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Outline

+ Eirst we show! rieall data collected 1n a hydrelegically stable area of the
IVIediterranean; Sea.

+ /AS| & SECONO’ Step) We. present a Stochastic advection-reaction-aIfiusion
moedelifor phytoplankion distrinution aleng a water columi.

+ The modell consider the growin of phyteplankions as; limited by: tihe
Intensity: of light'I" and concentration: off nutrents: R (Klausmeier and
ICiichman, 2001; Klausmeler et alt, 2007).

+ [heoretical resultsiare comparead with real data.
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More in detail

+ A stochastic one-dimensionall reaction-diffusion-taxis, medel Is Used to
[eproduce the: spatio-temporal’ dynamics; along a water column, ol five
pIcophyioplankien pepulatiens.

+ Periogical changes of envirenmental Vamanies, such as: light Intensity,
vertical turoulent diffusivity, thermmocling deptin: and  Upper mixed layer
thickness are Included.

« Spatio-temporall ~ behavieur  off = biemass  concentration; off  each
pIcophyioplankion;pepulatien IS calculated by the medel.

+ The totall equivalent content ofi chlorephylltis companed (3> geedness-offit
test)withrexperimental cdata collected inrfour diffierent pereos ol the year In
a site off the Tyrrnenian Sea, ank Ideall habitat ter study, how: ecosystem
characternistics affiect the phytoplankten distribution.

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



Some motivations

+ New: models recently devised (o) study: spatio-temporal dymnamics: ofi
phyioplankien;pepulatiens alengwater celtumns Infmarne ecosy/Siems.

+ Random: fluctuations: off environmental Variables are not 1cluded 1n
these models.

« [Lacks ol exiaustive: Investigations; Whalch Include  data analysis;
theereticall predictions; and comparsen ol theoretical  resuliss With
expermental data:

+ |mpoertance of this studies firomi the. point of View: of fiIShery: abundance
ofi fiishy Species, strictly: connectedl With; primany, production; I.e.
phytoplankion:bIemass; respoensiklefor chlorephyll concentration.
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¢.¢. Advection-Reaction-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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\What we do

+ Phytoplankton distribution: IS analyzed in a site ofi the Tyrrhenian Sea, an ideal
nalbitat, te: study’ new:. ecosystem hydredymnamics, affiects the phyteplankion
distribution.

+ By Using a stechastic rneaction-diffusion-taxis model, the spatio-temporal
PEnavieur: ofi picophytoplankion: SPecIes IS reproduced Inf the site Investigated
during the wieleselaryear.

+ The theoretical® distributions: are ohtained for alll seasons: by considering the
seasenal varations of vertical turoulent dififusivity, and light Intensity.

+ In onder ter compare theoretical resultss withi field obsenrvations, the
pIcophytoplankien BIoMass CoNcentrations; are converted inichl-a concentration,

+ Comparisen between numerical results and experimental data IS evaluated: hy.
PErfermming statisticall Checks.
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Geographical area

Expernmental data collected! inf the period 24 Noevember 2006 -- 9 June 2007 In a
sampling site localized in the middle ofi the Tiyrrhenian Sea, a hydrelogicall stable
area. off Mediterranean  Sea, with oligotiephic waters: mainly, populated” by

pICOphyioplankien SPECIES.

VTM-A

Ifhe sampling wWere! perfiermed’ at fiour different
times of the Vyear, durng feur different
eceanographic  cruises: (a) VECTOR-TMI,
Noevember 2006; (b) VECTOR=TM2, Eebruany
2007; (c) VECTOR-TM3, April 2007; (d)
VVECTOR-TIM4; June 2007.
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Environmental data

Phytoplanktonic species are located n Modified Atlantic Water (MAW), firom the
surface down ter 200 m. The MAW: Is placed above the Levanting lntermediate
\Water (LIVV), and correspends;to) the euphetic zone of the water column,

Tthe  vertical profiles of temperature,
salinity: and: density: Were: acguired 1 the
MAW by using a CiID. prohe equipped wWith
flloresecence: sensor, Wilchl measured total
chiorephyll concentrations.

NUtrent concentration: and chl-a- concentration. e everny: picophyteplankion
SPECIes Were ontained by analyzing| tie hoettle samples collected at diffierent depitis
(7, 25, ...200 meters) along the water columniofi the: MAW.
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Phyteplanktonic data

- Markers oft picophyteplankten biomass: chlerophyll: a (chl a) and divinyl
chicrephyll a (DVenla) concentrations

- ['axenomic pigmentsias size class markers of phototiephic groups:

)l < 3/ mipicophyieplankien (alkeut 80%) efi tiiertotal enliar) fermea by tWoe groups:
- picoeukaryotes (i.e. pelagophytes, haptophytes, diatoms);
- picoprokaryotes (i.e. Synechococcus and Prochlorococcus);

19) =18 (4 M nane:and micro=phyieplankien (akout 20! %, of the tetal chlla) uniifermiy
distribuied aleng tne water column (mainly: hnaptephytes and pelagephyies).

The expernmental data showed the coexistence of twoe: ecotypes of Prochlorocoeccus:

high' light-adapted (HIL-)r and low: light=adapted (L£LL-) ecotype. The LI--ecotype IS
Present In| traces.

Synechococcus, Prochlorococcus, and picoeukaryotes are usually identified and
calculated based upon their scattering and autofluorescence properties.
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Experimental results. Chlorephyll a data

Experimental data ofi chl-a concentration: Show:

- Nenmoenoetoenic behaviel as a function oiff depth Wit
a DCMI below the' thermocline

Dept h (m)

. EE The chl-a concentration in DCM reaches the
eenon (gl RO maximum value (0.281 w g/l)iin late spring, while it

chl a concentration (pg/l)
decreases inifall.

chl a concentration (pg/1)

- Width o DCM increases ini fall and winter.

Late Spring - The chl-a concentration assumes almost uniform
values i UL (all seasens).

o 0.l 0.2 0.3

0 0.1 0.2
chl a concentration (pg/l)

chl a concentration (pg/1)

Tihe biomass concentration in UM changes during| the solar year, shewing a maximum
of chl-a concentration (0.10" ¢ g/l i winter.
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Phytoplanktonic data. LLocation of production: layers

Bottle-sampled data, —> position of preduction layer for eachspecies analyzed.

No biomass flux from
the sea surface

No nutrient flux from
the sea surface

Light intensity (I,,)

Nutrient concentration (R;,, = const)

No biomass flux from the MAW-LIW interface
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Tihe experimentalifincings indicate:

a) prevalence ofi Synechococcus close to
the water surface

0). Proechlerecoccus HL dominates
Intermediate layers off MAW.

¢) prevalence of Prochloerocoeccus LL 1n
In‘deeperriayers

d) clear segregation of picoeukanyotes
Species along the water colummn:

- haptophytes: are moere akundant In
shallower layers ofi DCM;

- pelagephytes dominate deeper layers.
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Reaction-diffusion-taxis model (five populations)

Modeling competition between five species for light and nutrient (phoesphorus)

Dynamics; of I-th picophytoplankion| species

oh (zt) oh(zt)] (g db(zt)
S22 =y min(f, (1), fq (R) - mp += [D() J [azj -

Swimming Velecity (V)/Is a function ofi the net growtn rate per capita o/(zt)
g (zt)=min(f, (1), T (R))—-mh

Nutrient dynamics

9R b(zt) 92 R(zY b(zt)
s —; v -min(f, (1), fz (R))+ D(2) = +;8imT

[(Zt) decreases exponentially

(2)+ [ 4 exp{— J‘:{i Ay [CHIR (2)]+ &, }dz} Camber-Beer’s law
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Advection-reaction-diffusion model

|_amber-Beer’s law

(Zt) decreases exponentially according te

1(2) =1, eXp{_ _‘-OZ {Z g [CNIE (Z2)]+ abg:|dz}

e gross) picophytoplankion growtnirates per capitarare given by ming, (I)
fig (R)} (Vo LEiebigrsHav o minimum), Where:f; (I) and i (R) Were glven 0)V/
the Viichaelis-Ivienten fermulas:

| R
Ii() |I_|_I<I Ri( ) IR+KR
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Reaction-diffusion-taxis model (five populations)

Boundary conditions at z= 0 and z = z,

Phyteplankion dees net enter or leave the water column
(ne-flux boelndary conditions at z= 0'and z= z,)

[Db-%_vibi” :I:Db-aﬁ_vibi:|
' 0z o " 0z

= Zb

- NUutrient concentration costant near the MAW-LIN interface (lhottem o the water column)
- No nutrients enter from thetop) (Water surface)

R 2o AR < Rig)

Z

0Z
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Reaction-diffusion-taxis moedel (taxis term)

- Active mevement ofi I-th picophytoplankion species modeled by a taxis term
- Swimming Vvelocity Vv, of I-thispecies depending on gradient off the: net growiin rate

- ACtive movement reproduced by step function:

a) V. =4V’ =V if dg,(z,t)/dz>0

sin k
b) Vi, = =V = Vp, if d9.(z,t)/dz<0
C) y =l i o0 (Zt) fdz =0

¥ ane constant parameters.  witn

positiver values estimatea by other
authoer (Raven, 1996)
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Reaction-diffusion-taxis moedel (environmental variahles)
Spatio-temporal behaviour of vertical turbulent diffiusity reproduced for the whole solar year:

- In upper mixed layer, values of D), estimated by Denmanrs expression (Denman anadl Gargett,
1983);

- Inideepilayers; for D, typical seasonal values;
- thicknessioff UMIL; Z,j; orf depthr of thermoclinerobtained by vertical profilles of temperature;

- spatio-temporal behaviour of light intensity simulated oy using daily: average values ofi the
incident light intensity. at the sea surface.
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Results of the model (cell concentrations)
+ Stationany regime (model) reached within't., = 10> h.

+ Biomass peak ofi Haptophyies, Prochlorococcus HL and Pelagophyites) in DCIVI (Wihole year)
* Biemass peak oifi Synechococcus placed close to: marine surface
+ Biemass peak ofi Prochlorococcusi L lecalized inideeperlayers

+ Vaximumvalle of phesphoenus concentration at the imteriace MAW-=LINV
+ Nutrient depleted clese termarine surfiace injalli seasons
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Phytoplanktenic data. Curves off mean vertical profile
+ Numerical results (model) obtained in cell/m?

+ Expernimental data fior enli a concentration are given in (L g/l.

+ Theoretical cell concentrations; off SYnechococeus, arerconverted mitoe chilla concentrations; by,
assuming the content per cell 1s egual te 2 fg/cell (Morel; 1997).

+ Theoretical cell concentrations of picoeukaryotes and Prochlorecoccus (cell/me) converted
Il chl-aand Dvehl-a concentiiations (1w g/l), respectively.

+ Comparsenief numencal results withrexperimental data.

chl a {fg cell™™)
400 &00

Brunet et al., 2007

Depth = -19.87 In(chl a cell™ +:‘33.?2
r“=0.80
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Results of the model (total chlorophyll concentrations)

+ Celliconcentrations (model) of five pepulations converted inichl aand Dvehl a concentrations.

+ Strong Increase’ of total chlorophyll concentration: 1nf UML during later fall® and: winter
(agreementwithrexpenmental data).

+ [his 1ncrease! imaicates upwelling, of nutrents aleng the water column: (Increased: vertical
turoulent aiffiusivity), faveuring grewin of species located inrthershallower layers.
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Results of the model (total chlerephylli concentrations)

+ Theoretical profiles extracted by contour maps In correspendence ofi four sampling| periods.
« Comparnisen with real distributions based on goodness-of-fit test y2.
+ Results: good agreement in all seasens: (In particular i winter).

9 June 2007

Sampling day

24 November 2006 | 117 [ 0.0060 |

3 February 2007 | o0.28 [ 0.0014 |

32 April 2007 | 1.2 | 0.0068 |
0 June 2007 [ 131 ]| 0.0067 | EXP. DATA

2005 2006 2007 2008

24\Nevember 2006 3 Eebruary 2007 24 April 2007

. .

MODEL — MODEL — MODEL —
EXP. DATA — EXP. DATA — EXP. DATA —
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Deterministic model. Discussion

+ Spatio-temporal dymamics of total chl-a concentration IS ebtained by considering all
phytoplanktonispecies along the water column (Including| nano- and micre-phyteplankten).

+ Magnitude of total chl a and' DVehl a concentration (moedel) off DCM 1s underestimatedin
fiall’and late spring;, everestimated In early/ spring. This Benaviour s due to:
(@) not 1ncludingrandom fluctuations of envirenmentaliVariables (neIsy. henaviou): of
EnVIreNment);
(b)) diffiiculiies nifiinding correct values ofi Vertical turulent aiffiusivity. 1n deeper layers;
(C) dependence off nutrient half-saturation constants en turbulent Kinetic
energy’ dissipation.

+ Test o2 indicates good agreement between experimentall and theoretical findings during the
whole period! analyzed. The: best reducedl 2 IS obtained In Winter seasoni (presence: of
nutrent upwelling):
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Stochastic approach

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

« Therefore the species analyzed, 1.e. picoeukaryotes, are subject to random
fluctuations of environmental variables such as temperature and availability
of food resources.

U
Complex Systems

U

+ 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
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Stochastic model

We take account for real conditions of the ecosystem, modifying the
equation for the nutrient as follows

[Dynamics of I-th picephyieplankion species

(2 Al ah@h] (99 dh(zy
2B gy mint, (1), £, (R) - mb+a[D() S } (azj g

Nutrient dynamics

oR b(zt d0°R(z b(zt
= XA i (1), £ (R)+ D@2 203 em AL REDE

where &-(zt) represents a source of spatially uncorrelated white Gaussian noise
LEHAT) > =0 <& (Z20)EL(Z25t I >=0x0(z-zFo(t -1 7,

with o noise intensity, eventually varying during the year (seasonal changes).
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Boundary conditions

Boundary conditions are the same as in the deterministic case

Phyteplankion dees net enter or leave the water column
(ne-flux boelndary conditions at z= 0'and z= z,)

0,2 2un] ~[0,2-un] o
I aZ =0 I 82 z=7

=<y

- NUutrient concentration constant near the MAW-=LINV interface (lotiem off the water column)
- No nutrients enter from the'top) (Water surface)

& =0 R,=R@)

Z
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Limiting factors

ICamIBER-BEErESH 2w
(Zt) decreases exponenuially acecording te

1(2) =1, eXp{_ J:{Z Az [chla (Z)]+ abg:|dz}

e gress) picophyteplankion growtnirates per capitas are given by min, (I)
I (R)} (Vo LEiebigrsHavw o minimum), Where:t; (I) and fis (R) Were glven )Y/
the IVliichaelis-IVienten fermulas:

| R
Ii() |I_|_I<I Ri( ) IR+KR
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Results of the stochastic model and comparison with
experimental data. Constant noise intensity

24 November 2006

[ 00000 | Li7 | 00060 |

[0.0050 | 127 | 0,005 |
[0.0100 | 139 | 0.0081 |
00150 | 135 | 0.0059 |
[0.017 | 117 | 0.0060 |
[0.0300 [ 130 | 0.0081 |

Average chl a concentration calculated by the stochastic  Results of x> and reduced chi-
model (red line) as a function of depth compared with chl a ?qtuarhe f;’_r d'ffgre”t V_a“;es OfT‘th

- ] . . - . . Stochastic ynamics). C
dlstrlbutlons_ measured (green p0|_nts) In the _sampllng SHE. JS w28 o S T T e
The theoretical values were obtained averaging over 1000  water column is n = 196.
numerical realizations.
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Results of the stochastic model and comparison with
experimental data. Constant noise intensity

3 February 2007

Average chl a concentration calculated by the stochastic  Results of x> and reduced chi-
model (red line) as a function of depth compared with chl a ?qtuarhe f;’_r d'ffgre”t V_a";es OfT‘h’R
d ] 3 . - . . Stochastic ynamics). C
dlstrlbutlons_ measured (green p0|_nts) In the _sampllng SHic: friewic A0 e
The theoretical values were obtained averaging over 1000  water column is n = 196.

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

22 Apnl 2007

| 0.0000 | 1.32 | 0.0068

[0.0050 |_1.31 | _0.0067 |
[0.0100 | 1.30 [ 0.0066 |
[<0.0150 | 1.30 | 00066 |
700175 | Loz | 0.0067 |
| 0.0200 [ 1.33 | 0.0068 |

Average chl a concentration calculated by the stochastic  Results of x> and reduced chi-
model (red line) as a function of depth compared with chl a  square for different values of og

distributions measured (green points) in the sampling site.

(stochastic  dynamics). The
number of samples along the

The theoretical values were obtained averaging over 1000  water column is n = 196.

numerical realizations.
UPoN 2015 - Barcelona, 16 July 2015

Davide Valenti - University of Palermo  Group of Interdisciplinary Theoretical Physics



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

9 June 2007

Average chl a concentration calculated by the stochastic  Results of x> and reduced chi-
model (red line) as a function of depth compared with chl a ?qtuarhe f;’_r d'ffgre”t V_a“;es OfT‘th

- ] . . - . . Stochastic ynamics). C
dlstrlbutlons_ measured (green p0|_nts) In the _sampllng SHE. JS w28 o S T T e
The theoretical values were obtained averaging over 1000  water column is n = 196.
numerical realizations.
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Stochastic model. Discussion

+ In the presence: of a noise: Intensity: constant during| the year, the #
goodness-of-fit: test exnibits values: lower than tie: Values: previously
eltained by the deterministic mogael.

+ |0 the presence: off neise Intensity: vanying seasonally: (next slide), we

EXPECt that the! 72 goodness-of-filt test Is hetter respect 1o the stochastic
mogdel wiith; constant NeISe Intensity.
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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

G.(t) =0, f(t),
modulated by a seasonal driving factor f(t) = 1+ f, cos(at + ¢)

with

fo =1 (scaling factor)

w= 24T

T = 365 days

¢ = a phase to fit real
seasonal cycles
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Conclusions

+ Experimental data analysis showed that the: properties ofi chlorophylll profiles
depend on the sampling period, evidencing the presence ofi a strong conrelation
Withithe seasenal changes 1n enviienmental variables.

+ Spatie-temporal dynamics off the total chl a andl Dvehl: a concentration Were
ehtaIned by using a reaction-diffiusion-taxis model; mcluding| effects of seasonal
Variations off envirenmental: varanles, 1.e. average windl Speed, \Water
[Emperature and Water density.

+ Seasoenall changes off the upper mixed layer are included In; the reaction-
diffusion-taxis; model.

+ Tiestt o2 indicates good agreement: between experimentall and theoretical
findings during the whole period analyzed. The: best reduced o2 is obtained! in
Winter season (presence: of nutrent upwelling).

+ The analysis could e applied te other contexts with; diifferent levels of
eutrophication, such as marine sites close to the coast.
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Open problems

We wonder...

+ . .ew: the' knewledge: oft Velocity. compoenents sulkject tor random
fllctuatiens durng the: year: canl affect and eventually: nmprove: the
prediction of spatie=temporal dynamics ol bIemass ConcENtration;

& ... .new! nuirient half=saturation. constants, WHICH ane significantly.
Influencedl by seasenall changes: and randem. fuctuatiens: coming
fifony. environment, can moedify’ the dynamics: off phyteplankion
populaiens;

+ ... .new! the overallbdynamics: of the ecosysten IS, affected by SPEcIfic
Properties of the envirenmental_noIse, WIESE: Intensity. IS exXpected
eI vary seasenally.
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