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his dissertation examines the ecological dyn
orthern Adriatic Sea, focusing on phenology,
he compl erxegiyom,f dheracterized by the richnes
nvironmental variability and intensive human
n opportunity to gain new ecological insights
olm nes established data analysis techniqgques w
o unravel the complicated and paradoxi cal na
The dissertation comprises three interlinkec
erm Ecol ogi cal Research (LTER) site in the G
henol ogy of the phytoplankton commudihgegsi nc¢
oll ected between 2005 and 2017. By reducing
onstituent assemblages, the study evaluates
tructure analysis and assembl age |ldefiitmittiioonns,.
The second study investigates how at mospher.i
ydrospheric (river 1inputs, water column st ahb
i ches of the phytoplankton assembl Aagés neascr
nd nonlinear numeri cal model i f@,r mi mg Ptau dymeit
nd their properties. The resulting models ar
he northern Adriatic Basin ated hien niehseo scar tee
urrent ecological theories.

The third study extends phytbhaslean kbtioon orge ced
ol lected in the Gulf of Trieste between Apri
i fferences bet we ebna steadx ocnl oansi sci faincda ttiroanietd and b e
i omass metrics. -Bgvelcadatag -li evde lv madywmd miyc s, t
rovides insights into the trophic structure

The dissertation concludes by summarizing th
mproves the wunderstanding of phytopl ankton

nvironment . I n summary, the distribution of

reiste exhibits a partially predictable season
nd mesoscal e connectivity. The bas®il 2 ec co
hyt ofl agell ates, with cell size and Imesemass
f resource scarcity or grazing pressure. Di a
nd aut umn, whi ch i s associated with | arger

hifts reflect t hedoiwmf |aunedniwc e o toif @ mbeostisle gy o pP$ e n
nfl uenced by periodic events such as -stratif
eriodic disturbances such as climatic-anomal
ived assembl ages. At the mesoscmahect dachet cGut
orthern Adriatic bydrciycémncecicrgylraetsi ams, we sige .
utumn, while in spring and summer | ocal phen
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Povzetek

Doktorska disertacija preucuje ekolosko dina
Jadranu s poudarkom na fenologiiji, okol jskih
obmoc¢ja, ki ga zaznamujejo pestrost fotppal ank
in intenzivne ¢lovekove dejavnost.i v tej di se
priloznost za pridobitev novih ekoloskih spoz
Zznanj a i n uveljavljene tehni ke ainalmezt o pamiat
ekol oskega modeliranja, da bi razkrila zapl et
Di sertacij anewlklejbwod injoe ptorviezane pri spevke, izv
i h razi skav (LTER) v Trzaskem zalivu
nktonske zdruzbe, kjer upor abi me s ec
nktona, klesomhi PDOBbrankBlmedPrispeve

o O XN

di metode izbire znacilnih taksonov,
dol oCitve osnovni h, casovno |l o€enih skt
j sati k d opll eknsknt osnts ki zdruzbe, ob tem pa
osti teh metod.
Drugi prispevek raziskuje, kako atmosferski
ejavni ki (pritoki rek, stabilnost vodnega
itoplanktonskih zdruzb, opisanih vnpaveegpri
umeri ¢nega modeliranja prispevek dolo¢i gl av
predel.] njihove | astnosti. Rezultati model ov
evernojadranskega bazena na meZ ®ms kuamhenseCne nni w\
ontekst sodobnih ekoloskih teori]j
Tretji prispevek razsirja raziskave fitopl e
rgani zma. Ti podatki so bili zbrani v Trzask:
ri spevek preucuje razlike med taksonwgislk o kI
astnosti, k ot je oblika celice, ter med met
renosom spoznanj pridobljenih na ravni posami
e odpira vpogled v trofic¢no strukturo plankt
Di sertacija se zakl]] [ s povzetkom gl avni |
dinami ke fitoplanktona v zelo dinamic¢nem obal
model . Na krat ko, fitopl ktonska zdruzba v
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ses&km sukcesijo, K i j definirajo okoljski
fitoplanktonski zdruzb veci noma prevladuj ej
porazdelitev velikosti in biomase celic pogos
obdabjpomanj kanj a Vvirov al i pritiska pl enil
spomladanskim in jesenskim viskom biomase, ve:
porazdelitve tezijo k multimodalnosti. Ti spr
delajed zgoraj-dowmydoh oOodoppodajp)nawWNagdren(Ob ot
fitoplanktona vplivajo periodic¢ni poj avi, kot
dot oki rek, ter neperiodi ¢ni h motenj, k ot SO0
pojav kratkozivecih zdruzb. Na mezoskalnem n
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severnim Jadranom prek <ciklonskih vrtincev in z
jeseni, medtem ko spoml adi i n pol et i prevl adu
povezljivost.
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Chapter 1

Introduction

1.1 Phytoplankton Ecology

1.1.1 Overview

I n ecology, phytoplankton is one of the coll e
divided. Of the two parts that make up the wo
the biological property of beingl abher gy, cwhiv
the second, plankton, refers to the physical

simple and clear definition of phytoplankton,
the many taxa commonly refelsedexbdi ®s tphet @eplo:
mi X ot rboephhai v€iMarnss our and) Aaardd itsh & 2dl so repres

anot her aguatic group, the zooplankton, whi |
bott om, mainly as different kiOmds$ hef coeastriamg , ¢
mi croal gae can be introduced into the water

(tychoplankton); ThReyfnadtdst R®dt0O6pl ankt onic organ
water does not mean thatimnheg hlaeier npo wiatyi orf
col umn. I ndeed, many planktonic organisms ha
sinking or speed their ascent. Neverthel ess,

broad spectrum of movmeoledhs s2006 he water (Rey
Besides the autotrophic nutrition mode and

size of the cells of the phytoplankton is the
is commonly used to distinguish iftaltlasseéeéde(
2@m size range define the nanofraction of phyt
efine t he mi crofraction. P lgynt odod fainrkd o b h &
phytopl ankton which is c¢con4$inwi ucteeldl sb y( Rahve
), whil e cepgmlsholudrdg ébre tclbpaamt2@0 as mesopl an
) These ranges are usually referred to a
From a cladistic perspective, phytopl ankton
species bel onging t o phytopl ankton have no

representatives of c¢classes from different p
et. a2017) , and, moreover ,cl dhes ief ast@itolinadmsh ge X i
et al. 2019mostPesphgpeptaekton group are di
to Medl i n (20 ) bel ong to three <clamsdes:

c
I

hy
st
at (
(
Bacill ariophy (phyl um Ochrophyta). Other
include <cocco ophorids belonging to the H
esponding dinofl agesuptegracfhi bal dnegin
m

corr
2017) . Ot her common phytopl &alpth o n o pchl yactesaces



2 Chapter 1. Introduction

Eugl enophyceace, t he Chl orophyceace, t he Cryptorg
Dictyochophykeeaeinaphkdy ¢t bdace.

Phytopl anbtoassesttagle cells, but colonies are &
cases, the specimens are too smal/l to observe ari
most common method for examiniamg fttoRre® wirtgani s m:
an inverted |ight microscope using thei Jter mohl
a pool of around 50.000 marine antd f4&EGhwater n
marine phytoplankton species can be Wélsanggui she
to the three main groups: diatoms (~1700 speci €
coccolithophorids (~300 species) (Sournia et al.
the total number of species higher ey adne 2drldber.
Whet her such a number is to be considered | arge
n considering it. From the perspective of the
ject, the oceans do not cchonat aian geen odui gvhe rnsiicthye sc
tchinson 1961), while from the perspective of
'l considering the population size (Filatov 2
Marine phytoplankton is present in the upper | &
the amount of radiation | ight is sufficient fo
measured abundance of phytopl amnktféeetwos geoaoides vari

el | s
ti

i

sub
(Hu
S ma

millions of ¢ per |litre. Such wvariations ar e
rowt havaocbongdi ons (Huppert et al . 2002) , whi
hytoplankton bl ooms. Often the gradi éo@mws of c
bundance areas are steep and not at al/l smoot h,
ondition only in certain water bodies wl
nd current fronts, the phlytdogldanletsomnde l
he abundance may remain very |l ow (Condi e
water properties, such as those driven
ne), as well as theeérsdisesipphyoopkt aekt d
eas (Franks 1992, DNasaro et al. 2011).
pati al di stribution of phytoplankton. [ r
nkton cell sea¢cctimohase (McdHMagugsemasnidsiWoods

r

n

P O o0
—

- o
Q»vw O T T OO0

\<f—|>

n | ayers below the water surface (Sullivar
ankto di stribution in such nearshore ar e
enr i cheds uwrefegpc ewa(tMar geal ¢fhel978), while ri)
nts away -Dewimné aemtd dIHoOrh®EI¥T)h. aTlease amet cir & |
e phytoplankton primary production (Mart:.
u

t

-TQ O OSSO T o
090 50 0VWT T DO®OOOMWON

r i smneegyorr anhefer to higher trophic | evels
f l'y mi xed ocean (Mullin and Brooks 1976).
Another i mportant aspect in which phytoplanktc
roducti on. alPth g thoeptli veeneknt ornepet i ti ve asexual rep
ing which population density increases (if th
roductive events (Rengefors et al. 2017), dur
d a mate if cell density is Hiigh (cDurlham neaty
l ude also a dor mant phase cogrespgedi ng tgst
that can buffer environmental fluctuations on a
Montresor 2011). I n recent years, the i mportanc
coast al waters has been hi gh20ilgoht eadn db yp r Boepl onsoendt ea
solution to explain the high phytoplankton diver

® T OCc - IT 35 TS ST TS QAT

D D ~+

- =h = O =



1.1 Phytoplankton Ecology 3

1.1.2 Role in biogeochemical cycling

Phytoplankton communities play an i mportant r
gateway to the food chain and are critical to
(Fal kowski et al. 2003, Hays et aplhy t200p0l5a)n. k tConne
is its ability to convert | ighpredecgyt hetorg
matter necessary for its maintenance, gr owt h,
Unli ke | and plants, phytopl apnktacgquidoe noar b ors
external sour ces, but this does not mean t hat
other important chemical components from exte
thecalbl ed nutrients, whicm drnd ecr iTthiec almpfoort am
include sodium (Na), potassium (K), cal ci um (
which are ubiquitous in seawater-P a@ahidl @aitwogm
-N) and two micrauamndeSit)i dwa omsually the | in
l ankton growth (Reynolds 2006) . The mai
nment is the weathering on | and. This
ul ate and di ssyilardafnodr MesLaua@ghlriirve2@0 {)F
n the nitrogen cycle as well, which 1is
), but the main non anthropogenic source
r and, i n co@aasttiadn sreaadsct itdre inn ttrhd ianoxi c
) . Il ron is a | i miutriforcgeeafnaicct owa, t eerssp, e cw hael rl eya ¢
r [
I

- 0O O O

it i s adequateliynpufRpynelddsby2 FQ 6
, silicon, an i mportant mi cronutri e
chophyceae), is transported either by
y upwelling (Treguer and De WlatRocmha 2
entry oi ntc afrdbronorignatnoi ct he marine food chain,
i mportant nodes in the biogeochemical cycl es
The direct contribution of phytoplankton to |
boundari esriofe tehmrevimanment . I n fact, phytopl
significant portion of oxygen production at t
Mor eover, phytoplankton, along with microzoo
mportant ecol ogi cal role i n maagdlnleedbi ®mgiemrcal
op® (Azam and Mal fatti 2007) . Bacteria ass
by phytoplankton in the form of di ss
graze on phytoplankton and bacterio
l e for a phytopl ankton bl oom can be
t that dipsrreuyptc opmrterdealt,orwhi ch wusually o
I cycling. I'n such "l oophol es, opu
exponentially (lrigoien et alvikabD5)
, is also thought to be an i mportant fact
saard 2004) . Recycling of organic compo
bi al cycling, which i sl10e% taofmatalea etk pobe ¢
plankton primary production (Wil helm and
ting the faith of the phytoplankton prim
el | si ze. Larger phytopltam& tminc rceed d osp leasnc
ot the range on which the mesozooplankto
zooplankton resul't in a reduction in ex
y consumption at h hen cromaploipd ain&kvt @ins a l
ain nutrient conce rations in seawater
a
t

@ ®
—

n

I
p
a

D+~ Cc S5 S ~+ Q0

oCT92T3I~0 3T QD T
Cj_"j_mjj_'mm_'ﬁo
XT T 0O 0000 W—~ MO =c O

-

r
;
v
r
c
c
u
r
i C
y
f
e
t
c
d

ial(e)

et al . 2007) . Mi crozoopl ankton grazing
onic primary produC%i on,i tcomGalmbhety amdodu
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Mesozoopl ankt on, on the ot kKeOr% h(aOnad ,b ed e n2e0rOall)l.y Tc
proportions depend on the size structure of the
depends on the chemical and physical factors of

1.1.3 Phytoplankton environment

1131 Ecosystem definition

An ecosystem can be defined as a functi

onal un
internal homogeneity (Boje and Tomczak 1978).

i
B

marine environment, it is particularlywdifficuldt
spatial and temporal units on which define the m
zone (Clayton et al 2013). Such wunits are conne
and tempor al scal es, which i s a eccoomnoogrny amdd ¢ 0|
bi ogeography. Ecol ogi cal studies typically addr
times to longer population cycles (Jenkins and F
tempor al and spatial di mensions onvewhge hareecol ©
considered relevant to population dynamics (Jen
case of phytoplankton biogeography, it has beel
bi ol ogical compartment is generaylgf patediyc tainan

model s to resolve ecosyssOemiem)ati st hea mejsosc albet
understanding the marine ecosystem as a whole (N
Then the above definition of the eegsVyateémgcan

system of interactions between organisms and tl
Tomczak 1978). In the case of coastal hasosystem,
not been formulated so far (Hossain et al. 2020)
space, time, environment, and phytoplankton sugog
to study variation in all thesthdi hrawhowmar samub
in community composition into proportions expl a
community succession, and environment al influenc

1132 Coastal characteristics affecting phytoplankton

Freshwater runoff from rivers and sewers i s one
ecosystems. The complex dynamics of phytopl ankt oo
where rivers discharge | argel wnd umasi md (Freasmoa
Mi chel ato 1992, GrofR et al . 2022) . I n such <case
present in a shallow basin, the area is simply r
(Horbhevwi ne et al . 2015) . Shall owuemnastda Ib ywatuecrhs
natur al and anthropogenic freshwater sources, al
river s, estuari es, |l agoons, andf fc odaagsat syl s treimse r b
(Cloern 1996) . I n such waters, especially near
di ssolved silica appear to be abundant and rare
i nputs are sources of sediment,hautrogatier andr
|l arge spatial gr asie anasieabefgeemei mpaetr of a si
pl ume depends on the dilution rate and transport
process is controlled by wvertical mi xi ng, whi |l
horizont al advection, buay avrecny -D @M olnaeregeet palr.t 2D0/1°¢
Il ncreased stratification and high nutrient | evel
which may in evolbvleooMasr igfat mf ull 9dIByal Persi stent

sal twater and fr esrhowaotteirn gh aevief eac tsiom Itahre pphyt opl &
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favouring only some of the taxa present in th
2022) . Anot her rel evant hiecnotarsutsailo nc hoafr arce lea t isv¥
nut r-iieah deep water into the phebDi dcromamneads e a
upwell ThBsnomenon typically occurs near the <c
the deter swells near the surface to compenssa
caused by these winds When <coastal ewiamdls su
war mer , -ppauctrreérenwater begins to accumul ate at

transitiomi fedmwatéd to stratified conditions
production and a transition from hAleommunimobobi
coccolithophorids and dinofl a)geblddi €8 o0 Smhayda
runoff amduwieddd mi xi ng, nutrients are released
and industry ( SBtuiirtr alg99 3e,t Radtnigei®ma 4 )r.e | Telaes ea dbd i
and the process of enri chment is referred to
consequences for coast al ecosystems, includir
biodiversity, and mass muarnttagl i(tSy iirm tl1P® 3h e rAtkh

1.1.3.3 Benthic -pelagic coupling

Benthic biogeochemical fluxes are iIimportant |
waters a tight coupling exists between -the wat
pel agic coupling is the relationshiepdibnmetntese n
and in the water column (Soetaert et al. 2000
favohe exchange of mas s, energy, and nutrien
transport bet ween these ecosystemuntiss baoat i ¢
includes | iving organisms that are part of t he
organisms spend their entire |ives suspended
portion is spent onathepseafrcabarl|l Vhesmpot aaat
in coastal systems, many putative holoplankt o
(Marcus and Bmowiroo nfimentt)eaed and meteorol ogi cal
bl ooonfs t heden tsehxad | ow comasttxlamwpwheéer fi aFom r es
germinate in bottom sedi ment when 1| ight penet
and dinoflagell ate cysts can be tr-ansgpoceded
currents (Kremp 2001). Wwfeavadprliearbilbeds t ampemnaibeé
accumul ati on of dor mancy f or ms i n seed bank
communities are restored by germination of tfF
1997). I n addition, phytopl ahé&t oa pecedi blaa ka x|
for the paradoxical coexistence of many speci
Rubino 2019) .

1.1.4 Theory of phytoplankton distribution

The earliest studies on the distribution of pl
advocate two different theses (Smayda and Re
presence of species was determined byl thene "
(season), while the second stated that the pr
composition of the autochthonous community ar
Reynolds 2001). A common feature(RepynhbédsedoBt
Pl att and Sathyendranath 1999, Reynolds 2006)
forms amemgrcong species and the f aotcctulrat s
cyclically along spatial and tempor al gradi en
to as phytopl ankton assemblagesCédRelyas| 2020
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suggest that phytoplankton assemblages and their
i mportant tool s phytoplankton ecologists shoul c
assemblage studies have the potentiatd by distin
exogenous contributions (autecology) from those

At the 11th International Association of Phytop
wor kshop, 10 rules for the formatiodsoktsath a c
2000)

|l . Provided suitable inocula are availabl e, pl a

whenever they can and to theigikbesat potenti al
'l .Then, of those present, the species which ar

are those able to sustain the fastest net gr

| arge inocul a;
11 The species with the | argest autochthonous i
been abundant at the same | ocation in the r1ec
Il V. Environments may select preferentially for «ceé
V. Species with preferred attributes are |ikely
appropriate, to found | arger inocula to carr.\
VI . Phytoplankton assembl ages become biased in th
to the coobntdaiitneodnnsdi vi dual water bodies;
VIl .The species ncohsar afcriggpreiezintnigy environments sha

advantageous attributes;

VI1T1The outcome of communitywalsamdl|l gt hesr siubhfj ercadc
| X. Of those species present (and quite independ

ulti mate dominant is |ikely to be the one wit
X. Assembly is always subject to the overriding

and of the resetting of assembly processes.

The above rules have been proposed as a model
|l ankton assemblages along trophic gradient
undeni able differences between marine anc
ey relate here mainly to the sixth rule, w
whereas in the marine environment such "i
nt . Threotriecaed eihrassthebchck daut hbpred hbhe empbbéasf
or state of the community and stochastici
icability of such rules to the marine en

authors applied Bomoidndéfledgeklrai encomms

<

- O — —+

nw 9T S0V T 30
> DT

-~ + ~+ n —T T 0T
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1.1 Phytoplankton Ecology 7

the marine environment a few years | ater (Sma
into account all three key aspects of phytopl
community, the advantage of a partiacfulsauch ide
|l ife form among many speci es.

The idea that each species has a uniqgue set
survival, and reproduction was summari zed ir
(Hutchinson 1941). According to niche theory,
similar ecological conditions at the expense
fitness. I n this context, a paradox has been
species for apparently simil ar heacvoel dogeiecna Ip r coogpno
for this paradox in plankton. Hut chinson sugg
phytoplankton is related to the fact that weql
pel agi c habitat because habitat char ®&cteri s’
phytoplankton reproduction (Hutchinson 1961).
been found in nested competition models for
Wei ssing 1999), in model s siimuluatbhiamg eppe r(iEddiia
2001), and in the feedback relations between p
Recently, a new theory of species distributio
undermines the basic tdaeoumptoifoncoofpetthea i viec laa
2005) . According to neutral theory, each indi
reproduction as al/l other individuals in a c¢
follow a random walkrphos¢essywhaeade sobonkhapti ol
success of a particular species (Hubbel 2005)

The observable importance of niches in dete
formul ation of the theory of l umpy coexi sten
theories contribute (Scheffer and vanmdes 200
fitness, but only within a s@aaoiifliao | yi de tdfe
proposed by the | AP, a combination of environn
determines community compositi okmoaldgeo rodfi ntgh e
characteristic niches of phytoplankton c¢commu
stochastic processes that determine community
reasons, as the niche theory waseatcaptaddahdr
coexistence theory, for which there are few r
2015, Sakavara et al . 2018) . Therefor e, t he n
for studying the distributage. of the phytopl a

1.1.5 Phytoplankton niches

For our wunderstanding of oceanic biogeochem

general, the ecology of the marine environment
is distributed in the pelagic habltbhathéPmachhndt
environment, the dynamicity of the sea makes
better, defined spatial and tempor al uni ts on
performed (Clayton et al. 20K8B39n binogdegsapprloy

been shown that the distribution of this biol
and Denmann confirmed the nonuniformity of p
they showed that mari ne physmpapdenktopor diirreg dt
Kol mogorov 5/ 3 dissipation rule (Platt and Der
of phytoplankton range from stable annual f1 u
a repeating pattern in Mthers (Cloern and Jas
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Margal ef' s model of the distribution of phytop
turbidity gradient s formed t he cornerstone of
Margalef's "mandala" (Figure 1, l eft) positions
very turbul ermti cehndvan etrrsi & mt-pcoaolrm weat derr st € igRi s h &
such as diatombabAsah@sgemneceahos ve at the first
Kstrategists, such as dinoflagetdl ateshetbtommenit
transitions to a mixed assemblage of coccolitho
highly turbul-peo0or bwat eut rnenspecies finds the op
in calm amndchuwaitent r ed thildoeosms()h acramf uble aelxgpae ct e d

1978). The turbulence gradient selects semimobil
gradient selects rounded shapes for | ower nutrie
has been modifiedebwnlothenesawtvieor $ heeyears, ofte
(Kemp and Villareal 2018) .
I -
Margalef's mandala Reynolds Intaglio
red tide diatoms C R
dinoflagellates events -
> c
&2 0w = o
cC = '8 n
c O
£ 2% 8
5 =30 S
c c Q >
O n
m -
S \ void
dinoflagellates
turbulence mixed depth/light

Fi gdr eMiedft he di stribution of smpHhymgpli aokment abkse
gradi(elnetfst) t he Margal ef Ns mandal a, (right) the

Perhaps the most i mportant subsequently devel
di stribution of phytopl-aaklte®d Reswmrmbda'gebnt a&gltihc
2006) (Figure 1, right). | n-$D uelnaretd Dtyr & theeg iweog k(
1977), Reynolds first developed this model for f
it to the marine environment (Smayda and Reynol d
strategies are defined: i) the -sCelstpeed,i essmglclo,l ofna
growi ng, and have a high surface area to vol ume
tolerants), which are acquisitiyve, | ar-ge, sl ow
selected; and iii) the R se,eclgiagthtéruder al st whi |
and resistant to disturbance. I n relation to Mar
turbulence are recognized as independent variabl
axis is replaced bwerat ivealt ogxtrerdtl ecft imigxitrhgg rel at
and its attenuati owmn wmiirtbrndte pbhdédcomds | ené hreef | ect i
of its depletion and the accessibility of the r
2001y ke the MargalefnNs mandal a, a portion of t
conditions for any species, corresponddng to a

species thrirvehinhnghtyestratified waters and a
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t he environment without physical di sturbance
succession is typical of summer nutrient depl €
dinoflagellates typical of red tides tRh migr a
species thrive in mixed waters or |l ow |ight ¢
i ght i ncreases, or t he water column stabiliz
from thkobmoog diatom community ehl abel ypspir e
early summer . The annual cycle for the phytop
involves a final transition from S to R speci ¢
2006) . Reynol ds' I ntagli o modelsuatsesiacmdunst
nutrient depletion in the upwelling system ant
of typical successions bylhpehyyReiynholl desv edtnd aggd d

t wo major advantages oveRkirtshhe -tMardgall evw nes, Main
nutrient conditions are not treated as a di:
conditions of the marine environment typical
greater diversity of maodekssions is possible

1.1.6 Phenology

Variations in coast al ecosystem properties pl
phytopl anktDbme ttaxrmapor al variability of this d
particul ar research int erldstwshh aucsagas enguwichh km
expected (natwural) fluctuati ong¢ oihm@ rttmheen dpsh yaro p
shifts The most striking feature of phytopl
(Wi nder and Cloern 2010) . As already menti o
phytoplankton phenology and periodicity of e
1970s when rMadwcaddkft hentconcept of phytopl ankt
(Fig 1), in which the main stages of success]|
availability (Margalef 1978). Based on his wg
Ephytopl ankbtborybkbakeepammatningi ssiccession from
and calling the cyclical behaviour of environ
In general, the spectrum of dynamics of ecol

tages between regular cycles and chaotic osc
hyt opl ankton phenology in differehucecovsasysosnesr
n certain biomes to the absence of a repeatir
The most common frequencies of phytoplankton |
hi gher frequencies are also coommoonf obdbué¢ mbmt
[ i
S
c

miting factor in their determination (Winde
tochasticity inherent in | AP rules (Reynol ds
oexistence theory (Schefefxeprl admd vadre MpWaexs2hCa
repeating patterns. The answer should | ie in

parameters that contribute t o t he formati on
fluctuations dkefkeepanke@ayma@abdodm I ntaglio mod

communities typically switch from R to C spec
species following nutriémtaddplamtniuean (rRewrmaoled
of these communities follow the cycling of er
deviation from these cycles can cause a shift
equilibria by altemni fiReyeaot dist medt Eéuiokit b200
I n addition, within the framework of the int
1978), the fluctuatomomi figegarcamgt ofs nischeh as
been shown to be critical i n expl aitnti ngt sgle.ci
2001) . Similarly, numeri cal simulations in th
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and | umpy coexistence theory (Scheffer and van N
community richness and msatc, regsrsaidouna la roer isnufd dueenn, c eodf
fluctuations (Roel ke and Spatharis 2015). Final
assembi &gestructures occur numerically in a wide
fluct u&birontshe near shor e environment, t he usua
environment al factors, which drivéd nt heheawmaasg 1t «

of 2 to 4 months (Winder and Cloern 2010).

1.2 From Observationsto Data

1.2.1 Introduction

Phytopl ankton studies pose significant chall en
fact, the temporal and spatial variability of ph
2010) complicates consi st enftr esgaurepnl ciyd-garedi é orrda r
sampling to capture the dynamics accurately. Al s
phytoplankton species often requires pr-ofound ta
intensive (Thompson and Carstemsgemnwe2®m2l)hodbe s fiht
use of the inverted microscope is so far the mg
monitoring programs (Alster et al. 2024). This r
and biomass) and qualitative (kbaczlkt am,d prhawyiedi e
detailed i nformati on on speci es abundance and
understanding phytopl ankt on dynami cs, ecol ogic
environment al changes.

1.2.2 Phytoplankton abundance

The simplest parameter for phytoplankton is aburt
is usually converted to density data (number of
for mat for phytoplankton data in ecoliogy. The |
i mportant parameter is counting with an inverted
(Ut er mohl 1958) . Count data is onehasomée possi
speci al properties; i n particulBach vitddias al way
contributes equally to the total abundance, rege
or ot her rel evant ecol ogical characteristics. C
retained for a particular individwals @fr easeocéer ba
The tot al number of individuals or total abunda
then calcul ated for each species. I n a sampl e, &
the total abundance thae odotéseri speicoesof Aspéyghbe:t
in a community is a goal of diversity studies, a
such distributions (Rao 1982, Rocchini et al . 20
given community madwntclee icsvainaltlridwd ed among many
t he ecol ogi cal assumption t hat diversity, eve
characteristics of an ecological system (Pielou
together, countoecmwlmdn ilse carld ®ndi ;sedcontingency tabl
tables are a type of mul tivariate data set and
anal ylseegien(dr e and Legendre 2012).
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1.2.3 Phytoplankton traits

Recent trends in the study of the structure
communities are aimedi as tbeéetrexwemamihcaeddeosnc rr i
of communitywo (Weit hlohfd laaardgeBen ssmlear 2d0fl19phyt o
popul ating the oceans and the stochasticity e
present a challenge for describing and forec:
solution to the diiversimy of raspoocesmpersitio
alternative descriptors to group phytoplankto
t rdiatsed approach and it has been increasingly
and BFeu manteironaD19t)r.ai t s ar e mor pho
ical, behavioural, and | ife history
I niche (McGill et al. 2006, Sal maso
oefr sspientiileasr ufnudn ct i o neasls cohfa rtahcetierr itsatxi
ion should still contain ecological i
Cell size is considered a "master trait" in
at is closely related to other traits (nutr
a good candidate for understanducgdactdapge
the nutrient regime (Nock et al. 2016) . A
004) , body size is one of the three key f;
sequently community ecol ogy, tarlyoongl nwiadhdittei
size offers potenti al advantages over st
ni sation studies (Vadrucci et al . 2007) ,
ol ume, of critical i mpoe0DA@AceBeardhl bmetr
y et al. 20009) . Phytoplankton exhibit a ¢c¢
is usually classified into the three phytc
m) , nano-2@| pamkt anlda @k tcrm O0(pun) ( Si eburth et
t is important to mention that such a defini
o Lohmann from the early 20th century, is onl
Nowhere, in fact, is it clai med Ratahe rt,h eSiPeShCusr
showed that phytoplankton compg¢i s1eananti, clramads t f
me scol asses and emphasi sed t hat within the re

g
a
S
[

ecol ogi caldanidsinsst ianlcsto oeaxi st, namely mycopl ank
Ot her mor phol ogi cal traits that are importa
predators include cel |l tbredhiatvda oum@ah otarmap lpyh,y smm
shape, life forms (singlaeolcuermd rvast.i a o(l Weniyt)h o fafi
2016, Rosel | i and Litchman 2017, Durante et

classified based on thegchat &gt emeidsitaitce dr oblieo
transformations. This classificatifowmnmtriodruale
types (PFTs) (Le Quéré et al . 2005) , whi ch

bi ogeochemical ocean model s (Ai ken and Nav a
taxonomi cadrlgyandiisvresr,sebased on all aboweal lledted
functional groups (Reynolds et al. 2002) . The
constraints in the usage of functional trait

shaulnot be considered a substitswtetf allnt @&xarbc
fact , whi-b @sedheapgpraodch has the potenti al t o
di versity, the commonly used taxonomic affil
[

nsights (Litchman and Kl ausmeier 2008, Titoc
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1.2.4 Phytoplankton biomass

Phytoplankton biomass is an essenti al parameter
ecosystem modelling (Falkowski et al. 2003, Aumo
bi ovol ume, from which it can be cal cuden ed usin
Deuer and Lessard 2000, Socal et al. 2010). The
size of phytoplankton, which, as we have seen, [
physiology and has relevant i mplicaal oogclfes ma
(Finkel et al. 2009).

Currently, the most used method for estimating
gn to eacdli s'pesi esah $t$hape that most <cl osel
e of the organism (Olenina et al .t h2e0s0e6, Vadr
es are measured under the inverted microscop
), in parallel with taxonomic identification
emma of whether to assign dmhpel esxhalpet of e
geometric model or to a simpl e, easily |
) . Because of the geometric relationshipg
nine orders of magniltaundket ofno r( Siheeb ucretlhl eb

the choice of shape formula to apply
nt are critical. It should also be no
kton species are cagsteldy,f oagi tahreal ydbdue toc
ies in implementing the analytical prot
on to direbasmdamatbmdatcapi gihgeoatbe us
ankton biomass. The most widely used pro
rati om dfn dhleorwapgheyl!l,|l whi ch i s aaloxo ext en:
sessing the environment al status of Europ

ntification and quantification of ot her mai n
emi cal mar kers for phytopl andto fiaongongo ulpisquiid po
romatography (Jeffrey and Vesk 2005) . HPLC ca

di at oms, dinofl agell at es, coccolithophores,
y | content, and recently eirmgradv edcd mdrf
tral response of individual species (Za
the optical properties of phytopl ankt
bi omass among the thr.ee2ORSICs UiQlza uestt ra
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These optical signatures have been also used ir
colour to estimate the biomass of main phytopl an
et al . 2011, Ciavatta et al. 2019)n Gaed iesti ma
model |l ing the offshore dynamics of the Mediterrtr
waters are optically wvery compl ex, which hamper
additional influences of the seafl ®©o€CG 209Pé¢nded
The assessment of phytoplankton biomass and its
size classes is stildl being intensively researc!tl
and promises to overcome maj oirn dgiatwbad&tsa ®achal
comparison (Anderson 2005) .

I n addi tion t o t he bul k measur ement s or esti

considerations can also be made about the distr)
i ndividual phytoplankton cell s, as each individi
bimass. It is often assumed that the biomass dist
foll ows a power | aw distribution (NikIlas 2004,
2010), and this assumption has beeear kihrosvnett oalb.e
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2019) . I n such a distribution, a few | arge ce
smal | ones, so the average <cell bi omass i S noc
Mor eover, in such a distribution, gaei bh mima s s
scale and describes a |ine on a | ogarithmic g
on power |l aw distribution of phytoplankton bi
"body size" or "biovolume" onrke"'lbieoctmaasls.” 2(0Mar,q
et al . 2016, Heneghan et al . 2019) , it i s not
sizeo also follow a power | aw. When biomass i
the power | aw are foured si { Wiéearks asadletkmsarj lemwmesKk)a
Such deviations raise important questions bec

operate at specific ranges aBdresaéesal ArmG80D 1.
et al. 2021).

1.3 Study Area ( N orthern Adriatic)

1.3.1 Environmental characteristics

The northern Adriatic basin i smederfei niesdo baast ht hoe
Adriatic Sea and represents the | argest shelf
2001). This area can be divided i mtegi wlnisg o twri d |
two main gradients from east to west and from
This basin is under the influence of strong |
sout h) and surface (wind andnaiet t@émpe2rOadtlu)r.
easternmost part is mainly influenced by the
occasionally by the Po Riwheirl epltuhmee weVsitleiréni ¢p aer
influenced by the Po River pl ume (Poul ain et
Li venza, Pi ave, Brent a, and Adige contribute
but overall account foommpad gd at s mahé RPo aRitVvemn
and Giani 2011) . Due t o itghhe rluanrogfef , n uanmbde rt oopfo gr
basin, nutrient concentrations in this part of
parts of the Mediterranean (Cozzi and Giani 2

The water column of the northern Adriatic 1is
et al . 2001) , and in many areas the euphotic
|l ayer for most of the year (Tal aber eatl sal . 2C
been observed due to input of particles from
resuspension processes, active |l ateral advect:
Aubry et al. 2004).

The northern Adriatic is under the influenc
"jugo" (scirocco), the first of which bl ows
southeast. The bora is a strong kat abaytsi,c wi n
i . e by mixing and cooling. Jugo, on the othe
part of htase abashiammti ¢ effect on the current ci
The gener al circulation in t e enaoretrirsgrgn eAMdr isa
(Poul ain et al. 2001, Petelin et al. 2013). T
basin is characterized by cyclonic advection

events (Boicourt et ali.on2 0OnRolv)e,s wthheen stuhrifsacei r
alongshore towards the westernbasiss thsa.] alnhcee ds W
the inflow of cold deripvemateirrcThationhhi easblot g
GoT (Crise et al .at2e@r0o6f)r. o htethes u@d mcreeavwc hes t h
northern Adriati c, whil e deeper water from th
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to the eastern part, with one branch flowing int
circulation is also responsible for the occasio
phytoplankton from the western téo ettheale.as20lr3n) .si
contrast, during sirocco events, the surface cir
of which enters the GoT and the other <circul at es
et al . 2021) . When t he awiinodns idni et hdeo wino,r tthheer ns tArdar
eastward, beginning in the western part at the
stratification state at the end of summer (Degob
strongest stratidndadadfi omproiccg;r satatt hihe ti me, t he
the Gulf remain blombednigncl MEelkavdistaaed| Bgeel i n

1.3.2 The phytoplankton community

The environmental forces in the northern Adriat.i
i nfluences described s o far, create a compl ex
communi ty, which here exhibits all/l hihe badienstr a
i s generally considered as one of t he mo st pr
(d"Ortenzio and Ri bera d'Alcala 2009), but Wi
or eap heyolnlcentrations in the northerwi Adri atic
her values in the north and west and | ower i
seasonal peaks, one in spring and one in au
l e, an oligotrophication trendOwl}$,obséetowdni
reduction of freshwater discharge between 2
rient inputs with waste waters. This decline
consequence of intensified nhatircentsi hmbaltadn
uction of phosphates were not accompanied by
ding to an evedn miarad iiomt gnGxriiflileéd eR | al . 2020,
e parts of the northern Adriati c, however, t
exampl e, in the southern part of t he basin,
rogen concentrations has been ohcerwasd im re
toplankton abundance andc dmiotmarsts, c lbaurtgeal sion
sonality of the main groups (Tott.i et al. 201
been observed in tiatGuef edf alTri 92d ) ( Flbain
sonality have been obwémead, yasptheagbhasmal
appeared, while the spring bloom is most pron
These significant differences in the structure
rent areas of the northern Adriatic were de¢
rn part, di at oms docmimmanadcoaghuent p IBogt ofpolran& T
ance and 81% of biomass (Bernardi Aubry et
WS t he s ame gradi enta olfevredtsr,i emnhtisc ha ndde ca fela
nce from the Po River plume (Manfgcrei et al
, hanofl agell ates dominate the community in
i bute only a smaller part (29 %) to the t
eap hvyalllues show that biomass i n tvlkeenlgastern
i buted among the main phytoplankton groups
ms than in t hePutersliteerent paalr.t 2(0R21layn.der

n the western part, rel at itwveodlyumnenarlat isopse cg eense rv
redominate (BrDsht @ems a$keRddPaEne mMEeir at aul i na

el aggngEmeci es ofCyt logTehdad mesrGhazitp® e wmdd z,schi a

s wenlalnoafsl agel |l ates thrive here (Bernardi Aubry
hat the blooms occur at the same time of year i
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of I|sacraglee met eor ol ogi cal characteristics ment.
a regular seasonal pattern was obsemortdhémnt h
westldrni atic (Bernardi Aubry et al. 2012). How
succession of species and an increase in irr
observed in the southernmost area, redil exlt i ng
events (Totti et al. 2019).

The eastern part of the basin has been sugge
spring phytoplankton blooms in the western pa
the phytoplankton communities are simhlahein
eastern and western northern Adriatic (Brush
di fferences in taxa composition have been des
Gulf of Trieste (GoT) and th&heé st omaatnecrpna sotf (
the eastern phytoplankton c¢onmdmuantiotny girso utplse iin
seasonal succession, -®ispecfirmddtyi amo(s@abmi niheet
al . 2012, Mozeti ¢ et al .Nex®r2 ,heGedsij arheetse
phytoplankton taxa in different parts of the
subject to high i nterannual variability due
circulation pattern andlri Bdmbdirsyd marhgee p(hBrt wspl
community in the northern Adriatic shows fast
making the phytoplankton studies a good tool f
habitat.

1.4 Purpose ofthe Dissertation

Phyt opl ankton research is <cruci al for decip
mul til evel net work of sever al biotic compartm
in community composition of phytopl ainckht ocna nc an
be in turn reflected in altered ecological seil
influences on mariculture productivity). A th
physi ol ogical characteristics efnvphghmehtas kti
however, di fficult due to the wvariability of
influences (Cloern and Jassby 2008). The ext
phytoplankton communityi mompeasing onf acdat & hiempel
need t o i ntegrate rel evant environment al pro
(Margalef 1978, Kemp and Villareal 2018) thro
of the essenti al and increasi mghggemeerbssprygcs
can greatly improve the wredegromntsendrienlgatafont he
phytoplankton communities (Ford et al. 2017).

Appropriate model s of t he relationship bei
phytopl ankton ar e critical for accurate pre
predictive models in combination with forecast
t ooflosr effective management . With climate cha
relationships becomes even more i mportant. Al
current sampling strategy and the | imitation
phytoplankton characteristics abnednedyrntanaincasl yvsii
future monitoring and research planning.

The ecol ogy of phytopl amlk&flobhj e st .anSteixltlense «
guestrieon@aBhne. definition of the phytoplankton as
nterpretasiucceissi oameemnrt ai n. Clear msplesefsar
ppearance and di sapmpmeaganyca&pohamidhlintbgnem ai wh i |

@ —
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the redundlainechdgw htethespecies is stildl partially i
set of relevant ey inrpawiykge atl rpw @ mi dlbtlnegrsn at i v e
for meadhwyt iopdsamnditsfoonr e xtahhg lasnijttzheehape pemal g
investThhatmai.n gues$ ogohcisclTh t he di ssertation wil.l

| Reduce the complex mosai €ommurtiotaypt al phy
assembdleafgensed by-octhermaing cpeci es.

Il ll.nterpret the phenology of the found asse
with environment al vari abl es, di sentangling
from | ocal species succession.

| IDle.scri be the siemstoamfambBidymass cand di ver sity
fraomdi wtirdaiatls .

Thus, the purpose of this dissertation is to te
and new phytoplankton distribution model s. By ¢
bet ween phytoplankton and the envi rpercments,ucehs we
as bloom phenology, seasonality of assembl ages,
will provide a comprehensive portrait of the phy

habitat of the Gulf of Trieste.and Rddaderninttl
new approaches (e.@assembtdegesmenatfi otng,xai,ndi vi du
data), the dissertation wil!/l provide methodol ogi
and modelling.
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Chapter 2

Community Structure and Phenology

2.1 Paper: Phytoplankton Time -SeriesinalLTER Site ofthe
Adriatic Sea: Methodological Approach to Decipher
Community Structure and Indicative Taxa

This chapter presentwvani akitlait pdofstplyt oml|l & il
LoRrRTger m Ecol ogi cal Research (LTER) site in the
study aimed to decipher the community structu
mul tivariate anaflogyssnd ipmr oltiotceorl st,uroeneand a mod

chapter hi ghlights the i mportance of using a
critical informati on and provided i nsights |
variability of mmumhytyopl ankton co

The key differences between the original an
around sever al met hodol ogi cal adjustments. I n

based on their frequency of appearanclke with

modi fied protocol introduced the FREVE index,
to better preserve the information from the o
al so been modified. The original proPGAP] emp
which preserves Euclidean distance. The modi f |
Anal ysi s (CA) , whigochr eoreiseraescse cand i s mor e
frequency tabl es. Clustering was htaoncdolle dr ediifef
on a Bayesi abnasperdo bcarbiitleirtiyon to evaluate part.
protocoimeassedCéh&l i FshindpRatdowsky indices, whi
analysis of variance. Finally,i ftfhea eidd erettiwfeiecn
protocol s. The original protocol relied sole
protocol suppl emented I ndVal with a |ikelihoo
taxa responsible for clusteredf oomatmpooveThéase
and reliability of the analysis, better prese
more realistic representation of phytoplankt ol
Key findings include:
Il . Phenol ogy: Seasonal phytopl ankton dynami
diatom peaks in spring and autumn.
' 1 . Assembl ages structure: Two significant
possi bl e, into four and eighteen assemb

phytopl ankton assednbmaamgtetss )was short (2
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'l Il ntand tamthrua | variability: The study i den
assemblages and bloom events, with signific
half of the year and towards the end of the

Theindings emphasi ze-ttehen immmontoananeg dforl ared ect

shifts and understanding the i mpact of environme
phytoplankton dynamics underscores tlheasn@ansitivi
anthropogenic pressures. The clustering partiti
subsequent association with environmental wvariab
Goal

| . Determine the phenology of the recurrent phy
of Trieste.

Hypot hesi s:

Il . The phytoplankton community in the Gulf of
succession of assemblrgescétemptoard) cowhi ch a
by indicative species or taxa.

The goal is accomplished, and hypothesis is co

chapter.

The research work is presented in the foll owin
Vascotto, | ., Mozeti cPRhyR.opl&nkreaomeé&,i mk. a( LOTEIR)
site of the Adriatic Sea: met hodol ogi cal approa

indicat WaedmBdba . 2045,

Il vano Vascotto contributed to this paper as fo
met hodol ogy, formal analysis, writing the origin
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Abstract: In the shallow and landlocked northeast Adriatic Sea, environmental factors have changed
in recent decades. Their influence on seasonal and inter-annual variability of phytoplankton has been
documented in the recent literature. Here, we decipher the long-term variability of phytoplankton
phenology at a Long-Term Ecological Research site (Gulf of Trieste, Slovenia). Structural changes in
the phytoplankton community (period 2005-2017) were analysed using a multivariate protocol based
on Bayesian clustering. The protocol was modified from the literature to fit the needs of the study,
using correspondence analysis and k-means clustering. A novel index for ordination and selection of
taxa based on frequency and evenness was developed. The Total Inertia analysis showed that this
index better preserved the available information. Typical seasonal assemblages were highlighted by
applying the Indicative Value index in conjunction with likelihood ratio values. We obtained a rough
picture of the seasonal separation of the diatom-dominated community from the mixed community
and a refined picture of the phenology of the assemblages and bloom events. The spring diatom peak
proved to be inconstant and short-lived, while the autumn bloom was generally long and diverse.
As expected for nearshore environments, the average life span of the assemblages was found to be
short-periodic (24 months). The second part of the year and the last part of the series were more
prone to changes in terms of typical assemblages.

Keywords: phytoplankton; phenology; assemblages; LTER; Adriatic Sea

1. Introduction

The theory behind the spatio-temporal distribution of phytoplankton species in the
pelagic habitat [1] has long been debated and remains unresolved. Variations in coastal
ecosystem properties play an important role in the distribution of phytoplankton taxa [2]
and one of the most evident features of seasonal phytoplankton dynamics is cyclic be-
haviour [3-6]. Nevertheless, the core problem remains that phytoplankton taxa take on
some paradoxical aspects when we consider their distribution in their hyperspace-niche [1].
The excess in phytoplankton taxa richness—the so-called Paradox of Plankton—has been as-
sociated with the permanent failure to reach the equilibrium state within the pelagic habitat,
as the habitat properties vary at a similar rate as the phytoplankton reproduce [7]. Numer-
ical simulations [8] have shown that nested competition for multiple limiting resources
can lead to an unstable equilibrium, as described for phytoplankton by Hutchinson [1].
However, it is still unknown how much of the observed coexistence can be attributed to
environmental heterogeneity and how much arises within the community [9].

In the 1970s, Margalef [10] introduced the concept of phytoplankton succession,
the so-called Mandala, in which the main stages of succession are driven by turbulence
and nutrient availability. Succession starts in highly turbulent waters where diatoms
successfully proliferate (r strategy) and culminates in calm oligotrophic waters where

Water 2021, 13, 2045. https:/ /doi.org/10.3390/w13152045

https:/ /www.mdpi.com/journal/water



22

Water 2021, 13, 2045

Chapter 2. Community Structure and Phenology

20f26

dinoflagellates dominate (K strategy). Coccolithophores thrive in intermediate conditions,
while red tides occur in calm but nutrient-enriched waters. Successive attempts have been
made to revise the original mandala, but with doubtful success [11].

For our understanding of oceanic biogeochemical cycles, trophic interactions and, in
general, the ecology of the marine environment, it is important to know how phytoplankton
diversity is distributed in the pelagic habitat [12,13]. In the marine environment, it is
particularly difficult to define areas or, better, defined spatial and temporal units on which
diversity is then calculated and assemblages defined. These difficulties arise from the
dynamic nature of the sea [14]. Phytoplankton phenology patterns vary in the time domain
from stable annual fluctuations in certain biomes to the absence of a repeating pattern in
others [15]. The usual pattern for estuarine and coastal environments is a short period with
fluctuations on the order of 2—4 months [16]. Although it is often difficult to access data
with spatial and temporal coverage, data from LTER (Long-Term Ecological Research) sites
are ideal for studying phytoplankton phenology because they cover large time windows.
Such data allow us to capture the basic community structure and its variability [16].

In the northernmost part of the Adriatic Sea, the Gulf of Trieste (GoT), phytoplankton
community composition has been described as nanoflagellate-dominated, with seasonal
outbursts of diatoms in spring and autumn in correlation with freshet periods and water
column mixing [5,17]. This community is also sensitive to freshwater inputs [3], and
some characteristic shifts in taxa composition have been observed following freshwater
pulses [18,19].

One approach to analysing phytoplankton phenology is to use time series of species
composition coupled with fidelity-specificity indices to describe indicative species phenol-
ogy. Such an analysis has already been applied in studies in the northern Adriatic [5,20-22],
based on fixed time intervals (seasons, months, years) used to find indicative species and
describe the phenology of co-occurring species (assemblages). In this work, we propose a
different approach with the reverse order of steps: species composition within time series
is first used to define time intervals, and then it is possible to find the groups of indicative
species within time intervals. For this purpose, we applied and modified the protocol
proposed by Souissi et al. [23] and used by Anneville et al. [24] in a study on the phyto-
plankton community of Lake Geneva and tested for marine phytoplankton communities in
the GoT [25,26].

In addition to co-occurrences, we were also interested in describing the major abun-
dance peaks and the taxa responsible for these peaks. To estimate the distributional
structure of a group of taxa, diversity indices of various kinds can usually be used to
estimate, for each sample, how much abundance is concentrated or even across taxa [27].
Again, we used the same approach, but in reverse, to estimate how much the abundance is
concentrated or uniform across samples for each taxon. The taxa that would be uniform
would be those that have constant abundance across samples; the more they would be
uneven the more their abundance would be concentrated in a few samples. In this way, we
tried to be careful not to discard any important taxa during the selection process.

Upon re-analysis of the long-term phytoplankton data series from the Slovenian
LTER station, we found that several problematic passages resulted in the loss of relevant
information about community structure, introduced incorrect ordinations of the data, and
caused difficulties in assigning indicative taxa. Therefore, one of the two goals of this study
is to refine the critical passages in the protocol of the analysis. The other objective of this
study is to use the refined analysis steps to better characterize the temporal dynamics of
phytoplankton with the determination of characteristic periods and species at the Slovenian
marine LTER station in the GoT.

2. Materials and Methods
2.1. Area of Study

The Gulf of Trieste (GoT) is a basin surrounded by land at the northeastern tip of
Adriatic Sea. Due to its shallow depth, 21 m on average [28], the GoT is largely influenced
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by climatic conditions that cause variations in salinity and temperature. The GoT is
seasonally stratified, and its euphotic zone significantly exceeds the depth of the upper
mixed layer for most of the year [29]. The basin is under the influence of two main winds,
the “bora” and the “jugo”, which blow from the northeast and southeast, respectively.
Bora is a strong catabatic wind whose effect on the water column is twofold: mixing and
cooling, while Jugo is a constant wind that is thought to have a chaotic effect on the current
circulation in the Gulf [30].

The Slovenian LTER station (45.53833° N, 13.55° E; 21 m depth) is located at the
southern entrance to the GoT (Figure 1), where direct impact from freshwater inputs and
other pressures are minimal. The waters around the station are usually traversed by the
current North Adriatic Dense Water (NAdDW). Only occasionally, they are reached by
the plume of the So¢a (Isonzo) River (SO, Figure 1), one of the local freshwater sources
that has the greatest influence on the basin [30]. The Slovenian LTER station represents
the reference station for national monitoring purposes, but the bias of the representation
should be taken into account when generalizing the results to the whole Gulf.

13.0°E 13.5'E

Gultof Trieste

000F : i NORS i

Figure 1. The map of the study site: The Slovenian LTER station 000F is marked with a black dot and
a horizontal white bar. The dotted black line marks the 20 m isobath, the dotted white lines mark
international borders while the blue lines mark the main rivers. SO So¢a River, TA Tagliamento River,
RI RiZana River, DR Dragonja River, MI Mirna River, IT Italy, SLO Slovenia, HR Croatia.

2.2. Data

Monthly data from Slovenian LTER sampling station 000F (Figure 1) were collected
and stored as part of routine sampling in the Slovenian National Monitoring Program. In
this work, a twelve-year time series from 2005 to 2017 was analysed. Phytoplankton was
sampled with Niskin bottles (5 L) at different depths (0 m, 5 m, 15 m and near the bottom
at 21 m). Phytoplankton samples were fixed with neutralized formaldehyde and stored
until analysis. Subsamples of 50 mL were left to settle in a sedimentation chamber for
48 h and then examined using an inverted microscope ZEISS Axiovert 135, according to
the Utermohl method [31]. Phytoplankton taxa were determined to the lowest possible
taxonomic level and counted in 50 to 100 microscope fields at 400 x magnification. The final
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dataset of phytoplankton composition and abundance included more than 100,000 entries.
Taxonomic names were verified according to recent changes and consistency was checked
for synonyms [32,33].

2.3. Analysis

Data analysis was performed using R-studio software (Version 1.1.456—®© 20212018
RStudio, Inc., Boston, MA, USA). Table Al in Appendix A shows the list of packages used
in the analysis. Prior to analysis, data from different depths were merged in the Integrated
Abundance (IA) using the trapezoidal rule. On the resulting matrix of taxa [As (matrix X;
Figure 2), a series of statistical methods for clustering the samples proposed by Anneville
et al. [24] were applied (Figure 2A) and then modified (Figure 2B). The core idea was to
create a clustering system of the samples based on the distribution of taxa and then obtain
the indicative taxa for each cluster by the index of Fidelity and Specificity (IndVal) [34].
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Figure 2. Flowchart of the (A) original and (B) modified protocol of data analysis.

2.4. Original Protocol

The first step consisted of the selection of the taxa on which to perform the successive
analysis. Following Anneville et al. [24], taxa present in less than 12% of the samples were
excluded (matrix A; Figure 2A, step 1a). A Principal Component Analysis (PCA) was



Water 2021, 13, 2045

25

50f26

then applied to the log-transformed data (Figure 2A, step 1b). Principal components that
accounted for 90% of the variance were retained and used to calculate PCA scores (matrix
A’; Figure 2A). Multinormality was tested using the Dagnelie method [23]. From the matrix
of PCA scores, hierarchical classification of samples (dates) was performed using Euclidean
distance with a flexible clustering strategy (Figure 2A, step 2). Then, the probability that
each sample belongs to each of the obtained clusters was calculated using Bayes’ theorem.
Here, the frequency of the cluster was used as the prior probability and the conditional
probability was calculated using the x? distribution estimator of the Mahalanobis distance
of the object from the centroid of the cluster [24]. Since the probability was obtained for
each samples’ possible cluster, each sample could be reallocated to the cluster in which it
had the maximum probability. Finally, new clusters were obtained and step 3 (calculation
of P and reallocation of samples, Figure 2A) was repeated until the composition of the
clusters remained stable and the final partition of the samples was obtained (matrix Pg,
Figure 2A). Since it is possible to divide the samples into n clusters, where n varies from 1
to the total number of samples, a probability-based criterion was applied to characterize
each partition (Figure 2A, step 4) as follows: a vector Pnax(k) representing the maximum
probability for each sample was calculated. Each partition was evaluated on the basis of
the median of the values of Ppax(k) This median was interpreted as the average measure of
the within-cluster homogeneity [23]. The final clusters were used to create the map of taxa
assemblages, in which each sample (i.e., each month) was assigned to a cluster (Figure 24,
step 4).

In each of these clusters, the IndVal index [34] was calculated for each taxon using the
IA matrix obtained at the beginning (matrix A; Figure 2A). This index is a multiplication of
two independently calculated values: the fidelity (Fl;+) and the specificity (SPj;) of taxon t
in the cluster of samples Gj (Equations (1) and (2), respectively).

BL, — 5t 1
= NS]+ ( )
sp., — it 2
it = NIﬂ' ( )

where NS;; is the number of samples in cluster G; containing taxon t, NSj, is the total
number of samples in G;, NI is the mean abundance of taxon t in the samples belonging
to G]- and NL,J- is the sum of the mean abundances of taxon t in all clusters. The fidelity
of a taxon for a cluster is 1 if that taxon is present in all samples of the cluster, while the
specificity of a taxon for a cluster is 1 if that taxon is present only in the cluster under
consideration. The IndVal is calculated as in Equation (3) and has a range between 0 and 1.

IndValj/t = FIj/f X SPj,t (3)

As established by the authors in [34], an IndVal value greater than 0.25 is considered a
threshold to describe a taxon as indicative of a particular cluster.

2.5. Modified Protocol
2.5.1. Frequency Selection

In step 1a (Figure 2A), taxa were selected for analysis based on their frequency with
the threshold of 12%. The distribution of log cumulative abundances of the taxa along the
frequency values is shown in Figure 3A. The dashed line representing the 12% presence
shows no clear discontinuity in the data to support the setting of the threshold. Furthermore,
any value of frequency used as a threshold would be arbitrary as there are no discontinuities
along the frequency values. This is also supported by the frequency histogram showing
the relative abundances (Figure 3B), where some of the rarely occurring taxa (<12%)
showed relatively high abundances (darker colour). In contrast, some of the taxa with high
frequency showed relatively low abundance (lighter colour).
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Figure 3. The rationale for the selection of taxa: (A) Frequency vs. log cumulative abundance
distribution of taxa (points), dashed line represents the 12% threshold; (B) Frequency histogram
of taxa, dashed line represents the 12% threshold, grey scale represents relative abundance of taxa;
(C) FREVE index vs. log cumulative abundance distribution of taxa (points), dashed line represents
the value of 0.28; (D) Histogram of FREVE index, the dashed line represents the 0.28 value of
fluctuation index, grey scale represents the relative abundance of taxa.

The lower bound of the distribution of points in Figure 3A resembles the logarithmic
function. A similar shape is obtained by the log transformation of the vector of positive
naturals N* [1,2, 3, ... ]. This distribution results from the taxa identification and counting
method, during which some of the taxa were found only once per sample. This value of
1cell was then transformed per volume of sample and integrated. The resulting abundances
were thus generated by a categorical process of presence/absence discrimination, even
though the values look quantitative. The taxa abundances that occupy the lower limit of
the distribution (those that are close to the In(x) function, Figure 3A) are therefore the result
of a scaled version of the log transformation of the presences’ vector of rare taxa. This
particular distribution of some taxa led to the postulation of the co-presence of two types
of rarity and four types of distribution of taxa in our dataset. A taxon may be rare in terms
of frequency (i.e., observed in a small number of samples) or rare in terms of abundance
(i.e., having low abundances). The combination of rarities results in four distribution types:
taxa that are rare in both presence and abundance (type 1), taxa that are rare in presence
but not in abundance (type 2), taxa that are common in presence and abundance (type 3),
and taxa that are common in presence and rare in abundance (type 4).

To measure the evenness of the abundances of each taxon, in order to exclude the type
1 (rare and even) taxa, we chose the Pielou Evenness index A [27]. The idea was to scale the
taxa frequency (f) to the taxa evenness (A). In this way, we obtained a new index for the
taxa, which we tentatively called FREVE (frequency and evenness), and which is shown in
Equation (4):

FREVE = f* @)

and have the limits as in Equations (5)—(8):

lim =0 ®)
(f, ?\)—>(0*,l*)



27

Water 2021, 13, 2045 7 of 26
lim =1 (6)
(f, A)—=(0+,07)
lim =1 @)
(f, A\)—=(17,07)
lim =1 (8)
(£, A)=(1,17)

Infrequent taxa with evenly distributed abundance would have frequency (f) close
to 0 and evenness (A) close to 1, then FREVE is close to 0 (Equation (5)). The other three
cases, corresponding to distributions of type 2 (Equation (6)), type 3 (Equation (7)), and
type 4 (Equation (8)), would yield FREVE values close to 1 (Figure 3C). The histogram
of the FREVE index (Figure 3D) shows how the index shifted the taxa with the highest
abundances to the right half. The cutting threshold we set to select taxa was the composite
of two arbitrary thresholds. Because we wanted to retain taxa that were present at least once
per year (f =1/12) and whose abundance was less uniform than the level of intermediate
evenness (A = 0.5) [35], we obtained the threshold using the Equation (4) (0.28). Finally,
taxa with FREVE > 0.28 were retained for subsequent analysis.

2.5.2. Component Space and Clustering

The choice of Principal Component Analysis (PCA) in the original protocol implies
the preservation of Euclidean Distance between sample objects. The use of symmetric
coefficients (as Euclidean distance) for the analysis of sample-taxa datasets is not the right
choice in most cases [36]. This is due to the different information that a double presence or
double absence of a given taxa brings, namely the “double-zero” problem [36]. Instead of
PCA, a Correspondence Analysis (CA), which preserves x? distance, was performed on the
dataset after FREVE taxa selection (Figure 2B, step 1b). CA was also used to perform Inertia
analysis [36] on the datasets selected by both protocols (Figure 2A, matrix A’ and 2B, matrix
B’) to evaluate and confront the two selection methods (frequency-based vs. FREVE). To
obtain clusters of samples, non-hierarchical k-means clustering [36] was then computed
instead of Bayesian reallocation (Figure 2B, step 2). Each n-partition was evaluated using
Calinski pseudo-F [36,37] and Ratkowsky index [38] (Figure 2B, step 3).

2.5.3. Indicative Taxa

The selection of the best clustering of samples was followed, as in the original protocol,
by the application of the IndVal index (Figure 2B, step 4a). Dufrene and Legendre stated
that “the use of IndVal removes any effect of the number of sites in the various clusters
and also differences in abundance among sites belonging to the cluster” [34]. However,
with the way IndVal is calculated, it is possible for a taxon to have the same IndVal value
in two completely different hypothetical situations. In the first situation, the taxon whose
cumulative abundance is split into two clusters and is present in half of the samples in both
clusters would have the same IndVal value in both clusters (0.25). The IndVal value would
also be the same (0.25) in a second situation where the taxon is present in two clusters,
where in one it is present in every sample (FI = 1) and has 25% of the abundance (SP = 0.25)
and in the other it is present in one third of the samples (FI = 0.33) and has 75% of the
abundance (SP = 0.75). Theoretically, it should be possible to disentangle these biased cases
using the p-values calculated according to the permutative method proposed by Dufrene
and Legendre [34]. However, in the multivariate situation where each cluster is defined
around several taxa, many if not all taxa are suboptimally described. As a result, many
of the possible cluster permutations will produce higher IndVal values for each taxon,
reducing the discriminatory power of the p-value. To facilitate interpretation of the IndVal
results, the centroids of the clusters (CA centroids) obtained from k-means were projected
onto the space of taxa (CA columns) (Figure 2B, step 4b), resulting in a vector of taxa
likelihood ratios (Observed /Expected) for the centroids. This is justified in Appendix B.
The higher the projected value of the taxa (Xproj), which represents the likelihood of the
centroid, the stronger the association (Xproj > 0; Likelihood ratio > 1) between the column
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(taxa) and the centroid (cluster). Xproj was used as the association index and the threshold
was set to Xproj 1 (Likelihood ratio 2). A taxon with Xproj > 1 is strongly associated with
the cluster, indicating that its observed abundance is more than twice as high as expected.
The similarity of the two indicator matrices (IndVal and Xproj) was tested using the Mantel
test over ranked indices (999 permutations) [36].

2.54. Log-Transformation

A final remark concerns the log transformation made at the beginning of the original
protocol. In the modified protocol (Figure 2B), the raw data were not log-transformed
because, as pointed out in the literature [39], this method, used on count data, is either
redundant or wrong in most cases. In the context of extrapolating probabilities from
Mabhalanobis distances, multinormality was an issue and indeed, taxa abundances were log-
transformed (see Section 2.4) and multinormality was tested using the Dagnelie method [23]
before proceeding. However, no normality assumptions are required when using raw
distances for clustering,.

3. Results
3.1. Phytoplankton Community Composition and Taxa Selection

In the phytoplankton community at the Slovenian LTER station, a total of 130 taxa
were determined during 2005-2017, including 53 diatom taxa, 50 dinoflagellate taxa
and 15 coccolithophore taxa. The remaining 12 taxa were distributed among the classes
Cryptophyceae, Chlorophyceae, Euglenophyceae, Prasinophyceae, Chrysophyceae, Dic-
tyochophyceae and other undetermined nanoflagellates. Nanoflagellates accounted for
the largest proportion of abundance (57%), while diatom cells accounted for 36%, coccol-
ithophores 4% and dinoflagellates 3% of total abundance.

Abundance peaks above 1 x 10° cells L' were mainly recorded in late winter/spring
and autumn and were mainly attributable to diatoms. Five diatom blooms were dominated by
Chaetoceros spp. in February 2007 (2.2 x 10° cells L™1), November 2011 (1.2 x 10° cells L),
November and December 2012 (up to 1.6 x 10° cells L™!) and July 2015 (1.7 x 10° cells L71),
while Skeletonema species were responsible for two February blooms in 2011 and 2012
(1.2 x 10° cells L™ !). The largest diatom bloom was recorded in November 2010, when
species from the Pseudo-nitzschia delicatissima group reached 3.7 x 10° cells L~!. Nanoflag-
ellates caused two abundance peaks in July 2005 (1.5 x 10° cells L™ 1) and in May 2016
(1.6 x 106 cells L~1).

Out of a total of 130 taxa, 57 taxa were selected for further analysis based on the
proposed FREVE (Table 1). Of these, 56 were already included in the frequency-based
selection and one rare taxon was rescued. The major difference between the two selection
methods was 17 common taxa that were discarded by FREVE but would have been retained
based on frequency.

Table 1. Comparison of the number of retained and discarded taxa between two selection methods:
frequency-based and FREVE.

Frequency Selection

Common (f > 0.12) Rare (f < 0.12)
73 57
_ (FREVE > 0.28) 57 56 1
FREVE selection  pppvE < 0.28) 73 17 56

A comparison between selection methods was made using Inertia Analysis. Total
Inertia (TI) was calculated as the sum of the eigenvalues of the x> dissimilarity matrix.
Taxa were sequentially removed from less abundant to abundant and TI was recalculated
(Figure 4). The initial TI's value of the complete dataset (2.89) is closer to the TI value for
the dataset obtained by FREVE selection (2.81) than the TI values obtained by frequency
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selection (2.46). This means that FREVE retains more information from the original dataset.
The one species rescued by FREVE (Table 1) was responsible for about 13% of the data TI,
more than the 17 discarded taxa.

Total inertia in CA
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Figure 4. Inertia analysis for three datasets, the full dataset (All taxa), the dataset resulting from
frequency selection, and the dataset resulting from FREVE selection. The taxa ordered by abundance
were removed at each step and the Total Inertia was recalculated.

3.2. Evaluation of n-Partition

Among all possible partitions, the Calinski pseudo-F values peaked for the partition
with four clusters and reached a second maximum for the partition with 18 clusters
(Figure 5, left). The Ratkowsky Between-Sum-of-square increase rate was highest between
partitions with three and four clusters (Figure 5, right), indicating that the best number of
clusters was four. Between 18 and 20 clusters, the Ratkowsky’s index reached the plateau.
Finally, two partitions with 4 and 18 clusters were chosen to obtain a broad and a fine
resolution in the data discontinuities, respectively.

Calinsky Ratkovsky o
©
84 ° o ReRoaRoaeOooP OO0 o0t o
o _| \ ,Q:’JOO% d:po:p B uu_)
I-I'o- “ ° P OQDQ% il 8 °
TR % Qo0 %o & s E
5 ™ © O, o 5
[ 00 %, o - 0
o~ | o Y
a o , / <+ €
0 o _O g
©o _| oo s
S T T T T T e T T T T r < é
0 10 20 30 40 50 0 10 20 30 40 50 m
n® clusters n® clusters

Figure 5. (left) Calinski Pseudo-F results plotted for each n-clustered possible partition and (right) the Ratkowsky index for

each n-clustered possible partition.

3.3. Original Protocol Temporal Map

For the temporal map obtained with the original protocol (Figure 2A), the best of
possible partitions with six clusters were used and the IndVal index was applied to select
the indicative taxa of the clusters (Figure 6). A total of 43 out of 73 taxa were found to
be indicative of at least one cluster (Table 2). The cluster map revealed a rough seasonal
pattern except for the first two years (2005 and 2006). These two years and parts of
2007 and 2008 belonged entirely to Cluster I, in which no taxa exceeded the threshold
(IndVal = 0.25) to be defined as indicative. From 2009 onwards, the winter (January—March)
was mostly characterized by Cluster II with two indicative species, the diatom Skeletonema
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costatum s.1. and the coccolithophore Ophiaster hydroideus. In 2009-2012, Cluster II extended
into spring, whereas in recent years, it had already appeared in autumn. Cluster III
almost always appeared before Cluster II, usually in autumn (October to December).
This cluster was described by many indicative taxa, predominantly diatoms. Seven taxa
had IndVal > 0.5: the diatoms Asterionellopsis glacialis, Cylindrotheca closterium, Eucanpia
spp-, Lauderia annulata, Pleurosigma normanii and the Pseudo-nitzschia seriata group, as
well as a coccolithophore Calciosolenia murrayi. Cluster III was generally anticipated by
Cluster VI, typical of the summer (July to September) and occasionally extended into the
autumn, which contained ten indicative taxa, mostly diatoms. Three taxa had IndVal > 0.5:
the diatoms Proboscia alata and Rhizosolenia spp. and a coccolithophore Rhabdosphaera
stylifera. Cluster IV was intermittently present in spring and summer and best described the
temporal distribution for two diatom taxa: Cyclotella spp. and Cerataulina pelagica. Finally,
Cluster V appeared in 2009 and characterized the spring from March to June. Cluster
V was represented by a mixed phytoplankton community, but only one coccolithophore
(Calyptrosphaera oblonga) had IndVal > 0.5.

Table 2. Composition of taxa in clusters derived from the original protocol sensu Anneville et al., (2002) with corresponding

IndVal value. Only taxa with IndVal value higher than 0.25 are shown. The taxa are organized in descending order of IndVal

value.
Cluster Taxon IndVal Cluster Taxon IndVal
I

|:I / / Cyclotella spp. 0.46
3 Skeletonema costatum s.L 0.33 Prorocentrum compressum 0.44
M Ophiaster hydroideus 0.26 Euglenophyceae 0.42
Eucampia spp. 0.80 Bacteriastrum delicatulum 0.42
Pseudo-nitzschia seriata gr. 0.62 Prorocentrum balticum 0.40
Lauderia annulata 0.62 \Y Prorocentrum micans 0.39
Calciosolenia murrayi 0.61 m Prasinophyceae 0.38
Pleurosigma normanii 0.54 Prorocentrum cordatum 0.33
Cylindrotheca closterium 0.53 Alexandrium minutum 0.32
Asterionellopsis glacialis 0.50 Diatoms non ident. 0.31
Leptocylindrus mediterraneus 0.49 Leptocylindrus danicus 0.29
1T Thalassiosira spp. 0.43 Nitzschia longissima 0.29
|6| Chaetoceros spp. 0.43 Cryptophyceae 0.29
Nitzschia spp. 0.43 Gymmnodinium spp. 0.29
Proboscia indica 0.41 Prorocentrum triestinum 0.28
Cerataulina pelagica 0.37 Amphora spp. 0.28
Pseudo-nitzschia delicatissima gr. 0.37 Rhizosolenia spp. 0.54
Leptocylindrus danicus 0.34 Proboscia alata 0.53
Emiliania huxleyi 0.32 Rhabdosphaera stylifera 0.51
Guinardia flaccida 0.31 Pseudo-nitzschia delicatissima gr. 0.49
Thalassionema nitzschioides 0.28 Vi Dactyliosolen fragilissimus 0.40
1V Cyclotella spp. 0.29 n Syracosphaera pulchra 0.37
. Cerataulina pelagica 0.25 Thalassionema nitzschioides 0.34
v Calyptrosphaera oblonga 0.63 Hemiaulas hauckii 0.29
m Heterocapsa gr. 0.49 Tripos fusus 0.29
Chlorophyceae 0.46 Guinardia striata 0.28

Five taxa were indicative of more than one cluster. Excluding the first two years,
the typical sequence of phytoplankton during the study period was Cluster II—Cluster
V—Cluster IV—Cluster VI—Cluster III.
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