for the biological cycle of the

The maximum SST range occurred in the low water SIaCkIayer over the thermocline itself, and any reliable descrip-

after higher currents velocity=2 m/s) during the summer; gg:a?ftgrf Z?;s?ga;ncgﬂﬁléfgu@s r?:m;%’ dsat?.aﬁgaS—)
a narrow temperature front (25.53-1884 (Fig. 7) and peratu P P '9S.

salinity front (37.80—38.35) were found in the northern zoneSuggeSt the following fgatures dqring most O.f the year: Sea-
of the system. In the opposing current phase (high Wate'sonal temperature depicts upwelling cores with cold and very
slack: Fig. 8) ' SST ranged between 27@3and 22.88C rich in particles surface waters, but biologically poor patches.
and the salinity ranged from 37.50 to 38.30. Moreover, theThe chlorophyk-a maps depict a southward tongue of wa-

upwelling zone mainly extended along the Sicilian coast,ter rich in chlorophyl-a connected to the upwelling zone in

while higher temperature values were recorded in the north:SUCh way that high chlorophylla concentrations be found

ern zone (27.9%C) (Fig. 8). During summer, lower Chla-FI in calmer waters, far from the place where water upwells.
values 0.0ug-Chla 1) were registered coincident with

highest surface thermo-haline discontinuities at slack water

after both tidal flows and were localized in the southeasterrd Conclusions

area.

In autumn, SST values were influenced by summer heatThe seasonal variability of phytoplankton fluorescence
ing, and consequently there were higher annual averageshowed low values in the tidally induced upwelling zone due
with less variation (20.762.47C). Moreover, in October, to the strong vertical mixing, except during autumn, when
the previously described phytoplankton fluorescence condithermocline is also present in the Straits and the exchange in
tions become inverted (Fig. 8): at low water slack high tide, the water column is limited (Magauzt al., 1987).
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The data show the existence of an annual cycle with anwards the surrounding areas, where a decrease of nutrients
upwelling peak in late spring through the late summer. Dur-and increase of chlorophyla occurs, namely in the north
ing autumn and winter seasons, the water upwelling is con{Gulf of Gioia Tauro; Innamorati et al., 1996) and along the
fined to the central zone of the Straits. In spring, the diver-southeastern Sicilian coastdBm et al,1987; Decembrini et
gence zones occur both in the central and southern sectors af., 2004; Raffa and Hopkins, 2004). In other marine ecosys-
the systemDuring the summer season, the water upwelling tems, low phytoplankton growth is due to nutrient depletion
takes place in the middle area of the Straits spreading to thef the euphotic layer.
south.

The principal correlation features are consistent with theAcknowledgements. The authors thank G. Zappalan electronic
assumption that main variations in hydrobiological charac-engineer, A. Cosenza, an electronic technician, and F. Soraci, a ves-
teristics are directly related to the seasonal trends of the tidéel technician, for their valuable work in the field. The constructive
currents, strongly evident during warm seasons compared téfiticisms of V. Martin-&zquel and of an anonymous reviewer on
the cold ones. Moreover, the lack of correlation in winter is arlier versions of this work are gratefully acknowledged.
due Fo the expected homoeothermy of the water column: Edited by: E. J. M. Delhez
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