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SUMMARY: The northern sector of the Sicilian Channel is an area of favourable upwelling winds, which ought to support
primary production. However, the values for primary production are low when compared with other Mediterranean areas
and very low compared with the most biologically productive regions of the world’s oceans: California, the Canary Islands,
Humboldt and Benguela. The aim of this study was to identify the main factors that limit phytoplankton biomass in the
Sicilian Channel and modulate its monthly changes. We compared satellite-based estimates of chlorophyll a concentration
in the Strait of Sicily with those observed in the four Eastern Boundary Upwelling Systems mentioned above and in other
Mediterranean wind-induced coastal upwelling systems (the Alboran Sea, the Gulf of Lions and the Aegean Sea). Our results
show that this low level of chlorophyll is mainly due to the low nutrient level in surface and sub-surface waters, independ-
ently of wind-induced upwelling intensity. Further, monthly changes in chlorophyll are mainly driven by the mixing of water
column and wind-induced and/or circulation-related upwelling processes. Finally, primary production limitation due to the
enhanced stratification processes resulting from the general warming trend of Mediterranean waters is not active over most
of the coastal upwelling area off the southern Sicilian coast.

Keywords: upwelling, Ekman transport, nutrients, chlorophyll a, Mediterranean Sea, Sicilian Channel.

RESUMEN: IMPORTANCIA DE LOS FENOMENOS FISICOS Y LA DISPONIBILIDAD DE NUTRIENTES EN EL CONTROL DE LA CON-
CENTRACION DE CLOROFILA ESTIMADA POR SATELITE EN EL AREA COSTERA DE AFLORAMIENTO DEL CANAL DE SICILIA. — El
sector norte del Canal de Sicilia es un area de vientos favorables para el afloramiento, lo cual debe favorecer la produccion
primaria. Sin embargo, los valores de produccién primaria son bajos comparados con otras dreas del Mediterraneo y muy
bajos comparados con las regiones biol6gicamente mas productivas de los océanos a nivel mundial: California, Canarias,
Humboldt y Benguela. El objetivo de este estudio fue identificar los principales factores que limitan la biomasa del fito-
plancton y modulan sus cambios mensuales. Comparamos estimas de la concentracion de clorofila a basadas en satélite en
el estrecho de Sicilia, con las observadas en los cuatro sistemas orientales de afloramiento mencionados anteriormente y en
otros sistemas costeros del Mediterrdneo en los que el viento favorece los afloramientos (Mar del Albordn, Golfo de Leén
y Mar Egeo). Nuestros resultados muestran que la baja produccion primaria es debida principalmente a la baja entrada de
nutrientes en aguas superficiales, independientemente de la intensidad del afloramiento causado por el viento. Por otro lado,
los cambios mensuales en la produccion primaria se deben a la mezcla de la columna de agua y afloramientos asociados al
viento y/o procesos de circulacion en la zona. Finalmente, la limitacion de la produccién primaria debida al aumento del
proceso de estratificacion resultante de la tendencia general de calentamiento de las aguas del Mediterraneo, no es activa a
lo largo de la mayor parte del drea de afloramiento en la costa sur de Sicilia.

Palabras clave: afloramiento, transporte de Ekman, nutrientes, clorofila @, mar Mediterraneo, Canal de Sicilia.
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INTRODUCTION

The production of fished pelagic species in differ-
ent regions depends on the phytoplankton primary
production, the length of food chains, and the transfer
efficiency (Jennings et al., 2001). In ecosystems with
similar food chains and sources of primary production,
there are good correlations between fish yields and pri-
mary production (Iverson, 1990). Basilone et al. (2004)
showed that a high proportion of the variance of anchovy
growth between areas was explained mainly by changes
in the chlorophyll concentration, and that the growth
of the anchovy (along with phytoplankton biomass) in
the Sicilian channel was at the low end of the range.
Therefore, phytoplankton biomass and related primary
production are clearly low in the Sicilian Channel and
the best indication of this low productivity is this limited
fish production. The question is, what is it that limits
primary production in the Sicilian Channel?

Most of the studies about the identification of the
factors controlling primary (and secondary) production
have been carried out in the most biologically productive
regions of the world’s oceans: California, Canary, Hum-
boldt, and Benguela (Ware, 1992; Thomas et al., 1994;
Carr, 2002; Carr and Kearns, 2003; Hardman-Mountford
et al., 2003; Thomas et al., 2004; Ribeiro et al., 2005;
Patti et al., 2008; Rykaczewski and Checkley, 2008; De-
marcq, 2009), probably because these areas support large
commercial fisheries. Less attention has been paid to the
identification of the factors controlling primary produc-
tion in areas with low productivity, in particular in coastal
upwelling systems of the Mediterranean Sea.

Patti et al. (2008) demonstrated that the high chlo-
rophyll a (Chl a) concentration, and also the differ-
ences in Chl a among the most biologically productive
Eastern Boundary Upwelling System (EBUS) regions
of California, Canary, Humboldt, and Benguela are
mainly due to the extension of the continental shelf,
nutrient concentration, turbulence in the mixed layer
and, lastly, offshore Ekman transport. Now that the
main factors affecting primary production in the major
upwelling areas have been identified, it may help to
identify the factors controlling primary production in
low productivity areas, such as the Mediterranean Sea.
In this paper we used satellite-based Chl a estimates as
it has been demonstrated that they are good proxies for
primary production data (Joint and Groom, 2000). We
therefore consider that the differences in chlorophyll
concentration among areas observed also indicate dif-
ferences in primary production.

The Mediterranean is characterized by oligotrophic
conditions and it has been suggested that there is a
decreasing trend over time in chlorophyll concentra-
tion. This has been associated with increased nutrient
limitation resulting from reduced vertical mixing due
to a more stable stratification of the basin, in line with
the general warming of the Mediterranean (Barale et
al., 2008). Behrenfeld ef al. (2006) also suggested that
the decreasing trend in ocean primary production is

due to climatic changes that lead to surface warming,
resulting in an increase in the density contrast between
the surface layer and underlying nutrient-rich waters.
This in turn leads to enhanced stratification, which
suppresses nutrient exchange through vertical mixing.
Global warming should therefore lead to a decrease in
primary production in the Mediterranean.

However, the Mediterranean Sea shows consider-
able spatial heterogeneity in primary production (Es-
trada, 1996; Crispi and Pacciaroni, 2009). Therefore, it
would be interesting to determine whether this poten-
tial limitation of primary production due to the more
stable stratification of the basin that is suggested to be
the case for the Mediterranean (Barale et al., 2008) is
also observed in the upwelling area that characterizes
the northern sector of the Strait of Sicily, an area very
important for the nutrient concentrations encountered
in Mediterranean waters (Karafistan et al., 2002).

Using a comparative approach, this study aimed to
use satellite-based phytoplankton biomass estimates to
identify the factors limiting primary production off the
southern coast of Sicily and modulating its monthly
changes.

MATERIALS AND METHODS
Study area

This study is mainly based on in situ and satellite
environmental information available for the period
September 1997 to December 2007 for each of the sites
shown in Figure 1, representing some of the most im-
portant coastal upwelling systems of the Mediterranean
Sea (Alboran Sea, Gulf of Lions, Sicilian Channel, and
Aegean Sea). Information on turbulence (see the sec-
tion “Wind-mixing index” below) was gathered dur-
ing the period September 1997 to May 2007, whereas
information about nutrients covers a wider time span
(see the section “Nutrients” below). Average data val-
ues over 1° x 1° of latitude and longitude cells were
employed for all factors.

Although some of the data sets used in this study
are accessible on the Internet at higher resolutions, 1° x
1° resolution was chosen in order to meet the available
spatial resolution of the International Comprehensive
Ocean-Atmosphere Data Set (I-COADS) (turbulence
data) and the World Ocean Atlas 2005 (WOAO05) data
sets (nutrients data). Box locations of 1° x 1° were
selected by choosing those sites closest to the coast
and better able to represent the features of the local up-
welling system (Fig. 2). Cross-correlation analysis (see
the section ““Statistical analysis” below) is only based
on monthly time series extracted from sites located off
the southern coast of Sicily.

For comparison purposes, satellite-based chloro-
phyll a estimates, and other in situ environmental in-
formation (average Ekman transport, Ekman transport
variability, macronutrients) for a series of alongshore 1°
x 1° boxes located in the main world Eastern Boundary
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F1G. 1. — Map showing the 1° x 1° of latitude and longitude boxes
in the selected Mediterranean upwelling regions (Alboran Sea, Gulf
of Lions, Sicilian Channel, and Aegean Sea), where Chl a concen-
tration, Ekman transport, wind mixing, nutrient concentration, and
water column stability were estimated or extracted from the avail-
able databases. The Sicilian Channel area, which time series cross-
correlation analysis is based on, is evidenced below. The average
path of the Atlantic Ionian Stream (AIS) over the Sicily Channel
area and 200 m isobath are superimposed.

Upwelling Systems (EBUS; the locations are the same
as those adopted by Patti et al., 2008) were also used.

Wind stress and offshore Ekman transport

Global marine monthly summaries of the observa-
tions from the International Comprehensive Ocean
Atmosphere Data Set (I-COADS), as available in the
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Data Support Section of the University Corporation
for Atmospheric Research (UCAR) website (http://dss.
ucar.edu/datasets/ds540.1/), were used to calculate av-
erage climatological patterns over the 1° x 1° boxes of
Figure 1 and to produce the wind stress/Ekman trans-
port field shown in Figure 3. Computations of the zonal
and meridional Ekman transport components involved
the calculation of wind stress T, and T, values starting
from the monthly mean values of zonal (WU) and
meridional (WV) components of “pseudo wind stress”
(m? s72) contained in group 5 of the Monthly Summary
Groups (MSG), using the following equations:
T, =p,C,WU T, =p,C,WV

where p, = 1.2 kg m= (air density), C,= 1.4 1073 (drag
coefficient), and WU and WV are the MSG summaries
for wind stress parameters.

Ekman transport components were calculated ac-
cording to Bakun (1973):

=T
X

fp

T
Q. =—=1000 0 = 1000
fp '

where O and Q are Ekman transport along the x
(zonal) and y (meridional) axes, respectively, in m3 s~!
km!, p = 1025 kg m=3 (water density), fis the (latitude-
dependent) Coriolis factor in s!, and T, and T, are the
wind stress components (in N m~2, i.e. kilogram me-
tre™! second2) over the sea.

Estimates of standard errors of Ekman transport
components were obtained using standard statistical
formulation for the variance of random variables ap-
plied to the available information on mean and stand-
ard deviation of wind stress monthly summaries.

Data consistency over the coastal regions of the
selected upwelling systems is evident, as wind stress/
Ekman transport vectors maintain approximately the
same direction (Fig. 3). In particular, it is worth not-
ing that the resultant vectors of Q and Q components,
herein used as an index of wind-induced alongshore
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FiG. 2. — Climatologies of: (a) SST (degree C), and (b) Chl a concentration (mg m~) over the study area, obtained respectively from the AQUA
MODIS mission (period: January 2002 - February 2008) and the SeaWiFS mission (period: September 1997 to December 2007).
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FIG. 3. — Resultant vectors of Qx and Qy Ekman transport (dark grey arrows) and T, and T, wind stress (light grey arrows) over the western
Mediterranean Sea and near North Atlantic Ocean. Vectors represent the climatological averages of COADS monthly summaries covering
the period 1998-2007.

upwelling intensity, are approximately perpendicular
to the shoreline.

Due to the COADS data scarcity in the 1° x 1°
boxes off the southern Sicilian coast, which led to the
presence of some missing monthly values, for the aims
of time series analysis another source of information
was used instead, namely the Simple Ocean Data As-
similation (SODA) database. Specifically, monthly
Ekman transport values over the period considered
(September 1997 to December 2007) and the related
climatologies were obtained from monthly zonal wind
stress data, accessible at 0.5° resolution, by assimilat-
ing the available field observations (http://ingrid.ldeo.
columbia.edu/SOURCES/.CARTON-GIESE/.SODA/.
v2p0p2-4/; Carton et al., 2000).

Nutrients

Data on monthly climatologies for nutrients (ni-
trate, phosphate, silicate) were obtained from the
WOAQOS5 database at 1° resolution (Garcia et al., 2006),
as implemented in Ocean Data View (ODV) format
(Schlitzer, 2008).

For nutrients, this dataset assembles various sourc-
es of information spanning the period 1921-2004, al-
though it is based mainly (in more than 95% of nutrient
profiles) on bottle data from the World Ocean Database
2005 (WODO0S5; Boyer et al., 2006) collected later than
1960. Average concentrations in the mixed layer (from
a depth range of 0 to 50 m) were compared with con-
centrations below the pycnocline (depth range: 75-200
m ), representing the source water layer for nutrients in
continental shelf areas.

Chlorophyll-a concentration

Chl a data used herein were obtained from the
NASA Sea-Viewing Wide Field-of-View Sensor

(SeaWiFS) Project, distributed as a Level 3 Standard
Mapped Image product (Feldman and McClain, 2006).
Specifically, monthly composite images for the period
September 1997 to December 2007 were downloaded
from the http://oceancolor.gsfc.nasa.gov/cgi/l3 web-
site in Hierarchical Data Format (HDF). These images
have 2160 by 4320 pixels and a resolution of about
9 x 9 km?. To match the resolution of I-COADS and
WOAQOQS, average pigment concentration values were
obtained for each of the 1° x 1° boxes in Figure 1.

Monthly Chl a estimates were also used for further
time series correlation analysis, limited to the Strait of
Sicily region.

Wind-mixing index

The energy transferred through the water column
by the wind creates turbulence in the surface layers.
Therefore, a wind-mixing index in the upper layer is
usually calculated as the cube of wind speed. We used
this index as an indicator of turbulence in the surface
layers. Wind speed data from September 1997 to May
2007 for wind-mixing index calculation were extracted
from the Global Marine Monthly Summaries in the I-
COADS data set.

Sea surface temperature

Monthly 1° x 1° (spatial resolution) optimal inter-
polation (OI) sea surface temperature (SST) data (Rey-
nolds et al., 2002) used for this study were provided
by the NOAA Operational Model Archive Distribution
System from their website http://nomad3.ncep.noaa.
gov/ncep_data/index.html. From the global data set,
covering the period November 1981 to the present, we
extracted SST time series for the 1° x 1° boxes located
along the southern Sicilian coast (Fig. 1).

Further SST data, downloaded from http://ocean-
color.gsfc.nasa.gov/cgi/13 and used for the mapping of
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the climatological SST field over the Sicilian channel,
were taken from the AQUA MODIS mission, spanning
the period January 2002 to February 2008.

Water column stability

Water column stability was estimated using the
methodology described by Guisande et al. (2001).
Specifically, for each of the three sites in Figure 1 and
for the period September 1997 to December 2007,
monthly density values were calculated using tempera-
ture and salinity data extracted at the standard depths
of 5, 15, 25, 36, and 47 m taken from the Simple
Ocean Data Assimilation (SODA) (http://ingrid.ldeo.
columbia.edu/SOURCES/.CARTON-GIESE/.SODA/.
v2p0p2-4/) database (Carton et al., 2000). With the
aim of detecting trends, the entire available time series,
starting from January 1958, was also used.

The Brunt-Viisild or buoyancy frequency equation
(N) was used to measure the strength of the density
gradients:

dp

N = =
dz

I oo

where p is the density of the water (in kg m3), p is the
mean p of the water column, g is the acceleration due to
gravity, and z is the depth. The integrated buoyancy fre-
quency estimated using the trapezoid method was used

as an indicator of stability of the water column (S):
f Ndz
§=4

Z
n

fdz

4

Low values of S (presented as cycles h™!) indicate
that the water column is mixed, whereas high values
indicate that the water column is stratified.
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Statistical analysis

Stepwise forward regression analysis was applied
on average annual climatological data (Guisande et
al., 2006), with the aim of identifying environmental
factors able to affect Chl a concentration patterns in
the selected Mediterranean sites. This analysis was per-
formed using Statistica v. 6 (Statsoft, 2001).

Correlation  analysis between environmental
monthly time series was only performed for sites lo-
cated in the Strait of Sicily. For each of these sites (see
lower part of Fig. 1), Pearson correlation coefficients
were calculated between each available monthly series
of environmental factors (regressors: Ekman transport,
SST, water column stability, and wind-mixing index)
and Chl a (regressand). Each series was firstly desea-
sonalized by subtracting from each monthly value the
corresponding monthly average for the entire time
series. In addition, as the deseasonalized anomalies so
obtained were not in general trend-stationary, a linear
trend was removed from all data prior to regression.
For each model, correlation coefficients were com-
puted and tested for significance at lags 0, 1, and 2,
adopting Bonferroni correction (Miller, 1981). Ac-
cordingly, single significance levels obtained for each
estimated correlation’s coefficients were divided by
the total number of models contemporarily tested, that
is 4 (factors) x 3 (boxes) x 3 (lags) = 36.

RESULTS

Average annual and monthly climatological
patterns

The Chl a concentrations off the southern Sicilian
coast are extremely low compared with those of the main
world EBUSs (Fig. 4a) and also with those of the other
Mediterranean sites (Table 1), with the sole exception
of the Aegean Sea, which exhibits even lower values.
Observed distribution was quite homogeneous over the

TABLE 1. — Average annual climatological values of Chl a concentration, Ekman transport, coefficient of Variation of Ekman transport, wind-
mixing index from September 1997 to December 2007 (May 2007 for wind-mixing index only), and the mean values of nitrate, phosphate and
silicate in the mixed layer waters (0-50m) and in sub-surface waters (75-200 m), mainly obtained in the period from 1960 to 2004 in the 1° x 1°
cells of Figure 1. Latitude and longitude represent the centre of a 1° x 1° cell. See the section “Materials and Methods” for further explanations.

Region LatN LongE  Chla Ekman  Coefficient Wind- ~ NO; PO SiO NO; PO > Si0,
concentration  transport  of variation mixing (0-50 m) (0-50 m) (0-50 m) (75-200 m) (75-200 m) (75-200 m)
(box 1° x 1°) of Ekman  index
[mgm?]  [m’km's'] transport  [m?s?] [umol I''] [umol I''] [umol '] [umol I''] [umol I'']  [umol I'']
Sicilian Channel 37.5 12.5 0.22 379.9 4.40 720.7
Sicilian Channel 37.0 13.5 0.19 467.8 3.74 749.6@ 1.1 0.1 ®  23® 1.8® 0.2® 2.50
Sicilian Channel 36.5 14.5 0.17 373.2 4.54 684.9
Gulf of Lions ~ 43.5 4.5 0.95 648.7 2.92 1384.5 1.9 0.2 1.7 4.2 0.2 2.3
Gulf of Lions ~ 43.5 5.5 0.40 586.5 3.36 923.8 2.1 0.3 1.7 4.1 0.3 2.3
Aegean Sea 37.5 265 0.16 980.3 2.07 804.5 1.0 0.1 1.7 1.0 0.1 14
Aegean Sea 36.5 27.5 0.14 1163.1 1.74 746.0 0.6 0.1 1.7 0.9 0.1 1.5
Alboran Sea 36.5 3555 0.65 309.4 5.72 619.8 3.8 0.2 33 5.1 0.3 4.9
Alboran Sea 36.5 356.5 0.52 297.5 6.49 699.8 35 0.2 3.0 4.9 0.3 5.1
Alboran Sea 36.5 357.5 0.41 209.0 9.15 693.0 3.0 0.2 2.6 5.0 0.3 5.0

(a) Value corresponding to the COADS 1° x 1° box centred on 36.5N-13.5E.
(b) Value corresponding to the WOAOS grid point 36.5N-13.5E.
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three 1° x 1° cells located in the Sicilian channel, with a
small eastward decrease (Table 1). The seasonal pattern
was roughly reversed with respect to those of the EBUSSs
considered, with an increased Chl a during the boreal
autumn-winter (from September to March), correspond-
ing to the austral spring-summer in the two southern
hemisphere systems (Benguela and Humboldt).

Chl a was also found to be in phase with the seasonal
wind forcing, as already observed in the main EBUSs,
the only exception being Humboldt (Patti ez al., 2008).
In fact, Ekman transport displayed higher values (more
offshore transport and hence higher upwelling) from
November to February (Fig. 4c).

For the wind-mixing index (Fig. 4d), the Sicilian
channel region showed consistently low values in the
summer (from June to September), comparable only
with the Humboldt area, whereas in the other months
of the year they were in the range observed for the
other EBUS regions.

Nutrient content off the southern coast of Sicily
was very low. Only the Canary region showed similar
values for silicate, and partly phosphate, but nitrate
concentration in Sicily was approximately half of the
already very low levels observed in the Canary Islands
(Figs. 4e, 4f, and 4g). The seasonal pattern, if any, was
hard to detect from the analysis of available data, with
the tentatively expressed exception of silicate, which
appears to be in phase with upwelling intensity.

Stratification (Fig. 4h) showed quite a high range
of fluctuation, reflecting the corresponding changes
in temperature (see Fig. 4b). The observed seasonal
pattern was in phase with those of the two northern
hemisphere EBUS regions but, unlike in all the EBUS
regions, including the southern hemisphere ones, in
Sicily it was out of phase with the intra-annual fluc-
tuations in Chl a. Actually, in the Sicilian Channel the
highest Chl a values were recorded during those peri-
ods of the year when the water was less stratified (low
values of water column stability) (See Figs. 4a and 4h).

Figures 5, 6, 7 and 8 illustrate the position of the
selected Mediterranean upwelling systems in the con-
text of the four main most productive coastal marine
areas, that is Canary Islands, Benguela, California,
and Humboldt (data from Patti et al., 2008). Chloro-
phyll concentration, nutrients and Ekman transport
levels in Sicilian waters are at the lowest end of the
parameter ranges and, in addition, are consistent with
the observed relationships among the variables. How-
ever, the positions of the other Mediterranean sites in
Figure 5 clearly indicate that offshore transport is not
able to explain the observed primary production levels
(see also Fig. 9a below, showing Mediterranean sites
only). In fact, at approximately the same level of wind
forcing, the Alboran Sea and Gulf of Lions sites have
Chl a concentrations that are double those of the Sicil-
ian Channel, whereas the quite strong Ekman transport
experienced by the Aegean region is not able to pro-
duce Chl a levels greater than those observed off the
southern Sicilian coast. The relationship between the
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coefficient of variation (CV) of Ekman transport and
the surface Chl a concentrations, shown in Figure 6,
also suggests a possible negative impact of variability
patterns on phytoplankton biomass levels.

Nutrient availability clearly appears to be the main
limiting factor for primary production in Sicilian wa-
ters and in all the selected Mediterranean sites (Figs. 7
and 8). The analysis of water masses above and below
the pycnocline, on average approximately located at
40-50 m depth for all regions, gave further insight into
the matter. With the only exception of phosphate, Chl
a values in the selected Mediterranean sites appear to
be better explained by nutrient concentrations of water
masses at depths (75-200 m) representing the “source”
layer for the surface levels, where most of the produc-
tion is concentrated (Fig. 9). Incidentally, this is not the
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F1G. 7. — Relationships between mean annual phosphate (a), nitrate

(b), and silicate (c) over the depth range 0-50 m and Chl a. Medi-

terranean sites’ data values are given in Table 1. Data on Canary,

Benguela, Humboldt, and California EBUS regions from Patti er
al. (2008).

case for most of the sites of the EBUS regions, which
at depths greater than 50 m are also characterized by
much higher concentration levels than the Mediterra-
nean (not shown). In addition, it is worth noting that
estimated N:P ratios in surface waters and even over
the layer (75-200m) are particularly low in the Sicilian
Channel and the Aegean sea (see Table 1).

Although the number of observations is too low to
obtain conclusive results, multiple linear regression
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F1G. 8. — Relationships between mean annual phosphate (a), nitrate

(b), and silicate (c) over the depth range 0-50 m and Ekman trans-

port. Mediterranean site data values are given in Table 1. Data on

the Canary Islands, Benguela, Humboldt, and California EBUS
regions from Patti ez al. (2008).

models were also fitted to the available data for the
Mediterranean sites, using In(Chl a) as a regressand
and Ekman transport, CV of Ekman transport, wind-
mixing index and macronutrients (phosphate, nitrate,
and silicate) as regressors, with a backward stepwise
method applied for factor selection. Results differed
according to the depth at which nutrient data were
extracted. When nutrient data below the pycnocline
(75-200 m) were used, better results (i.e. with higher
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TABLE 2. — Statistical results of linear regression models relating Chl a (regressand) and Ekman transport (ET), SST, stability, and wind-

mixing index (regressors). For each geographical 1° x 1° box of Figure 1—identified in the columns 1, 2, and 3 (coordinates refer to the

centre of 1° x 1° cells)—four linear models were fitted by regression between trend-removed monthly time series, one for each available

regressor. For each model, Pearson’s correlation coefficients (R) between regressors and regressand (Chl a) reported in column 7 represent

the maximum absolute values obtained among tested regressions at lags 0, 1, and 2 (column 5), with degrees of freedom given in column

6. Column 8 indicates the significance of the observed correlation on the basis of Bonferroni correction (“*” p<0.05/36; “**” p<0.01/36;
“xEE? 5<(0.001/36). The critical p-value at the 0.05 significance level, with Bonferroni correction, is 0.001389.

1 2 3 4 5 6 7 8
Box Lat N Lon E Regressor lag df R Significance
1 375 12.5 ET 2 120 0.28 0.0021
2 37.0 13.5 ET 0 122 0.12 0.1979
3 36.5 14.5 ET 1 121 0.12 0.1805
1 375 12.5 SST 0 122 -0.28 0.0019
2 37.0 13.5 SST 0 122 -0.25 0.0045
3 36.5 14.5 SST 0 122 -0.33 ok

1 37.5 12.5 Stability 0 122 -0.06 0.5220
2 37.0 13.5 Stability 0 122 -0.06 0.4861
3 36.5 14.5 Stability 1 121 -0.21 0.0182
1 37.5 12.5 Wind-mixing index 0 115 0.36 *E

2 37.0 13.5 Wind-mixing index 0 115 0.25 0.0067
3 36.5 14.5 Wind-mixing index 0 115 0.27 0.0028
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R? values) were obtained with a bivariate model in-
cluding nitrate together with wind-mixing index,
which explains 93.9% of the variance in In(Chl a)
(F,5=38.8, p = 0.001). With nutrient data above the
pycnocline the same backward stepwise procedure se-
lected phosphate, silicate and wind-mixing index (F,,
=125.7, p<0.001; R2=0.99). It is worth noting that all
the considered factors were positively correlated with
Chl a concentration.

Correlation analysis between environmental
factors and Chl a monthly time series

The results of the linear regression analysis between
detrended anomalies of Chl a (regressand) and Ekman
transport, SST, stability and wind-mixing index (re-
gressors) are given in Table 2. These show the Pearson
correlation coefficients and related significance levels
resulting from the adoption of Bonferroni correction
for all linear regressions tested.

The relationship between Ekman transport and
Chl a was not significant. Conversely, a significant
negative linear relationship between SST and Chl a
was detected at the easternmost box site. As expected,
estimated R values were positive for Ekman transport
and negative for SST, as the upwelling of nutrient-rich
subsurface waters is related to a decrease in the sur-
face temperature regime (see Fig. 2a). However, Chl
a showed a generally stronger relationship with SST
compared with Ekman transport. Additionally, where
R values for Ekman transport were lower, the R coef-
ficients for SST were higher (in absolute value), with
a decreasing eastward trend for Ekman transport and
increasing eastward trend for SST.

Positive relationships with the wind-mixing index
were also observed to occur, with a significant R value
in one out of three geographical boxes. For water col-
umn stability, none of the estimated correlation coef-
ficients was significantly different from zero.

DISCUSSION

Recently, Patti et al. (2008) showed that Ekman
transport is one of the most important factors responsi-
ble for the differences in primary production observed
among the main world EBUS regions. It is possible
that the background low primary production in the Si-
cilian Channel is somewhat related to a reduced wind-
induced upwelling (Fig. 4c), which results in a low
input of nutrients into surface layers (Fig. 8). However,
the data showed that in the oligotrophic Mediterranean
Sea, wind-induced coastal upwelling intensity alone is
not able to justify the observed differences in Chl a
(Fig. 9a).

In the Mediterranean Sea the prevailing westerly
winds produce offshore-directed Ekman transport and
coastal upwelling off the southern sides of the bigger
islands (Bakun and Agostini, 2001). Several authors
have observed a frequent local occurrence of upwelling

events for the south coast of Sicily, which is certainly
associated with local winds (Piccioni ef al., 1988; Ler-
musiaux, 1999; Robinson et al., 1999; Warn-Varnas et
al., 1999; Molcard et al., 2002; Astraldi et al., 2002;
Sorgente et al., 2003; Béranger et al., 2004). This up-
welling regime is observed to occur off the southern
coast of Sicily, whereas downwelling processes are ex-
pected to occur along the eastern coast of Tunisia on the
opposite side of the Strait (Agostini and Bakun, 2002).
However, south-eastward winds alone are not the only
factor responsible for coastal upwelling, a persistent
feature off the southern Sicilian coast. Surface circula-
tion is controlled by the flow of modified Atlantic wa-
ter (MAW), which is locally referred to as the Atlantic
Tonian Stream (AIS) (Robinson ef al., 1999). The AIS,
when passing through the Sicilian Channel, produces
two large cyclonic vortices, one over Adventure Bank
and a second one off Cape Passero, at the southern-
most tip of Sicily. The signature of the upwelling of
subsurface cold waters associated with these vortices
is visible in the averaged satellite SST (Fig. 2a). In ad-
dition, along the AIS trajectory a density front to the
left of the current, facing downstream, is observed to
occur. The AIS anticyclonic meander characterizing
surface flow in the central part of the southern Sicilian
coast determines the uprising of the underlying LIW to
the surface, due to geostrophic adjustment processes
(Garcia Lafuente et al., 2002; Béranger et al., 2004).
This also causes the fertilization of coastal waters, as
also visible in averaged satellite Chl a products (Fig.
2b). Furthermore, it is clear that also in the other
Mediterranean coastal upwelling systems under study,
offshore Ekman transport alone is not able to drive the
input of nutrients into surface layers (Fig. 8). Locally,
the enrichment processes are also due to other eventu-
ally more important mechanisms, such as the Rhone
river outflow for the Gulf of Lions, responsible for
50% of the annual local primary production (Lochet
and Leveau, 1990), the inflow of nutrient-enriched
Atlantic surface waters and mesoscale activity for the
Alboran Sea (Sarhan ef al., 2000; Baldacci et al., 2001,
Reul et al., 2005), and Black Sea water inflow through
the Straits of Dardanelles for the Aegean Sea (Stergiou
et al., 1997). It is worth noting that at approximately
the same level of wind forcing, in the Alboran Sea and
the Gulf of Lions nitrate and phosphate concentrations
are approximately double those of the Sicilian Channel
(where, in contrast, the silicate concentration levels are
relatively high), while the very strong Ekman transport
levels in the Aegean region are not able to produce
Chl a concentrations greater than those observed in
the central Mediterranean area (see Fig. 8 and Table
1). The abovementioned processes also affect primary
production and are probably responsible for the coun-
terintuitive inverse relationship between Ekman trans-
port and Chl a observed in the Mediterranean coastal
upwelling systems considered (Fig. 9a). Conversely,
the importance of nutrient availability and water col-
umn mixing, independent of wind-induced upwelling,
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was emphasized by the results of the present work.
Specifically, phosphate and silicate concentrations ap-
peared to be critical in the surface layer, whereas below
the pycnocline nitrate was more important.

In this general regime of low productivity in the Sic-
ily channel due to low nutrient concentrations, another
question concerns which physical factors may be con-
sidered as most responsible for the monthly modulation
of primary production levels. This is exactly what was
addressed by the correlation analysis carried out on the
available environmental time series. The relatively low
fraction of variance in Chl a explained by Ekman trans-
port (ET), the higher correlation values between Chl a
and SST compared with ET, and the apparent inverse
eastward pattern in the R coefficients for ET and SST
factors (decreasing for ET and increasing for SST)
would suggest the importance of general surface circu-
lation and local topography in influencing the coastal
upwelling and, through the related input of nutrients, the
Chl a levels off the southern coast of Sicily.

The analysis of linear trends characterizing the time
series gives further insights. The SST has been subject-
ed to a significant increasing trend (p<0.001) over the
last 30 years, with less significant but still important
growth rates over the last decade, due to the intrinsic
increased variability in monthly values. Conversely,
stability did not show any significant increasing trend,
even considering the longer time span of the SODA
data (1958-2007). The same was observed to occur
in the satellite-based Chl a. Therefore, the limiting
mechanism for primary production which is related to
the enhanced stratification processes resulting from the
general warming trend of global open ocean (Behren-
feld et al., 2006), also suggested to occur in Mediter-
ranean waters (Barale et al., 2008), is not active over
most of the northern sector of the Sicilian Channel.
Actually, in the context of a general decreasing Chl
a trend in Mediterranean waters, especially over the
basin interior, it has been observed that some coastal
areas follow an opposite tendency (Barale et al., 2008).
On the basis of SeaWiFS data for the last decade, this
appears to be the case in the near-coastal zones off the
south Sicilian coast, at least over the two more westerly
1° x 1° cells investigated in this study. Specifically,
wind-induced and surface circulation-related processes
operating there are believed to be able to compensate
for the negative effects on primary production gener-
ated by the general warming trend of the surface wa-
ters, as recently observed in most EBUSs (Demarcq,
2009). In this context, correlation analysis clearly
showed that Chl a monthly changes are not driven by
stratification, at least during the time span covered by
the SeaWiFS mission (the last ten years). Indeed, the
positive correlations between wind-mixing index and
Chl a observed during the last ten years would testify
to the importance of wind-induced mixing processes as
an explanation for Chl a variation, independent of in-
duced upwelling. These results do not support, at least
for the coastal areas investigated, the hypothesis that a
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limiting mechanism for primary production is related
to the enhanced stratification processes resulting from
the general warming trend of Mediterranean waters.
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