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Abstract. Thispaperpresentsalong-termtimeseries(1986Ð
2005) of hydrological and biogeochemicaldata,both pub-
lished and unpublished. Data were collectedin the north-
westernareaof the Adriatic Sea,at two stations that are
consideredhydrodynamicallyandtrophically different. The
time serieshave beenstatisticallyandgraphicallyanalysed
on a monthly scalein order to study the annualclimatolo-
gies, links betweenthe concentrationsof chlorophyll-a and
the variability in the environment, trophic differencesbe-
tweenthetwo areasandchlorophyll-a trendsover time. Ba-
sically, the two areashave similar hydrologicalfeatures,yet
they presentsigniÞcantdifferencesin theamountof nutrient
inputs: theseare in fact higherat the coastalsite, which is
characterizedby a prevalenceof surfaceblooms,while they
are lower at the offshorestation,which is mainly affected
by blooms at intermediatedepths. Nonetheless,through-
out the whole water column, chlorophyll-a concentrations
areonly slightly different. Both areasareaffected by river-
ine discharge, thoughchlorophyll-a concentrationsarealso
drivenstronglyby theseasonalcycle at thestationcloserto
the coast. Resultsshow that the two stationsarenot troph-
ically different, althoughsomecontrolling factors,suchas
zooplanktongrazingin onecaseandlight attenuation in the
other, may further regulatethegrowth of phytoplankton.In
bothcasesno signiÞcanttrendsaredetectedin eithertheav-
eragechlorophyll-a valuesor in dispersionof the data, in
contrastwith signiÞcanttrendsin temperatureandsalinity.

1 Intr oduction

The NorthernAdriatic Sea(Fig. 1) is a shallow shelf basin
with an averagedepth of 35m anda prevalent cyclonic cir-
culationof watermasses(Artegianietal., 1997a). Theareais
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largelyaffectedby riverineinputsthatprovidethebasinwith
a signiÞcantßow of freshwater and land-derived nutrients.
ThePoriver is by far the largestItalian river: in the last20
yearsit attaineda meandischargeof 1465m3 s! 1 with high
intra- and inter-annual variability (st. dev.=1056m3 s! 1),
with peaksin May, mainly due to snow melting, and in
OctoberÐNovember, becauseof high precipitation(Fig. 2).
Furthermore,the Northerncoasthasseveral smaller rivers
that contribute to the overall ßow. Consequently, the hy-
drodynamicsof theNorthernAdriatic Seaarequitecomplex
andstronglyaffectedby large variationsin heatßuxesand
thevolumeof incomingfreshwater(Artegiani et al., 1997a).
Generally, a temporalsuccessionof two differenthydrody-
namicpatternshasbeenrecognized:betweenNovemberand
March,thewesternmostwatersaredilutedmainly by thePo
River outßow and remainseparatedfrom the highly saline
andvertically-mixedoffshorewatersthanksto a frontal sys-
tem located8Ð16km from the coast. The dissolved and
particulatematter, comingfrom the land, thereforeremains
moreor lessconÞned.BetweenApril andOctober, warmer
watersdilutedby freshwaterinßows areconÞned to thesur-
facelayer andreachalmostall of the Northernbasin. Dur-
ing that period,oneor morepycnoclinesseparatethe water
massesof intermediatedensity, while the high-densitywa-
tersareconÞnednearthe bottom(Artegiani et al., 1997a).
Recently, Jeffries andLee (2007) have shown that the loca-
tion of thefrontal systemis highly dependenton thetypeof
physical forcing affecting the Po plume. Groupinghistor-
ical dataof Po rates,wind velocity and ambientstratiÞca-
tion into dominantdynamics,insteadof seasonalscale,they
found that freshÞlamentsextendacrossthe NorthernAdri-
aticduringBoraeventsandthatPowatersspreadextensively
offshorealsoduring high-discharge,strongly stratiÞedperi-
ods.

The northern Adriatic is one of the most productive
Mediterraneanregions(FondaUmani et al., 2005). Phyto-
planktonabundanceanddistribution is largely dependenton
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Gulf of Venice

Gulf of Trieste

Fig. 1. Studyareaandlocationof the samplingstationsC10 and
E06.
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Fig. 2. Monthly meanand variability of the Po river discharge
(daily datafrom ÒMagistratodelPoÓ,Parma, Italy).

nutrientsandlight availability, but alsoon thestabilityof the
watercolumn. The largeperiodicmodiÞcationin thestruc-
tureanddynamicsof theNorthernAdriatic Seacauseslarge
spatial and temporaldistribution of phytoplanktonspecies
composition,biomassandproduction(FondaUmani, 1996).
A generalwest-to-eastdecreasinggradient in the phyto-
planktonstandingcropandproductionhasbeenrecognized
in winter, while during summerstratiÞcationthe lateralad-
vectionof river run-off in surfacelayersandthepresenceof
markedpycnoclinesresultin verticalheterogeneitiesandlo-
calvariationsin primaryproductivity (FrancoandMichelato,
1992). Primary productivity, representingthe immediatere-
sult of interactionsamongphysical,chemicalandbiological
variables,givesadynamicoverview of theenvironment,and
is thereforeavaluabletool for following thecomplex effects
of freshwater inputs in the NorthernAdriatic system(So-
cal et al., 2002). Although therehave beensomeprevious
large-scalespatialandtemporalstudiesthat focusedon the
hydrological(e.g.,Artegiani et al., 1997a,b; Raicich, 1996)

andbiogeochemical(Zavatarelli et al., 1998) characteristics
of theAdriatic Sea,researchinto the inter- andintra-annual
variability of the Northernbasinproductivity relatedto its
hydrologyis still scarce.

In a short-termstudy, Mauri et al. (2007) relatedMODIS
chlorophyll concentration (chla a2) in thenorthernAdriatic
Sea to Po discharge rates and local wind forcing. They
found a signiÞcantcorrelationbetweenthe North Adriatic
opticalpropertiesandboththePoriver dischargeandthelo-
cal wind forcing. In particular, the WesternCoastalLayer
(WCL) width, the structureof the Po river bulge, and the
plumeextensionweresigniÞcantlyaffectedby both factors.
SinceMODIS includesalsothe the contribution of CDOM
andmineralparticles,their resultsare,however, of difÞcult
interpretation,astheauthorsalsomentionedin their paper.

Over thepastyearstheNorthAdriatic hasbeennegatively
affectednot only by eutrophicationphenomena(Degobbis
et al., 2000), but alsoby theapperanceof massive mucillage
aggregatesandanoxicepisodes(Precalietal., 2005). Recent
studieshave reporteda rise in watertemperature(e.g.,Corti
et al., 1999), in the MediterraneanSea(Rixen et al., 2005)
andin theNorthernAdriatic basin(Russoet al., 2002). Not
much data analysis,apart from model experiments(Vichi
et al., 2003a), hasbeendone,however, on the quantiÞca-
tion of chlorophyll-a responseto thechangingmeteorologi-
cal conditionsin theNorthernAdriatic Sea.

We presentherethe analysis of 20 years(1986Ð2005)of
physical, chemicalandbiological data,both publishedand
unpublished,collectedat two stations,that have operated
sincethebeginningof the twentiethcentury(Fig. 1). Many
authors(e.g., Alberighi et al., 1997; Pugnettiet al., 2003,
2004; BernardiAubry et al., 2006) have classiÞedE06 as
a stationthat is inßuencedby thePoriver run-off andchar-
acterizedby meso-eutrophicwaters,while they have repre-
sentedC10 asa meso-oligotrophicstationthat is only par-
tially inßuencedby the Po river discharge; the latter oc-
cursparticularly during intensestratiÞcation periods,when
the Po plumeeventually turnsnorth-eastwards. In particu-
lar, whereasAlberighi et al. (1997) referredto the two sta-
tions as trophically different, Pugnettiet al. (2003) could
not typify a signiÞcant differencein communitycomposi-
tion, becausea prevalenceof tolerantspeciesis observed in
the whole areaof the North Adriatic Sea. BernardiAubry
etal. (2006) concludedthatthehydrologicalandtrophicvari-
ability seemedmainlytoaffectphytoplanktonabundanceand
biomassratherthanspeciescomposition.

Themainobjectivesof thiswork are:

(i) to compareC10andE06annualclimatologies,with par-
ticular regard to chlorophyll-a variability, in order to
conÞrmor reject the hypothesis of two very different
trophicareas.

(ii) to relatechlorophyll-a tootherhydrologicalandbiogeo-
chemicalvariablessoasto identify theprincipalfactors
inßuencingphytoplanktondynamicsin bothareas.
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(iii) to analyselong-termvariationsin chlorophyll-a dynam-
ics at the two stations,eitherhighlightingor excluding
possibletrendsrelatedto climatechangeand/orto an-
thropogenicpressures.

Studying the phytoplankton biomass, using the
chlorophyll-a concentrationas an indicator of the standing
biomass,we aim at providing a further contribution for
betterunderstandingthe northernAdriatic biogeochemical
variability, its effects on the productivity of the rest of the
Mediterraneanbasins,anda statisticalmethodologythatcan
beusedin otherareasof theMediterraneanSea.

2 Samplingand methods

ThesamplingstationsC10(45" 15#00##N, 12" 46#00##E),and
E06 (44" 57# 50##N, 12" 46# 20##E) arelocatedabout20 and
10nauticalmilesfrom theItaliancoastandhaveamaximum
depthof 29.5 and32m, respectively (Fig. 1). Chlorophyll-a,
dissolvedinorganicnutrientsandoxygensamplesweretaken
at Þxed depthsof 0, 5, 10, 15, 20, 25m (standardlevels,
SL).Sampleswerecollectedmonthlyfrom April 1986to Au-
gust2005,duringdifferentcruisesandsupported by different
projectfunding.Becauseof thehighshort-termvariability of
theAdriatic environment,we decidedto analysethedataon
the smallestavailablescale(monthly), even if, in doing so,
thewintermonthsarelessrepresented(Fig. 3). Thedatafre-
quency showsadifferentamountof samplesfor eachmonth,
while in the samemonththe numberof samplesfrom both
C10 andE06 is comparable.For eachstationwe analysed,
at every SL: temperature,salinity anddensity, obtainedus-
ing a CTD probe;samplesof nutrients(N-NH3, N-NO2, N-
NO3, Si-SiO4, P-PO4), dissolvedoxygenand chlorophyll-a
usingNiskin andNansenbottles.Dissolvedinorganicnutri-
entswere analysedaccordingto the methodsdescribedby
StricklandandParsons(1972) andGrasshoff et al. (1999),
dissolved oxygen by the Winkler method(Winkler, 1914),
while chlorophyll-awasassessedaccordingto Holm-Hansen
etal. (1965). In theend,564samplesfrom C10and530from
E06wereßuorometricallyanalysed.

Statisticalanalyses(descriptive,non-parametric,principal
componentanalysisandpartial regression)wereperformed
usingcommercialsoftware(Statisticaby Statsoft). Testre-
sultswereconsidered:signiÞcantatpÐlevel < 0.05,verysig-
niÞcantat pÐlevel < 0.01 and highly signiÞcantat pÐlevel
< 0.001. The powerful non-parametricWilcoxon Matched
Pairs testwasusedto comparethe biogeochemicalfeatures
betweenthe two sampledsites. A comparisonbetweenthe
verticaldistribution of chlorophyll-a in thewatercolumnat
the C10 andE06 stationswascarriedout by Whisker plots
and the signiÞcanceof the resultswas testedby the non-
parametricWilcoxonMatched Pairstest.Thecorrelationbe-
tweenchlorophyll-a andotherphysical andhydrochemical
variableswas studiedusing parametrictests,after the nor-
malizationof some of the non-normaldistributions by the
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Fig. 3. Numberof observationspermonth.

Shapiro-Wilk test. A normal distribution was signiÞcantly
obtainedat both sitesfor all the variables,except for phos-
phate.A principal componentanalysis(PCA) wasthenap-
plied to identify the weight of eachvariable,presentingthe
resultsof theÞrsttwo components.To avoid auto-correlation
phenomenabetweentheenvironmentalvariablesconsidered
independent,we Þnally applied a Ridge Regressionanal-
ysis to the normalizeddata for clarifying the statistically-
signiÞcant,linearcorrelation betweenchlorophyll-a andthe
othervariables.Ridgeregression is usedwhenthe indepen-
dentvariablesarehighly intercorrelated:a constantbias(! )
is addedto the diagonalof the correlationmatrix, which is
thenre-standardizedso that all diagonalelementsareequal
to 1 and the off-diagonalelementsaredivided by the con-
stant.In thiswayRidgeregressionartiÞciallylowersthecor-
relationcoefÞcientsso that more stableestimates(" coefÞ-
cients)canbecomputed.TheCox-Stuarttestwasperformed
to highlight possibletrendsin time. Graphiclinear interpo-
lationswerecarriedout usingcommercialsoftware(Surfer
8.0 by GoldenSoftware): themedianvaluesof all thevari-
ablesat every SL have beenplotted on a monthly scaleby
thelinearKriging method.

3 Results

3.1 Hydrologicalandbiogeochemicalfeatures

Chlorophyll-a data for both stations,are plotted in Fig. 4
for the whole period. Time series plots of the other
studied variables are available as supplementalmate-
rial (seeAppendixA, http://www.biogeosciences.net/4/673/
2007/bg-4-673-2007-supplement.pdf). In Table1 welist the
numberof valid observations,the medians,the rangesand
the Wilcoxon MatchedPairs test resultsof comparisonbe-
tweenthetwo stationsfor all theavailablehydrologicaland
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Table1. Valid Numberof samples,Median,Minimum, MaximumandWilcoxonMatchedPairstestfor all thevariablesatC10andE06a.

C10 E06 Wilc.test

Variable N Median Min. Max. N Median Min. Max. N T Z p sig.

Temper. 563 15.8 7.5 28.8 528 15.2 5.8 29.4 527 67738 0.45 0.65 ns
Salinity 563 37.5 31.0 38.6 528 37.6 15.7 38.5 527 64877 1.34 0.18 ns
Density 563 27.6 20.5 29.9 528 27.9 11.2 30.0 527 65164 1.26 0.21 ns
OxSatur 511 99.2 7.7 134.6 485 99.1 13.4 158.1 451 49519 0.52 0.60 ns
N-NH3 548 0.3 0.0 21.6 507 0.6 0.00 31.7 497 38806 6.98 0.00 ***
N-NO2 549 0.1 0.0 5.0 507 0.1 0.0 4.7 497 52009 1.88 0.06 ns
N-NO3 547 0.6 0.0 25.5 506 0.9 0.0 93.1 494 47760 4.08 0.00 ***
DIN 555 1.3 0.0 27.8 506 2.0 0.0 97.7 503 43553 5.90 0.00 ***
Si-SiO4 548 2.1 0.0 30.1 509 3.3 0.0 54.8 498 47055 4.69 0.00 ***
P-PO4 550 0.04 0.00 1.30 512 0.06 0.00 1.09 503 40285 5.98 0.00 ***
Chl-a 564 0.9 0.0 11.4 530 1.1 0.0 25.3 530 62886 2.05 0.04 *

a ns: not signiÞcant,* p< 0.05:signiÞcant,*** p< 0.001:highly signiÞcant.
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Table 1. Valid Number of samples, Median, Minimum, Maximum and Wilcoxon Matched Pairs test for all the variables at C10 and E06c.

C10 E06 Wilc.test

Variable N Median Min. Max. N Median Min. Max. N T Z p sig.

Temper. 563 15.8 7.5 28.8 528 15.2 5.8 29.4 527 67738 0.45 0.65 ns
Salinity 563 37.5 31.0 38.6 528 37.6 15.7 38.5 527 64877 1.34 0.18 ns
Density 563 27.6 20.5 29.9 528 27.9 11.2 30.0 527 65164 1.26 0.21 ns
OxSatur 511 99.2 7.7 134.6 485 99.1 13.4 158.1 451 49519 0.52 0.60 ns
N-NH3 548 0.3 0.0 21.6 507 0.6 0.00 31.7 497 38806 6.98 0.00 ***
N-NO2 549 0.1 0.0 5.0 507 0.1 0.0 4.7 497 52009 1.88 0.06 ns
N-NO3 547 0.6 0.0 25.5 506 0.9 0.0 93.1 494 47760 4.08 0.00 ***
DIN 555 1.3 0.0 27.8 506 2.0 0.0 97.7 503 43553 5.90 0.00 ***
Si-SiO4 548 2.1 0.0 30.1 509 3.3 0.0 54.8 498 47055 4.69 0.00 ***
P-PO4 550 0.04 0.00 1.30 512 0.06 0.00 1.09 503 40285 5.98 0.00 ***
Chl-a 564 0.9 0.0 11.4 530 1.1 0.0 25.3 530 62886 2.05 0.04 *

c ns: not significant, * p<0.05: significant, *** p<0.001: highly significant.
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Fig. 4. Chlorophyll-a samples (µg dm−3, log scale) collected at
C10 (above) and E06 (below).

Pairs test results of comparison between the two stations for

all the available hydrological and biogeochemical variables
over the 20-year period. Descriptive statistics reveals that
the main differences between the two sites are due to the
large dispersion in the E06 variable values, rather than to
any differences in the trends of the central (median) values.
Statistically high significant differences are observed for all
the nutrients’ concentrations, except N-NO2 and also, to a
less extent (p<0.05), for the chlorophyll-a values between
the two areas.
In order to study time (seasonal) and space (depth) fea-

tures, which may explain those differences, and in order to
provide an helpful analysis for model validation, we analyse
the main features that result from all monthly median values,
at every SL, shown in time-depth plots in Fig. 5 (C10) and in
Fig. 6 (E06).
Both sites show similar features in the hydrological vari-

ables. The density isolines (panel c) reveal that the water
column is mixed between November and March and strati-
fied for the rest of the year. Freshwater inputs, limited to the
top 10m of the water column, affect the salinity fields in dif-
ferent ways from site to site. The salinity (panel b) at C10
begins to decrease in March, so that the minimum of surface
salinity (S=34.6) is found in May–June, reflecting the first
annual peak of the Po river discharge (Fig. 2). The salin-
ity starts to increase in July, and in autumn the C10 area is
less affected by the second peak of the Po river (S=36.3).
The salinity at E06 has a much lower value in March, so
it reaches a surface minimum earlier, in April (S=31.3), re-
maining at constant values around 33–34 until August. In
October it detects again the effect of the Po river peak with a
second minimum surface value of 34.1.
The nutrients’ concentrations show similar distributions at

both sites, with lower concentrations at C10. Nutrient pro-
files are generally characterized by higher surface concen-
trations down to a depth of 5–10m. In the bottom 15m of
the water column, nutrient concentrations are either uniform
(nitrate, phosphate in late summer) or increasing with depth
(silicate, ammonium).

Fig. 4. Chlorophyll-a samples(µgdm! 3, log scale)collectedat
C10(above)andE06(below).

biogeochemicalvariablesover the20-yearperiod. Descrip-
tive statisticsrevealsthat the main differencesbetweenthe
two sitesaredueto the largedispersionin theE06variable
values,ratherthanto any differencesin thetrendsof thecen-
tral (median)values.StatisticallyhighsigniÞcantdifferences
areobserved for all thenutrientsÕconcentrations,exceptN-
NO2 andalso,to alessextent(p< 0.05),for thechlorophyll-a
valuesbetweenthetwo areas.

In order to study time (seasonal)and space(depth)fea-
tures,which may explain thosedifferences,andin order to
provide anhelpful analysisfor modelvalidation,we analyse
themainfeaturesthatresultfrom all monthlymedianvalues,
ateverySL, shown in time-depthplotsin Fig. 5 (C10)andin
Fig. 6 (E06). Both sitesshow similar featuresin thehydro-
logical variables. The densityisolines(panelc) reveal that
the water column is mixed betweenNovember and March
andstratiÞedfor therestof theyear. Freshwaterinputs,lim-
ited to the top 10m of the watercolumn, affect the salinity
Þeldsin differentwaysfromsitetosite.Thesalinity(panelb)
at C10beginsto decreasein March,sothat theminimumof
surfacesalinity(S=34.6)is foundin MayÐJune,reßectingthe
Þrstannualpeakof thePoriverdischarge(Fig.2). Thesalin-
ity startsto increasein July, andin autumnthe C10 areais
lessaffectedby the secondpeakof the Po river (S=36.3).
The salinity at E06 hasa much lower value in March, so
it reachesa surfaceminimum earlier, in April (S=31.3),re-
maining at constant valuesaround33Ð34until August. In
Octoberit detectsagain theeffectof thePoriverpeakwith a
secondminimumsurfacevalueof 34.1.

ThenutrientsÕconcentrationsshow similar distributionsat
both sites,with lower concentrationsat C10. Nutrient pro-
Þlesare generallycharacterizedby higher surfaceconcen-
trationsdown to a depth of 5Ð10m. In the bottom15m of
thewatercolumn,nutrientconcentrationsareeitheruniform
(nitrate,phosphatein latesummer)or increasingwith depth
(silicate,ammonium).
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Fig. 5. C10 time-depth plots of medians on a monthly scale.
Fig. 5. C10time-depthplotsof mediansonamonthly scale.
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Fig. 6. E06 time-depth plots of medians on a monthly scale.
Fig. 6. E06time-depthplotsof mediansonamonthly scale.
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Table 2. Valid Numberof samples,Median,Minimum, MaximumandWilcoxon MatchedPairstestfor chlorophyll-a at C10 andE06on a
monthlyscaleb.

C10 E06 Wilc.test

Month N Median Min. Max. N Median Min. Max. N T Z p sig.

Jan 10 0.8 0.4 4.2 12 1.0 0.2 2.3 10 20.0 0.764 0.45 ns
Feb 48 1.0 0.1 4.8 41 1.0 0.2 5.7 41 365.5 0.598 0.55 ns
March 23 1.1 0.2 5.2 21 0.8 0.2 4.4 21 113.0 0.087 0.93 ns
April 51 1.2 0.3 4.8 39 1.3 0.4 5.0 39 277.5 1.349 0.18 ns
May 64 0.9 0.3 11.4 68 1.3 0.4 25.3 63 863.0 0.993 0.32 ns
June 46 0.7 0.1 2.5 50 0.8 0.2 8.1 44 407.5 1.021 0.31 ns
July 73 0.6 0.1 5.3 63 1.2 0.2 7.8 63 645.5 2.482 0.01 *
Aug 47 0.7 0.1 10.3 54 0.9 0.2 19.4 46 344.0 2.147 0.03 *
Sep 83 0.8 0.1 4.9 74 0.9 0.3 8.2 72 785.5 2.966 0.00 **
Oct 53 0.9 0.3 7.2 50 0.7 0.0 5.6 47 301.5 2.778 0.00 **
Nov 44 1.7 0.4 5.8 28 1.4 0.1 3.5 28 150.0 1.207 0.23 ns
Dec 22 0.6 0.0 2.1 30 1.1 0.1 2.8 22 103.0 0.763 0.45 ns

b ns: not signiÞcant,* p< 0.05:signiÞcant,** p< 0.01:verysigniÞcant.

Thewatercolumnis almostcompletelydepletedin ammo-
nia(paneld) throughout theyearatC10,andbetweenMarch
andOctoberat E06.Surfacepeaksarepresentat C10in De-
cember, while they areseenatE06in DecemberandJanuary.
Nitrite (panele) remainsat low concentrationsat bothsites:
closeto zerobetweenApril andOctoberandslightly higher
for therestof theyear, reachingamaximumin January. The
nitratetime evolution (panelf) indicatesthat very low con-
centrationsarefoundbetweenMay andOctoberat C10 and
betweenJuneandSeptemberat E06. Becauseof thesecond
Po river peakand the increasein the vertical mixing pro-
cesses,which diffuse the bottom-regeneratednutrients,the
entirewatercolumnshowshighvaluesduringwinteratboth
sites. Dissolved inorganic nitrogen ([DIN]=[N-NO 2]+[N-
NO3]+[N-NH3], panelg) reßectsmainly thenitratetrendat
thesurfaceandtheammoniatrendat thebottom.

Phosphateconcentrations(panel h) are close to zero at
both sites,at all depths,during most of the year. Slightly
higherconcentrationsarepresentin Decemberand January,
althoughE06valuesaregenerally higher.

Silicate concentrations(panel i) are high throughoutthe
watercolumnatbothsitesin DecemberandJanuary, because
of mixing processes,while are high only at the surfaceat
E06(e.g.in June),reßectinglow salinity concentrationsand
thereforethePoriverÕs inßuence.

Dissolvedoxygen(panelj) shows comparableconcentra-
tionsat bothsites,aswell asa goodgeneraloxygenationof
thewatersanda progressive decreaseof concentrationswith
depth,well revealing an oppositeannualpatterncompared
to theammonia,phosphateandsilicateconcentrations(panel
d, h, i). Minimum values, well below saturationlevels, are
found in thedeeperSL in SeptemberÐOctoberat theendof
the stratiÞcationperiod. Successively, stratiÞcationis bro-
kenby surfacecoolingandwind stirring action,redistribut-
ing oxygenandnutrientconcentrationsthroughoutthewhole

watercolumnduring the following months(November, De-
cember).

Chlorophyll-a (panelk) shows a complex annualcycle at
bothstations.C10surfacewatersarecharacterizedby aJan-
uarypeakandlow valuesfor therestof theyear. Thelowest
concentrationsarefound betweenMay andOctober, corre-
spondingto thestratiÞedperiod(panelk) with low DIN and
DIP (dissolvedinorganicphosphate)concentrations.Subsur-
facemaxima,below a depthof 15m in March and in the
whole water column in November, coincidewith the river
nutrientinputs. E06presentsthehighestchlorophyll-a con-
centrationsat thesurfacethroughouttheyear, a patternthat
is exactly oppositeto thatof salinity. In fact thehighest val-
uesare registeredin MarchÐApril, SeptemberandNovem-
ber, monthsthat arecharacterizedby very differenthydro-
logical andbiogeochemical conditions.

3.2 Theverticalvariability of chlorophyll-a

The time-depthplots of Fig. 5 and Fig. 6 give an imme-
diate overview of the mediansituationcharacterizingboth
sitesÕenvironment. In this sectionwe focuson an analysis
of the variability. Monthly vertical proÞlesof chlorophyll-
a concentrationsfor both sitesare shown in Fig. 7, where
the Whisker plots representthe medianvaluesandthe non-
outliers ranges(Whisker, coeff.=1) at every SL. Table 2
presentsthe valid numberof observations,the medians,the
rangesandtheWilcoxon MatchedPairstestfor chlorophyll-
a onamonthlyscaleatbothstations.

Excluding exceptionalvalues,classiÞedas outliers, me-
dianconcentrationsdonotexceed4µg dm! 3, andthescaleis
limited to 8µgdm! 3. Similar verticalproÞlesarefoundbe-
tweenOctoberandFebruary, whenmixing processesprevail.
During therestof theyear, which is mainlycharacterizedby
strongtemperatureandsalinity stratiÞcation,E06maintains
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Fig. 7. Monthly vertical proÞles of chlorophyll-a medians (log-scale) and range of variability at C10 (red continuous line) and E06 (green
dashed line).
Fig. 7. Monthly verticalproÞlesof chlorophyll-a medians(log-scale)andrangeof variability at C10(redcontinuousline) andE06(green
dashedline).
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Table3. RidgeRegressionresultsfor C10(left) andE06 (right)c.

C10 E06

Beta s.e.Beta B s.e.B t(494) p sig. Beta s.e.Beta B s.e.B t(455) p sig.

Intercept Ð Ð 1.667 0.411 4.057 0.000 Ð Intercept Ð Ð 0.584 0.107 5.436 0.000 Ð
NO3 0.248 0.066 0.180 0.048 3.770 0.000 *** Salinity ! 0.361 0.055 ! 0.000 0.000 ! 6.578 0.000 ***
Salinity ! 0.258 0.064 ! 0.043 0.011 ! 4.023 0.000 *** NO3 0.130 0.057 0.068 0.030 2.282 0.023 *
Depth 0.195 0.056 0.004 0.001 3.453 0.001 ** NH3 ! 0.145 0.051 ! 0.131 0.045 ! 2.874 0.004 **
Temper. ! 0.113 0.055 ! 0.004 0.002 ! 2.055 0.040 * PO4 ! 0.083 0.041 ! 0.205 0.101 ! 2.033 0.043 *
%Ox.sat 0.084 0.048 0.001 0.001 1.759 0.079 ns SiSO4 0.159 0.060 0.086 0.032 2.671 0.008 **
NH3 ! 0.062 0.047 ! 0.070 0.053 ! 1.336 0.182 ns % Ox.sat 0.138 0.057 0.001 0.001 2.437 0.015 *
NO2 0.062 0.055 0.126 0.112 1.119 0.264 ns

c s.e.:standarderror, ns: not signiÞcant,* p< 0.05:signiÞcant,** p< 0.01:verysigniÞcant,*** p< 0.001:highly signiÞcant.

L. Tedesco et al.: Biogeochemical variability in the NW Adriatic 9

Table 2. Valid Number of samples, Median, Minimum, Maximum and Wilcoxon Matched Pairs test for chlorophyll-a at C10 and E06 on a
monthly scaled .

C10 E06 Wilc.test

Month N Median Min. Max. N Median Min. Max. N T Z p sig.

Jan 10 0.8 0.4 4.2 12 1.0 0.2 2.3 10 20.0 0.764 0.45 ns
Feb 48 1.0 0.1 4.8 41 1.0 0.2 5.7 41 365.5 0.598 0.55 ns
March 23 1.1 0.2 5.2 21 0.8 0.2 4.4 21 113.0 0.087 0.93 ns
April 51 1.2 0.3 4.8 39 1.3 0.4 5.0 39 277.5 1.349 0.18 ns
May 64 0.9 0.3 11.4 68 1.3 0.4 25.3 63 863.0 0.993 0.32 ns
June 46 0.7 0.1 2.5 50 0.8 0.2 8.1 44 407.5 1.021 0.31 ns
July 73 0.6 0.1 5.3 63 1.2 0.2 7.8 63 645.5 2.482 0.01 *
Aug 47 0.7 0.1 10.3 54 0.9 0.2 19.4 46 344.0 2.147 0.03 *
Sep 83 0.8 0.1 4.9 74 0.9 0.3 8.2 72 785.5 2.966 0.00 **
Oct 53 0.9 0.3 7.2 50 0.7 0.0 5.6 47 301.5 2.778 0.00 **
Nov 44 1.7 0.4 5.8 28 1.4 0.1 3.5 28 150.0 1.207 0.23 ns
Dec 22 0.6 0.0 2.1 30 1.1 0.1 2.8 22 103.0 0.763 0.45 ns

d ns: not significant, * p<0.05: significant, ** p<0.01: very significant.
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chlorophyll-a is found in different quadrants: for C10 it is lo-
cated in the nutrients quadrant, while for E06 it has an inter-
mediate position between nutrients and oxygen-temperature.
The Ridge regression results (Table 3) are listed accord-

ing to the order in which the variable was introduced in
the model equation, together with the consequent p–level of
significance. At C10, the first highly significant positively-
related variable is nitrate, followed by the highly significant
negatively-related salinity, the very significant positive re-
lation with depth and the significant negative relation with
temperature. The negative relation with ammonia and the

positive one with nitrite are also introduced in the regression
equation, although their relation is not significant. At E06,
all the variables introduced in the model are at least signif-
icant. The first highly significant negative relation is with
salinity, followed by the significant positively-related nitrate,
the very significant negative relation with ammonia, the sig-
nificant negative relation with phosphate, the very significant
positive relation with silicate and the significant positive re-
lation with oxygen. The nutrient relations were positive or
negative depending on consumption or excess. The strongest
chlorophyll-adependence is then positive with nitrate at C10,

Fig. 8. PCA: projectionof the variables (T: temperature,S: salinity, Dep: depth,Ox: oxygen% sat.,NH3, NO2, NO3, PO4, SiO4, Ch:
chlorophyll-a) on thefactorplane(C10,left andE06,right).

higher concentrationsin the surfacelayer, while C10 does
thesamemostlyatdeeperdepths.

TheannualcycleatC10is characterizedby minimumcon-
centrationsbetweenMay andOctober, andmaximumones
in November, followedby April, MarchandMay, while the
othermonthshave intermediatevalues.Apart from October
andNovember, E06 is generally characterizedby high con-
centrationslimited to thetop5Ð10m layer.

StatisticallysigniÞcantdifferences(Table2) arefound in
July, August, Septemberand October. The signiÞcantdif-
ferencesdetectedin JulyandAugustandtheverysigniÞcant
onesin Septemberareduetosensiblylower concentrationsin
thetop20m atC10.Octoberis theonly month duringwhich
concentrationsin the entire water column are very signiÞ-
cantlyhigheratC10thanatE06.For therestof theyear, the
chlorophyll-a proÞlesat C10 andE06 have oppositetrends
andcrosseachotheratdifferentdepthsbetween10and20m.

3.3 Relationshipsamongvariables

With the aid of principal componentanalysis(PCA) we in-
tendedto investigatewhichfactorsarerelatedto thevariabil-
ity of, andwhicharetheinterconnectionsbetween,thephys-
ical andbiogeochemical variables,particularly in relationto
theseasonalcycleandtheloadsof nutrients.

After the normalizationof the non-normal distributions,
we carriedout thePCA andtheRidgeRegressiontests.The
variablesÕPCA projectionon thefactorplaneis represented
in Fig. 8. Amongthevariables,we alsoconsidereddepthas
anindicatorthatexplainssurface/bottomprocesses.Thesum
of the Þrst two PC explained 51.61%of the total variance
for C10 and58.68%for E06. The factorplanerepresenta-
tion groups thevariablesin threequadrantsfor bothstations:
onequadrantis for salinity-depthcovariance,a secondone
is for oxygen-temperatureand a third one is for nutrients.
At C10 ammoniais situatedin the salinity-depthquadrant,
oppositeto theoxygenconcentration. In this graphicalrep-
resentationchlorophyll-a is foundin differentquadrants:for
C10 it is locatedin the nutrientsquadrant,while for E06 it
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hasan intermediatepositionbetweennutrientsand oxygen-
temperature.

The Ridgeregressionresults(Table3) are listed accord-
ing to the order in which the variable was introduced in
themodelequation,togetherwith theconsequentpÐlevel of
signiÞcance.At C10, the Þrsthighly signiÞcant positively-
relatedvariableis nitrate,followedby thehighly signiÞcant
negatively-relatedsalinity, the very signiÞcantpositive re-
lation with depthand the signiÞcantnegative relation with
temperature.The negative relation with ammoniaand the
positiveonewith nitrite arealsointroducedin theregression
equation,althoughtheir relationis not signiÞcant.At E06,
all the variablesintroducedin the modelareat leastsignif-
icant. The Þrst highly signiÞcantnegative relation is with
salinity, followedby thesigniÞcantpositively-relatednitrate,
thevery signiÞcantnegative relationwith ammonia,thesig-
niÞcantnegativerelationwith phosphate,theverysigniÞcant
positive relationwith silicateand thesigniÞcantpositive re-
lation with oxygen. The nutrient relationswerepositive or
negativedependingonconsumptionor excess.Thestrongest
chlorophyll-a dependenceis thenpositivewith nitrateatC10,
followedby thehydrologicalvariables,while atE06it is neg-
ativewith salinity, followed by thenutrientsÕconcentrations.

3.4 Temperature,salinity and chlorophyll-a inter-annual
trends

In order to analyselong-term variations in chlorophyllÐa
dynamics,we usedthe Cox-Stuarttest for trends(Sect.2)
and we applied it both to the physical variablesand to
chlorophyllÐa. Theanalysisof thesurfacewatertemperature
(Table4) showsasigniÞcantincreasein May andJuneanda
very signiÞcantonein July at both sites,in agreementwith
the rise in air temperatureandannualheatßuxesobserved
in the NorthernAdriatic Sea(Russoet al., 2002). Another
signiÞcantincreaseis found in Decemberat both sites,in-
dicatinga tendency towardsmilder winters. However, C10
is the only stationshowing a signiÞcanttrend in the whole
yearsmedianvalues.In fact,betweenAugustandNovember
E06is characterizedby a negative temperaturetrendwhich,
without beinga signiÞcantvalue,still agreeswith theregis-
teredincreasingßow of the Po river that causesßoodsdur-
ing autumn(Raicich, 2003). Thesamefeatureis not foundat
C10,probablybecausethefreshwatereffectis conÞnedto the
NorthernAdriatic Currentregion (Artegianietal., 1997a).

This is furtherconÞrmedby theCox-Stuarttestresultsfor
surfacesalinity (Table 4). No signiÞcanttrend is found at
C10,eitherin spring,or in summertime,whentheareamay
bereachedby thePoriver plume. SigniÞcanttrendsarein-
steadseenat E06: a very signiÞcantdecrease in February,
a signiÞcantdecreasein Octoberanda very signiÞcantin-
creasein November. In orderto understand therelationsbe-
tweenthe Po discharge andthe physical variables,we have
performedtheSpearmanTestfor correlationson daily scale
with a1-weektime lagbetweentheobservedrun-off andthe

observed salinity and temperature(AppendixA). Both sta-
tions are generallyinßuencedby the Po riverÕs spreading.
C10 is mostly affectedby temperatureÞelds,sincea larger
effectmaybedetectedduringspringandsummertime,when
it feelstheeffect of thePomaximumin May, duemostly to
snow melting,thatslakensthethermoclineformation.E06is,
instead,equallyaffectedby temperatureandsalinity Þelds,
sincetheimpactof therivermaybedetectall yearroundand
it is closerthanatC10: thus,salinity andtemperaturevalues
fasterdecreasethanatC10.

The Cox-StuartSign test (Table 5) on chlorophyllÐa re-
vealsno signiÞcantlong-termtrendin both the medianand
the dispersion.The weaknegative trendin the C10 annual
valueis consideredrandom,asis theslight increaseat E06.
On the otherhand,C10 shows a signiÞcant increasein the
centralvaluein April, althoughthisis notreallyrelevantcon-
sideringtheentireannualcycle. Thevariability is fairly con-
stant,with a small indication of increasefor both stations.
Any missingresultin theCox-Stuarttestis dueto aninsufÞ-
cientnumberof availablecomparisons.

4 Discussion

Thehydrologicalandbiogeochemicalevolutionpresentedin
Sect.3.1shows thattheC10stationis directly inßuencedby
high river outßows, whenthe generalcirculationandstrati-
Þcationcanfavour theNE spreadingof thePoplume. Con-
versely, E06 is largely affectedby thePoriver run-off, irre-
spective of their magnitude,andalsoby othersmallerrivers,
as conÞrmed by much lower salinity values for all of the
non-mixed periods. Generally, the nutrient concentrations
arehigherin thenear-surfaceregionwherethelowestsalini-
tiesareobserved.This is consistentwith theroleof therivers
asthemajornutrientsourcesfor theregion.

Several works (e.g.,FondaUmani, 1996; Mozetic et al.,
1998; Fonda Umani et al., 2005) have showed that the
Novemberbloomingof theNorthernAdriatic is poorly con-
trolled by micro- or meso-zooplankton.Consequently, the
surfacepeaksof winter ammoniaaremostlikely dueto bac-
terial activity on senescentphytoplanktoncells. Thebottom
5m of the watercolumnsshow concentrationsthat well re-
ßecta trendoppositeto that of the dissolved oxygenin the
sameperiod,indicatingbenthicrecycling of ammonia.The
roleof benthicnutrientremineralizationis thenanimportant
factorthatcanbeinferredfrom themonthlyanalysis.

Low salinity values during periodsof low nitrate con-
centrationssuggestthat most of the land-derived nitrate is
taken up by phytoplankton.However, while C10 is charac-
terizedby low concentrationsof chlorophyll-a, E06 main-
tainshighervalues.Theabsenceof a gradientin nitrateand
thedifferentresponseof chlorophyllÐa at C10andE06 may
not beexplainedonly by consumption. Differentcontrolling
factorsmayaffectphytoplanktongrowth in thetwo areas.At
C10,chlorophyll-a concentrationsseemto prettywell follow
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Table4. Cox-Stuarttestresultsfor surfacetemperature(left) andsalinity (right) atC10andE06d.

Temp Sal

C10 E06 C10 E06

Month N + ! p sig. N + ! p sig. N + ! p sig. N + ! p sig.

Jan 6 2 0 Ð Ð 6 3 0 Ð Ð 6 0 3 Ð Ð 6 1 2 Ð Ð
Feb 19 5 4 0.500 ns 16 3 5 0.344 ns 19 2 7 0.090 ns 16 0 8 0.004 **
March 12 3 3 0.656 ns 10 2 3 Ð Ð 12 4 2 0.344 ns 10 5 0 Ð Ð
April 18 5 4 0.500 ns 13 4 2 0.344 ns 18 6 3 0.254 ns 14 4 3 0.500 ns
May 26 11 2 0.033 * 27 11 2 0.011 * 26 4 9 0.133 ns 27 10 2 0.055 ns
June 18 8 1 0.020 * 17 7 1 0.035 * 18 4 5 0.500 ns 17 4 4 0.637 ns
July 32 14 2 0.002 ** 27 12 1 0.002 ** 18 4 5 0.500 ns 17 4 4 0.637 ns
Aug 20 2 6 0.055 ns 21 3 7 0.172 ns 21 5 5 0.623 ns 21 4 5 0.500 ns
Sep 32 9 6 0.227 ns 25 3 9 0.073 ns 32 11 5 0.105 ns 25 6 6 0.613 ns
Oct 22 5 6 0.500 ns 18 3 6 0.254 ns 22 7 4 0.274 ns 18 1 8 0.035 *
Nov 19 5 4 0.500 ns 15 1 6 0.072 ns 19 7 2 0.090 ns 15 7 0 0.008 **
Dec 12 6 0 0.016 * 12 6 0 0.016 * 11 0 5 Ð Ð 12 0 5 Ð Ð
Sum 236 75 38 0.001 *** 207 58 42 0.111 ns 236 60 56 0.384 ns 208 50 48 0.397 ns

d +: numberof increases,! : numberof decreases,ns: not signiÞcant,* p< 0.05:signiÞcant,** p< 0.01:verysigniÞcant,*** p< 0.001:highly signiÞcant.

Table5. Cox-Stuarttestresultsfor chlorophyll-a atC10(left) andE06(right)e.

C10 E06

cent. dis. cent. disp.

Month N + - p sig. + - p sig. N + - p sig. + - p sig.

Jan 10 5 0 Ð Ð 2 0 Ð Ð 12 5 1 0.109 ns 1 2 Ð Ð
Feb 48 9 15 0.240 ns 4 4 0.637 ns 40 7 13 0.132 ns 3 3 0.656 ns
March 23 6 5 0.500 ns 4 1 Ð Ð 21 7 3 0.172 ns 3 2 Ð Ð
April 51 22 3 0.006 ** 5 4 0.500 ns 38 11 8 0.324 ns 4 5 0.500 ns
May 64 17 15 0.393 ns 5 3 0.363 ns 68 16 18 0.393 ns 10 6 0.227 ns
June 46 13 10 0.365 ns 8 3 0.113 ns 50 14 11 0.368 ns 4 3 0.500 ns
July 73 12 24 0.075 ns 5 4 0.500 ns 62 16 15 0.399 ns 8 2 0.055 ns
Aug 43 10 13 0.365 ns 5 6 0.500 ns 54 18 9 0.122 ns 5 3 0.363 ns
Sep 83 20 21 0.399 ns 5 5 0.623 ns 74 19 17 0.378 ns 4 4 0.637 ns
Oct 53 11 15 0.340 ns 4 4 0.637 ns 50 9 16 0.194 ns 3 5 0.363 ns
Nov 44 6 15 0.058 ns 7 4 0.274 ns 28 5 9 0.212 ns 3 4 0.500 ns
Dec 22 0 11 Ð Ð 3 2 Ð Ð 30 9 6 0.304 ns 3 4 0.500 ns
Sum 278 131 147 0.266 ns 48 37 0.223 ns 262 136 126 0.341 ns 51 43 0.261 ns

e cent.:centraltrend,disp.:datadispersion,+: numberof increases,! : numberof decreases,ns: not signiÞcant,**p < 0.01:verysigniÞcant.

the annualcycle of nutrients. At E06, every periodof high
concentrationis followed by a periodof low concentration,
indicating that somefactor actssuccessively and regulates
phytoplanktonabundance.Nutrientshave shown to be suf-
Þcientandsometimesin excessat this site andarethusnot
limiting the growth. We supposethat zooplanktongrazing,
whoseannualcycle is usuallyout of phasewith thatof phy-
toplankton(e.g.in theAdriatic, FondaUmani, 1996) may be
oneof the main regulatingfactorsof the chlorophyll-a pat-
tern.

Phosphateis consideredasthe principal nutrientlimiting
primaryproductionin theregion(e.g.Gilmartinetal., 1990).
Socal et al. (1999) found that the Adriatic Surface Water
(ASW) of the photic layer of the OtrantoStrait was char-

actherizedby anexcessof nitrogen(N:P=50). While mostof
thenitrogenis advectedout of thenorthernbasin,phospho-
rousis efÞcientlyremoved from the watercolumn, brought
to organicform andpossiblyburied in thebottomsediments
on the Adriatic shelf. However, even thoughSocalet al.
(1999) conÞrmedthethesisof P-limitedAdriatic, thesignif-
icantpresenceof diatomswasexplainedby new production
sustainedby regenerative processesandDOP andDON as
importantsourcesof nutrients.Degobbiset al. (2005) anal-
ysedchangesin nutrientratiosin relationto mucilageevents
in thenorthernAdriatic. WhileDIN wasmostlycorrelatedto
thePoriver outßow, phosphatewasefÞcientlycontrolledby
phytoplanktonassimilation.During a low freshwaterinput,
the increasedphytoplanktonstandingcrop was ascribedto
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moreefÞcientDIN assimilationandfasterrecycling of phos-
phate. Our dataanalysisshows that high concentrationsof
chlorophyll-a are detectedduring monthsand at depthsat
which the phosphateconcentrationsarecloseto zero. Fol-
lowing theseprevious attemptsto explain the phoshatebe-
haviour in the Adriatic Sea, we conÞrmthat phosphorus
is consumedandrapidly remineralizedto sustainabundant
biomassproductionin theAdriaticSea.

Despite the observed coherent seasonalcoupling be-
tween physical and hydrochemicalfeatures(Figs. 5, 6),
chlorophyll-a shows a complex annualcycle in both areas.
Nevertheless,the chlorophyll-a vertical proÞlesaresimilar
whenmixing processes prevail (Fig. 7). For the restof the
year, which is characterizedby astrongstratiÞcationof tem-
peratureand salinity, E06 maintainshigher concentrations
in the surfacelayer, where it is mostly affectedby riverine
loads,while C10doessomostlyat intermediatedepths,be-
causea smallerpresenceof photo-attenuating materialsmay
allow photosynthesisin theentirewatercolumn(Vichi etal.,
2003b).

This is alsoconÞrmedby thePCA (Fig. 8). TheÞrstprin-
cipal componentof the PCA capturesthe effect of periodic
stratiÞcation,while thesecondcomponenthighlightstheef-
fectof river inputs.At C10,chlorophyll-a concentrationsare
mainly correlatedto riverinerun-off, while atE06,thenutri-
entsbeingat leastsufÞcient,thecorrelationwith theseasonal
cycle is stronglypositive andoppositeto depth-salinity, be-
causethehighestconcentrationsarefoundat thesurface.A
further conÞrmationcomesfrom the RidgeRegressiontest
results(Table3). At C10, the only nutrient in the equation
is nitrate,which is alsotheclosestvariableto chlorophyll-a
in the PCA projection. The following correlationsarewith
the physical variablesand are typical of offshoreareasaf-
fectedby land-derivednutrientsandmostlycharacterizedby
bloomsat intermediatedepths. At E06, the RidgeRegres-
sionhighlightsastronglyoppositetrendwith salinity, which
is responsiblefor the surfacebloomsand is well-shown in
the PCA diagram(Fig. 8). Finally, the test shows a posi-
tive correlationwith nitrateandsilicate,indicatinga contin-
uousavailability, and a negative correlationwith ammonia
andphosphate,thatarethereforeconsumedat thesite.

The Cox-Stuarttest (Sect.3.4) for the analysis of long-
termtrendsdetectedsigniÞcantchangesonly for thephysical
variable,but not for chlorophyll-a. A possibleexplanation
for this behaviour lies in the differentrelationshipthat both
stationshave with theriver run-off. Both areasdetecttheef-
fect of the warming (Corti et al., 1999; Rixen et al., 2005),
but only E06 is likely to show the effectsof the increasing
precipitation.In fact,bothstationsareaffectedby therisein
summertemperature,dueto higherheatßuxes.But, while at
E06therisein temperatureis balancedby anautumnreduc-
tion, due to the large quantityof freshwater inßow, at C10
this doesnot happen,sinceno largeeffect is detectedof the
Po waterspreadingthereduring autumn. Thereforeat C10
thewatergenerallybecomeswarmer.

The absenceof a trendwasalsofound in modelsimula-
tions (Vichi et al., 2003a). Even if we are not able to as-
sessthe climatological change,the Cox-Stuarttest agrees
pretty well with the EasternMediterraneanClimatic Tran-
sient(EMCT). TheEMCT is a global changein themeteo-
oceanographicconditionshappeningover theMediterranean
Seaduringrecentdecades(Rixenetal., 2005), andis deÞned
asacollectionof events,suchasrising temperatureandfewer
rainy dayswith heavier precipitation.

It is interestingto compareour resultswith otherhighly
productive Europeanregionalseas,astheBlack Seaandthe
Baltic Sea.Nehring(1992) analyseda 30-years(1958-1989)
biogeochemicaldatasetin theBaltic properandfoundthat,
exceptfor theperiod1969Ð1977,nutrientconcentrationsno
longerincreased,remaining at stable,but high levels. Dur-
ing periodsof water renewal, a strongcorrelationwas de-
tectedbetweensalinity andnutrients.Oxygenwasfound to
increase,althoughno signiÞcant trendwas identiÞed. The
strongdeterioration of oxygenconditionsandthephosphate
accumulationin centralBaltic deepwaterswere attributed
to the absenceof waterrenewal causedby climatechanges
in the northernemisphereand worsenedby the entranceof
North SeapollutedwatersthroughtheDanishStrait into the
Baltic.

Gomoiu (1992) synthetizedin her work the ecological
changesin the NW Black Sea in the period 1972Ð1992:
increasingquantitiesof nutrientsand organic matter, oxy-
gen imbalanceandappearanceof hypoxic andanoxicphe-
nomena,massmortalities of benthic organisms,reduction
in diversityat differentlevels,developmentof opportunistic
species.Theauthorconcludedthattheecosystemreßecteda
regressiveevolutionanda fragile andunstablephase.

In both cases,and in contrast with our results, pos-
itive trends were detected for phytoplankton biomass
(chlorophyllÐa) and primary productivity. We believe that
the efÞcientmixing, especiallydueto local wind episodes,
may prevent the eutrophicationof the Adriatic Sea. Fur-
thermore,we analyseda timeseriesdatapostponedto the
reducedquantitiesof phosphorus usedin detergentsin the
late 1980s. Degobbis et al. (2000) and Bernardi Aubry
et al. (2004) reported,in fact,a phosporousdecreasein their
works. Despitethis, we are not able to deÞnea possible
associatedchlorophyll-a changeon this temporal scaleand
with this high natural variability. We canthenhypothesize
that: i) a real changedid not happen;ii) the temporalscale
of the chlorophyll-a processesmight have not Þt with the
othervariabletrends;iii) theecosystemevolutionmighthave
favourednew speciesin thecompositionof thephytoplank-
ton populationwithout changingthe total stock; iv) a pos-
sible trendmight exist at theextremeconcentrations,which
arenot sufÞcientlyrepresentedin thesample.
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4.1 Trophicvariability of theNW Adriatic

Thedescriptivestatisticalanalysispresentedin Sect.3.1indi-
catesthattheC10andE06areashavesigniÞcantlycompara-
blehydrologicalcharacteristics,while they aredifferentlyaf-
fectedby theriverÕs discharge. However, chlorophyll-a only
showsaweakly signiÞcantdifference.High-frequency inter-
connectedphysical andbiological processesarethus likely
to modulatechlorophyll-a dynamics,also when the nutri-
entsÕavailability is dominant.We maythusdeÞnethesesta-
tionsashighly variableandvaryingbetweenmesoandmeso-
oligotrophiccharacteristics.

Thereis no internationalagreementbetweendifferentin-
dicatorsandindicesregardingtheassessmentof the trophic
statusof seawater, mostly dueto differentcriteria, method-
ologies of data analysis and restrictions to selectedre-
gions. For example, Giovanardi and Tromellini (1992)
refers to oligotrophic statusfor the NorthernAdriatic wa-
terscharacterizedby chlorophyllÐa levels< 1.7µgdm! 3, Ig-
natiades(2005)for AegeanSeawatershaving chlorophyllÐ
a values < 0.5µgdm! 3, while Babin et al. (1996) for
NorthernAtlantic waterswith chlorophyllÐa concentrations
< 0.05µgdm! 3. We prefer to analysethe trophic statusof
a certain region astheresultof thecomplex interactionsbe-
tweenall thedynamicprocessesthatin time,asseasonalcy-
cle,andspace,asdynamicin thewatercolumn,bring to spe-
ciÞcnutrientsandchlorophyllÐa patterns,oxygensaturation
andverticalstability of thewater column.Our maininterest
is thusnotanabsolutedeÞnition of thetrophicstatusof each
station,but a relative comparisonbetweenthe areasto Þnd
possibledifferencesor similarities.

The Wilcoxon MatchedPairs test (Table 1) shows that,
consideringall thedataset(in time andspace),thetwo sites
areaffectedby similarhydrodynamics,highly signiÞcantdif-
ferentnutrient inputsandslightly signiÞcantdifferencesin
chlorophyllÐa concentrations.The sametestappliedto the
intra-annualvariability of chlorophyllÐa (Table2) showsthat
thosedifferencesaredueto signiÞcantdifferencesbetween
JuneandAugust,whenE06maintainshigherconcentrations,
andvice versain September. On the otherhand,the analy-
sisof theintra-annual variability, consideringalsothediffer-
entdepths,presentedin time-depthplots (Fig. 5 andFig. 6)
shows that, in the sameperiod,both stationsarecharacter-
ized by a reductionin nutrient concentrations,stable oxy-
genation,stratiÞedwatersandchlorophyllÐa valueswith the
lowest annualvalues(Fig. 7). Besides,the slightly higher
valuesof chlorophyllÐa in thedeepestlayerat both stations
area clearindicatorof photosyntheticactivity of thebottom
SL andthuswatertransparency. This leadsusto considerthe
areasastrophicallymuchsimilar thanpreviously reportedin
literature(e.g.,Alberighi et al., 1997; Pugnettiet al., 2003,
2004; BernardiAubry etal., 2006).

5 Conclusions

The long-termsetof hydrologicalandbiogeochemicaldata
comingfrom the C10 andE06 stations,locatedin the NW
Adriatic Sea,allowedusto formulatea reasonablepictureof
theNW Adriatic biogeochemicalvariability andwe arenow
ableto answerto themainquestionsthatguidedourscientiÞc
work.

(i) Generally, thetwo stationscannotbeconsideredtroph-
ically different, as someprevious literaturehad done.
Our dataanalysisshow similaritiesbetweenthetwo ar-
eas,concerningthe chlorophyllÐa responseto differ-
ent physical and biological features. Nutrientsstand-
ing stockscannotbeconsidereda sufÞcientcriterionto
characterizeconditionsandtrophicdifferencesbetween
differentareas.

(ii) Thetwo stationsmaybecharacterized by differentcon-
trolling factorsregarding the chlorophyllÐa dynamics.
C10chlorophyll-a is mainlycontrolledby periodicriver
inputs.E06is stronglycorrelatedwith theseasonalcy-
cle, may be efÞciently grazedby zooplanktonand a
high presenceof photo-attenuating materialmay limit
the photosynthesisat the deepestSL. We suggestthe
importanceof studyingthe couplingbetweenthe phy-
toplanktoncycleandzooplanktonabundanceanddistri-
bution,sincezooplanktonis anessentialcontrollingfac-
tor in thephytoplanktontrendandevolution throughout
thetrophicchaincharacterizing anarea.

(iii) Data analysisshows that we should review the thesis
of phosphorousbeing a classical growth-limiting fac-
tor of phytoplanktonabundancein the NW Adriatic
Sea. Other phosphorous sourcesbesidesorthophos-
phate,suchas organic phosphorousand fast regener-
ation processes,can contribute to maintainingphyto-
planktongrowth. It is thereforenecessaryto resolve the
fastremineralizationprocessesin thepelagicdomainon
a higherfrequency scalein orderto clarify theeffective
co-limiting factors.

(iiii) Theabsenceof asigniÞcantchlorophyll-a trendin time
at eithersite, in agreementwith model resultsof sce-
nariosimulations(Vichi et al., 2003a), is not sufÞcient
to allow usto assumethat thecommunitiesor otherin-
dicator did not change. Previous studies,basedon a
shortertimescale(Pugnettietal., 2003; BernardiAubry
et al., 2006), couldnot typify any signiÞcantdifference
in community composition. Our next stepwill there-
fore be to couple this study with an analysisof the
abundance,biodiversityanddistributionof thedifferent
speciesof phytoplanktonduring thesamestudyperiod
in orderto Þndif anintra-andinter-annualvariability is
presentin thelong term.
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Appendix A

Time series plots of the studied variables (except
chlorophyllÐa, presentedin Fig. 4) and the analysis of
the correlation between the physical oceanic variable
(temperatureandsalinity) andthe PoriverÕs discharge(data
scatterplotsandSpearmanTest)areavailableassupplemen-
tal material at http://www.biogeosciences.net/4/673/2007/
bg-4-673-2007-supplement.pdf.
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