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OutlineOutline

First we show real data collected in a First we show real data collected in a hydrologicallyhydrologically stable area of the stable area of the 
Mediterranean Sea.Mediterranean Sea.

As a second step we present a stochastic advectionAs a second step we present a stochastic advection--reactionreaction--diffusion diffusion 
model for phytoplankton distribution along a water column.model for phytoplankton distribution along a water column.

The model consider the growth of phytoplankton as limited by theThe model consider the growth of phytoplankton as limited by the
intensity of light intensity of light II and concentration of nutrients and concentration of nutrients RR ((KlausmeierKlausmeier and and 
LitchmanLitchman, 2001; , 2001; KlausmeierKlausmeier et al., 2007).et al., 2007).

Theoretical results are compared with real data.Theoretical results are compared with real data.
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More in More in detaildetail

A stochastic oneA stochastic one--dimensional reactiondimensional reaction--diffusiondiffusion--taxis model is used to taxis model is used to 
reproduce the reproduce the spatiospatio--temporal dynamics, along a water column, of five temporal dynamics, along a water column, of five 
picophytoplanktonpicophytoplankton populations.populations.

Periodical changes of environmental variables, such as light intPeriodical changes of environmental variables, such as light intensity, ensity, 
vertical turbulent diffusivity, vertical turbulent diffusivity, thermoclinethermocline depth and upper mixed layer depth and upper mixed layer 
thickness are included.thickness are included.

SpatioSpatio--temporal temporal behaviourbehaviour of biomass concentration of each of biomass concentration of each 
picophytoplanktonpicophytoplankton population is calculated by the model.population is calculated by the model.

The total equivalent content of chlorophyll is compared (The total equivalent content of chlorophyll is compared (χχ22 goodnessgoodness--ofof--fit fit 
test) with experimental data collected in four different periodstest) with experimental data collected in four different periods of the year in of the year in 
a site of the Tyrrhenian Sea, an ideal habitat to study how ecosa site of the Tyrrhenian Sea, an ideal habitat to study how ecosystem ystem 
characteristics affect the phytoplankton distribution.characteristics affect the phytoplankton distribution.
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Some Some motivationsmotivations

New models recently devised to study New models recently devised to study spatiospatio--temporal dynamics of temporal dynamics of 
phytoplankton populations along water columns in marine ecosystephytoplankton populations along water columns in marine ecosystems.ms.

Random fluctuations of environmental variables are not included Random fluctuations of environmental variables are not included in in 
these models.these models.

Lack of exhaustive investigations, which include data analysis, Lack of exhaustive investigations, which include data analysis, 
theoretical predictions, and comparison of theoretical results wtheoretical predictions, and comparison of theoretical results with ith 
experimental data.experimental data.

Importance of this studies from the point of view of fishery: abImportance of this studies from the point of view of fishery: abundance undance 
of fish species strictly connected with primary production, i.e.of fish species strictly connected with primary production, i.e.
phytoplankton biomass, responsible for chlorophyll concentrationphytoplankton biomass, responsible for chlorophyll concentration..
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¿¿ Advection-ReactionReaction--Diffusion Model??Diffusion Model??
What is this?

Description of spatiotemporal dynamics of biological species based on: 

- local interaction among populations and/or between each population 
and resources (reaction);

- mechanism of spatial interaction, e.g., spread of individuals in space
random movement of individuals (diffusion);

- movement of some material dissolved or suspended in the fluid 
(advection).

Specifically
If you consider the water flowing in a river you will get advection
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WhatWhat wewe dodo
PhytoplanktonPhytoplankton distributiondistribution isis analyzedanalyzed in a site of the in a site of the TyrrhenianTyrrhenian SeaSea, , anan ideal ideal 
habitat habitat toto studystudy howhow ecosystemecosystem hydrodynamicshydrodynamics affectsaffects the the phytoplanktonphytoplankton
distributiondistribution..

By usingBy using a a stochasticstochastic reactionreaction--diffusiondiffusion--taxis model, the taxis model, the spatiospatio--temporal temporal 
behaviourbehaviour of of picophytoplanktonpicophytoplankton species is reproduced in the site investigated species is reproduced in the site investigated 
during the whole solar year.during the whole solar year.

The theoretical distributions are obtained for all seasons by coThe theoretical distributions are obtained for all seasons by considering the nsidering the 
seasonal variations of vertical turbulent diffusivity and light seasonal variations of vertical turbulent diffusivity and light intensity.   intensity.   

In order to compare theoretical results with field observations,In order to compare theoretical results with field observations, the the 
picophytoplanktonpicophytoplankton biomass concentrations, are converted in biomass concentrations, are converted in chlchl--a concentration.a concentration.

Comparison between numerical results and experimental data is evComparison between numerical results and experimental data is evaluated  by aluated  by 
performing statistical checks.performing statistical checks.
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GeographicalGeographical areaarea
Experimental data collected in the period 24 November 2006 Experimental data collected in the period 24 November 2006 ---- 9 June 2007 in a 9 June 2007 in a 
sampling site localized in the middle of the Tyrrhenian Sea, a hsampling site localized in the middle of the Tyrrhenian Sea, a hydrological stable ydrological stable 
area of Mediterranean Sea, with area of Mediterranean Sea, with oligotrophicoligotrophic waters mainly populated by waters mainly populated by 
picophytoplanktonpicophytoplankton species.species.

VTM-A

The The samplingsampling werewere performedperformed at four different at four different 
times of the year, during four different times of the year, during four different 
oceanographic cruises: (a) VECTORoceanographic cruises: (a) VECTOR--TM1, TM1, 
November 2006; (b) VECTORNovember 2006; (b) VECTOR--TM2, February TM2, February 
2007; (c) VECTOR2007; (c) VECTOR--TM3, April 2007; (d) TM3, April 2007; (d) 
VECTORVECTOR--TM4, June 2007.TM4, June 2007.
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PhytoplanktonicPhytoplanktonic species are located in Modified Atlantic Water (MAW), from the species are located in Modified Atlantic Water (MAW), from the 
surface down to 200 m. The MAW is placed above the Levantine Intsurface down to 200 m. The MAW is placed above the Levantine Intermediate ermediate 
Water (LIW), and corresponds to the Water (LIW), and corresponds to the euphoticeuphotic zone of the water column.zone of the water column.

The The vertical profiles of temperature, vertical profiles of temperature, 
salinity and density were acquired salinity and density were acquired in the in the 
MAW MAW by using a CTD probe equipped with by using a CTD probe equipped with 
fluorescence sensor, which measured total fluorescence sensor, which measured total 
chlorophyll concentrations.chlorophyll concentrations.

NutrientNutrient concentrationconcentration and and chlchl--aa concentrationconcentration forfor everyevery picophytoplanktonpicophytoplankton
speciesspecies werewere obtainedobtained byby analyzinganalyzing the the bottlebottle samplessamples collectedcollected at at differentdifferent depthsdepths
(7, 25, (7, 25, ……200 200 metersmeters) ) alongalong the water the water columncolumn of  the MAW. of  the MAW. 

EnvironmentalEnvironmental datadata
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PhytoplanktonicPhytoplanktonic datadata

-- TaxonomicTaxonomic pigmentspigments asas sizesize class class markersmarkers of of phototrophicphototrophic groupsgroups: : 

a)  < 3a)  < 3��m m picophytoplanktonpicophytoplankton ((aboutabout 80% of the total 80% of the total chlchl aa ) formedformed byby twotwo groupsgroups::
- picoeukaryotes (i.e. pelagophytes, haptophytes, diatoms);
- picoprokaryotes (i.e. Synechococcus and Prochlorococcus); 

b)  > 3b)  > 3��m m nanonano-- and and micromicro--phytoplanktonphytoplankton ((aboutabout 20 % of the total 20 % of the total chlchl aa) ) uniformlyuniformly
distributeddistributed alongalong the water the water columncolumn ((mainlymainly haptophyteshaptophytes and and pelagophytespelagophytes).).

Synechococcus, Prochlorococcus, and picoeukaryotes are usually identified and 
calculated based upon their scattering and autofluorescence properties.

The experimental data showed the coexistence of two ecotypes of The experimental data showed the coexistence of two ecotypes of ProchlorococcusProchlorococcus: : 
high lighthigh light--adapted (HLadapted (HL--)  and low light)  and low light--adapted (LLadapted (LL--) ecotype. The LL) ecotype. The LL--ecotype is ecotype is 
present in traces.present in traces.

-- Markers of Markers of picophytoplanktonpicophytoplankton biomass: chlorophyll a (biomass: chlorophyll a (chlchl aa) ) and and divinyldivinyl
chlorophyll achlorophyll a (DVchlDVchl a)a) concentrationsconcentrations
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ExperimentalExperimental data of data of chlchl--aa concentrationconcentration show:show:

ExperimentalExperimental resultsresults. . ChlorophyllChlorophyll aa datadata

-- NonmonotonicNonmonotonic behaviorbehavior asas a a functionfunction of of depthdepth with with 
a DCM below the a DCM below the thermoclinethermocline

-- The The chlchl--aa concentration in DCM reaches the  concentration in DCM reaches the  
maximum value (0.28 maximum value (0.28 ��g/l)g/l) in late spring, while it in late spring, while it 
decreases in fall.  decreases in fall.  

-- Width of DCM increases in fall and winter.Width of DCM increases in fall and winter.

-- The The chlchl--aa concentrationconcentration assumesassumes almost uniform almost uniform 
values in UML (all seasons).values in UML (all seasons).

The biomass concentration in UML changes during the solar year, The biomass concentration in UML changes during the solar year, showing a maximum showing a maximum 
of of chlchl--aa concentrationconcentration (0.10 (0.10 �g/l)) in winter.in winter.

Fall Winter

Early Spring Late Spring
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PhytoplanktonicPhytoplanktonic data. Location of production data. Location of production layerslayers
BottleBottle--sampledsampled data        position of production data        position of production layerlayer forfor eacheach speciesspecies analyzedanalyzed..

a)a) prevalenceprevalence of of SynechococcusSynechococcus close to close to 
the water surfacethe water surface

b) b) ProchlorococcusProchlorococcus HL dominates HL dominates 
intermediate layers of  MAWintermediate layers of  MAW

c)  prevalence of c)  prevalence of ProchlorococcusProchlorococcus LL in LL in 
in deeper layersin deeper layers

d) clear segregation of d) clear segregation of picoeukaryotespicoeukaryotes
species along the water column: species along the water column: 

-- haptophyteshaptophytes are more abundant in are more abundant in 
shallower layers of DCM;shallower layers of DCM;

-- pelagophytespelagophytes dominate dominate deeperdeeper layerslayers..

The The experimentalexperimental findingsfindings indicate:indicate:

No biomass flux from the MAW-LIW interface

No biomass flux from
the sea surface

No nutrient flux from
the sea surface

Nutrient concentration (Rin = const)

Light intensity (Iin)

�������

�����	�

HaptophytesProchlorococcus HL

Pelagophytes

Synecococcus

Prochlorococcus LL
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SwimmingSwimming velocityvelocity ((vvii) ) isis a a functionfunction of the net of the net growthgrowth rate per capita rate per capita ggii(z,t)(z,t)

I(z,t)I(z,t) decreasesdecreases exponentiallyexponentially

Dynamics of Dynamics of ii--thth picophytoplanktonpicophytoplankton speciesspecies

LamberLamber--BeerBeer’’s s lawlaw
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ReactionReaction--diffusiondiffusion--taxistaxis model (model (fivefive populationspopulations))
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AdvectionAdvection--reactionreaction--diffusiondiffusion modelmodel

I(z,t)I(z,t) decreasesdecreases exponentiallyexponentially accordingaccording toto

The The grossgross picophytoplanktonpicophytoplankton growthgrowth ratesrates per capita are per capita are givengiven byby min{min{ffIIii
(I), (I), 

ffRRii
(R)} (von Liebig(R)} (von Liebig’’s s lawlaw of minimum), of minimum), wherewhere ffIIii

(I) and (I) and ffRRii
(R) (R) werewere givengiven byby

the the MichaelisMichaelis--MentenMenten formulasformulas::

LamberLamber--BeerBeer’’s s lawlaw
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ReactionReaction--diffusiondiffusion--taxistaxis model (model (fivefive populationspopulations))

PhytoplanktonPhytoplankton doesdoes notnot enterenter or or leaveleave the water the water columncolumn
(no(no--flux boundary conditions at flux boundary conditions at zz = 0 and = 0 and zz = = zzbb))

-- NutrientNutrient concentrationconcentration costantcostant nearnear the the MAWMAW--LIW interface (bottom of the water column)LIW interface (bottom of the water column)
-- No No nutrientsnutrients enterenter fromfrom the top (water the top (water surfacesurface))

BoundaryBoundary conditionsconditions at  at  z = 0z = 0 and  and  z = z = zzbb
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ReactionReaction--diffusiondiffusion--taxistaxis model (taxis model (taxis termterm))
-- Active movement of Active movement of ii--thth picophytoplanktonpicophytoplankton species modeled by a taxis termspecies modeled by a taxis term

-- Swimming velocity Swimming velocity vvii of of ii--thth species depending on gradient of the net growth ratespecies depending on gradient of the net growth rate

-- Active movement reproduced by step function:Active movement reproduced by step function:
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SpatioSpatio--temporaltemporal behaviourbehaviour of of verticalvertical turbulentturbulent diffusitydiffusity reproducedreproduced forfor the the wholewhole solarsolar yearyear::

-- in upper in upper mixedmixed layerlayer, , valuesvalues of Dof DUU estimatedestimated byby DenmanDenman’’s s expressionexpression ((DenmanDenman and and GargettGargett, , 
1983); 1983); 

-- in in deepdeep layerslayers, , forfor DDDD, , typicaltypical seasonalseasonal valuesvalues; ; 

-- thicknessthickness of UML, Zof UML, ZUU, or , or depthdepth of of thermoclinethermocline obtainedobtained byby verticalvertical profilesprofiles of temperature;of temperature;

-- spatiospatio--temporaltemporal behaviourbehaviour of light of light intensityintensity simulatedsimulated byby usingusing dailydaily averageaverage valuesvalues of the of the 
incidentincident light light intensityintensity at the at the seasea surfacesurface..

ReactionReaction--diffusiondiffusion--taxistaxis model (model (environmentalenvironmental variablesvariables))
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ResultsResults of the model (of the model (cellcell concentrationsconcentrations))
StationaryStationary regime (model) regime (model) reachedreached withinwithin ttmaxmax �� 101055 hh..

BiomassBiomass peak of peak of HaptophytesHaptophytes, , ProchlorococcusProchlorococcus HL and HL and PelagophytesPelagophytes) in DCM () in DCM (wholewhole yearyear))
BiomassBiomass peak of peak of SynechococcusSynechococcus placedplaced closeclose toto marine marine surfacesurface

BiomassBiomass peak of peak of ProchlorococcusProchlorococcus LL LL localizedlocalized in in deeperdeeper layerslayers

Maximum value of phosphorus concentration at the interface MAWMaximum value of phosphorus concentration at the interface MAW--LIWLIW

Nutrient depleted close to marine surface in all seasons Nutrient depleted close to marine surface in all seasons 

Group of Interdisciplinary Theoretical PhysicsUPoN 2015 - Barcelona, 16 July 2015 Davide Valenti - University of Palermo



NumericalNumerical resultsresults (model) (model) obtainedobtained in in cellcell/m/m33

ExperimentalExperimental data data forfor chlchl aa concentrationconcentration are are givengiven in in ��g/l. g/l. 

Theoretical cell concentrations of Theoretical cell concentrations of SynechococcusSynechococcus are converted into are converted into chlchl a concentrations by a concentrations by 
assuming the content per cell is equal to 2 assuming the content per cell is equal to 2 fgfg/cell (Morel, 1997)./cell (Morel, 1997).

TheoreticalTheoretical cellcell concentrationsconcentrations of of picoeukaryotespicoeukaryotes and and ProchlorococcusProchlorococcus ((cellcell/m/m33) ) convertedconverted
in in chlchl--aa and and DvchlDvchl--aa concentrationsconcentrations ((��g/l), g/l), respectivelyrespectively..

ComparisonComparison of of numericalnumerical resultsresults withwith experimentalexperimental data.data.

PhytoplanktonicPhytoplanktonic data.data. CurvesCurves of of meanmean verticalvertical profileprofile

(a) (b)
Brunet et al., 2007

Group of Interdisciplinary Theoretical PhysicsUPoN 2015 - Barcelona, 16 July 2015 Davide Valenti - University of Palermo



ResultsResults of the model (total of the model (total chlorophyllchlorophyll concentrationsconcentrations))
Cell concentrations (model) of five populations converted in Cell concentrations (model) of five populations converted in chlchl a and a and DvchlDvchl a concentrations.a concentrations.

Strong increase of total chlorophyll concentration in UML duringStrong increase of total chlorophyll concentration in UML during late fall and winter late fall and winter 
(agreement with experimental data).(agreement with experimental data).

This increase indicates upwelling of nutrients along the water cThis increase indicates upwelling of nutrients along the water column (increased vertical olumn (increased vertical 
turbulent diffusivity), turbulent diffusivity), favouringfavouring growth of species located  in the shallower layers.growth of species located  in the shallower layers.
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ResultsResults of the model (total of the model (total chlorophyllchlorophyll concentrationsconcentrations))

9 9 JuneJune 20072007

20052005 20062006 20072007 20082008

21 21 AprilApril 200720073 3 FebruaryFebruary 2007200724 24 NovemberNovember 20062006

Theoretical profiles extracted by contour maps in correspondenceTheoretical profiles extracted by contour maps in correspondence of four sampling periods.of four sampling periods.
Comparison with real distributions based on goodnessComparison with real distributions based on goodness--ofof--fit test fit test χχ22..
Results: good agreement in all seasons (in particular in winter)Results: good agreement in all seasons (in particular in winter)..
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SpatioSpatio--temporaltemporal dynamicsdynamics of total of total chlchl--aa concentrationconcentration isis obtainedobtained byby consideringconsidering allall
phytoplanktonphytoplankton speciesspecies alongalong the water the water columncolumn ((includingincluding nanonano-- and and micromicro--phytoplanktonphytoplankton). ). 

Magnitude of total Magnitude of total chlchl aa and  and  DVchlDVchl a a concentrationconcentration (model) of DCM (model) of DCM isis underestimated in underestimated in 
fall and late spring, overestimated in early spring. This fall and late spring, overestimated in early spring. This behaviourbehaviour is due to: is due to: 
(a) not  including random fluctuations of environmental vari(a) not  including random fluctuations of environmental variables (noisy ables (noisy behaviourbehaviour of of 

environment);environment);
(b) difficulties in finding correct values of vertical turbu(b) difficulties in finding correct values of vertical turbulent diffusivity in deeper layers;lent diffusivity in deeper layers;
(c) dependence of nutrient half(c) dependence of nutrient half--saturation constants on turbulent kinetic saturation constants on turbulent kinetic 

energy  dissipation.energy  dissipation.

Test Test χχ22 indicates good agreement between experimental and theoretical fiindicates good agreement between experimental and theoretical findings during the ndings during the 
whole period analyzed. The best reduced whole period analyzed. The best reduced χχ22 is obtained in winter season (presence of is obtained in winter season (presence of 
nutrient upwelling).nutrient upwelling).

DeterministicDeterministic model. model. DiscussionDiscussion
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Stochastic approach

�
Complex Systems

�

Non-linear interactions among their parts and environmental random
fluctuations strongly influence the dynamics of these systems (Spagnolo et
al., 2004; Huppert et al., 2005; Ebeling and Spagnolo, 2005; Provata et al., 
2008; Spagnolo and Dubkov, 2008; Valenti et al., 2008).

Environmental variables, such as salinity, temperature, vertical turbulent
diffusivity along the water column, and nutrient concentration, fluctuate
randomly (noise sources) � stochastic dynamics

A marine environment represents an open system where non-linear
interactions are present.

Therefore the species analyzed, i.e. picoeukaryotes, are subject to random
fluctuations of environmental variables such as temperature and availability
of food resources.
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We take account for real conditions of the ecosystem, modifying the 
equation for the nutrient as follows

Stochastic model

Dynamics of Dynamics of ii--thth picophytoplanktonpicophytoplankton speciesspecies
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where ξR(z,t) represents a source of spatially uncorrelated white Gaussian noise
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with noise intensity, eventually varying during the year (seasonal changes).Rσ
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PhytoplanktonPhytoplankton doesdoes notnot enterenter or or leaveleave the water the water columncolumn
(no(no--flux boundary conditions at flux boundary conditions at zz = 0 and = 0 and zz = = zzbb))

-- NutrientNutrient concentrationconcentration constantconstant nearnear the the MAWMAW--LIW interface (bottom of the water column)LIW interface (bottom of the water column)
-- No No nutrientsnutrients enterenter fromfrom the top (water the top (water surfacesurface))
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Boundary conditions

Boundary conditions are the same as in the deterministic case

Group of Interdisciplinary Theoretical PhysicsUPoN 2015 - Barcelona, 16 July 2015 Davide Valenti - University of Palermo



I(z,t)I(z,t) decreasesdecreases exponentiallyexponentially accordingaccording toto

The The grossgross picophytoplanktonpicophytoplankton growthgrowth ratesrates per capita are per capita are givengiven byby min{min{ffIIii
(I), (I), 

ffRRii
(R)} (von Liebig(R)} (von Liebig’’s s lawlaw of minimum), of minimum), wherewhere ffIIii

(I) and (I) and ffRRii
(R) (R) werewere givengiven byby

the the MichaelisMichaelis--MentenMenten formulasformulas::

LamberLamber--BeerBeer’’s s lawlaw
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Limiting factors

Group of Interdisciplinary Theoretical PhysicsUPoN 2015 - Barcelona, 16 July 2015 Davide Valenti - University of Palermo



Results of the stochastic model and comparison with
experimental data. Constant noise intensity

Average chl a concentration calculated by the stochastic
model (red line) as a function of depth compared with chl a
distributions measured (green points) in the sampling site. 
The theoretical values were obtained averaging over 1000 
numerical realizations.

Results of χ2 and reduced chi-
square for different values of σR
(stochastic dynamics). The 
number of samples along the 
water column is n = 196.
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Results of the stochastic model and comparison with
experimental data. Constant noise intensity

Average chl a concentration calculated by the stochastic
model (red line) as a function of depth compared with chl a
distributions measured (green points) in the sampling site. 
The theoretical values were obtained averaging over 1000 
numerical realizations.

Results of χ2 and reduced chi-
square for different values of σR
(stochastic dynamics). The 
number of samples along the 
water column is n = 196.
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Average chl a concentration calculated by the stochastic
model (red line) as a function of depth compared with chl a
distributions measured (green points) in the sampling site. 
The theoretical values were obtained averaging over 1000 
numerical realizations.

Results of χ2 and reduced chi-
square for different values of σR
(stochastic dynamics). The 
number of samples along the 
water column is n = 196.

Results of the stochastic model and comparison with
experimental data. Constant noise intensity
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Average chl a concentration calculated by the stochastic
model (red line) as a function of depth compared with chl a
distributions measured (green points) in the sampling site. 
The theoretical values were obtained averaging over 1000 
numerical realizations.

Results of χ2 and reduced chi-
square for different values of σR
(stochastic dynamics). The 
number of samples along the 
water column is n = 196.

Results of the stochastic model and comparison with
experimental data. Constant noise intensity
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In In the the presencepresence of a of a noisenoise intensityintensity constantconstant duringduring the the yearyear, the , the χχ22

goodnessgoodness--ofof--fitfit test test exhibitsexhibits valuesvalues lowerlower thanthan the the valuesvalues previouslypreviously
obtainedobtained byby the the deterministicdeterministic model.model.

In the presence of noise intensity varying seasonally (next slidIn the presence of noise intensity varying seasonally (next slide), we e), we 
expect that the expect that the χχ22 goodnessgoodness--ofof--fit test is better respect to the stochastic fit test is better respect to the stochastic 
model with constant noise intensity.model with constant noise intensity.

StochasticStochastic model. model. DiscussionDiscussion
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Seasonally driven noise intensity
To better describe the modifications occurring in the ecosystem during the 
year, one has to consider also the seasonal changes in external random
fluctuations: 

noise intensity should become a time-dependent variable

modulated by a seasonal driving factor f(t) = 1+ f0 cos(ωt + φ)

with
f0 = 1 (scaling factor)    
ω = 2π/T
T = 365 days
φ = a phase to fit real

seasonal cycles

),()( tft RR σσ =
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Conclusions
Experimental data analysis showed that the properties of chloropExperimental data analysis showed that the properties of chlorophyll profiles hyll profiles 
depend on the sampling period, evidencing the presence of a strodepend on the sampling period, evidencing the presence of a strong correlation ng correlation 
with the seasonal changes in environmental variables.with the seasonal changes in environmental variables.

SpatioSpatio--temporal dynamics of the total temporal dynamics of the total chlchl aa and and DvchlDvchl aa concentration were concentration were 
obtained by using a reactionobtained by using a reaction--diffusiondiffusion--taxis model, including effects of seasonal taxis model, including effects of seasonal 
variations of environmental variables, i.e. average wind speed, variations of environmental variables, i.e. average wind speed, water water 
temperature and water density.temperature and water density.

Seasonal changes of the upper mixed layer are included in the reSeasonal changes of the upper mixed layer are included in the reactionaction--
diffusiondiffusion--taxis  model. taxis  model. 

Test Test  χ χ22 indicates good agreement between experimental and theoretical indicates good agreement between experimental and theoretical 
findings during the whole period analyzed. The best reduced findings during the whole period analyzed. The best reduced χχ22 is obtained in is obtained in 
winter season (presence of nutrient upwelling). winter season (presence of nutrient upwelling). 

The analysis could be applied to other contexts with different lThe analysis could be applied to other contexts with different levels of evels of 
eutrophicationeutrophication, such as marine sites close to the coast., such as marine sites close to the coast.
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Open Open problemsproblems

……how the knowledge of how the knowledge of velocity components subject to random velocity components subject to random 
fluctuationsfluctuations during the year can affect and eventually improve the during the year can affect and eventually improve the 
prediction of prediction of spatiospatio--temporal dynamics of biomass concentration; temporal dynamics of biomass concentration; 

……how how nutrient halfnutrient half--saturation constantssaturation constants, which are significantly , which are significantly 
influenced byinfluenced by seasonal changes and seasonal changes and random fluctuations coming random fluctuations coming 
from environmentfrom environment, can modify the dynamics of phytoplankton , can modify the dynamics of phytoplankton 
populations;populations;

……how the overall dynamics of the ecosystem is affected by specifihow the overall dynamics of the ecosystem is affected by specific c 
properties of the properties of the environmental noise, whose intensity is expected environmental noise, whose intensity is expected 
to vary seasonallyto vary seasonally..

We wonder…
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