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ABSTRACT

The functioning of natural communities is the cumulative outcome of multifaceted and intersecting ecological and evolutionary
processes occurring at species level. Species are not stable entities but evolve in consequence of contingent factors including the re-
lationships they establish with the environment and other co-occurring species. Studying ecosystems with an eco-evo approach, i.e.,
by explicitly considering species evolution and interactions, is thus an essential step to envisioning community adaptation to environ-
mental changes. Such an approach would be particularly suitable for studying plankton, a community of both rapidly evolving and
strongly interconnected species. In this context, Long Term Ecological Research studies (LTER) allow investigating nature at different
levels of complexity, from species to ecosystems. Herein, I examine the most recent results coming from the three-decades plankton
LTER ‘MareChiara’ (LTER-MC) in the Gulf of Naples (Mediterranean Sea, Italy) and discuss their suitability in deepening knowledge
on: i) evolutionary bases to plankton diversity (i.e., the founding property of both species and community adaptive potential); ii) eco-
logical and evolutionary determinants of population and community dynamics; and iii) biological complexity behind plankton system

functioning.
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INTRODUCTION

Multiple and intersecting evolutionary processes are at
the base of assembly and functioning of ecological com-
munities (Hendry, 2016). The latter are complex entities in-
cluding populations of species whose ecological roles stem
from several overlapping natural history processes, in
which casualties and environmental constraints play simul-
taneously (Gould, 2002; Koonin, 2011). Understanding the
evolutionary history of species, the possible drivers of
species life-histories, the ecological benefit of inter-specific
interactions and, ultimately, evolutionary processes behind
biodiversity are of pivotal importance for ecosystem studies
(Levin, 2007; Hendry, 2016).

Conceptual and methodological approaches intersect-
ing ecology and evolution are frequently applied to study
plankton, a community of rapidly evolving and strongly
interconnected species including both unicellular and
multicellular organisms (Lima-Mendez et al., 2015;
D’Alelio ef al., 2016a). The huge genetic diversity of
plankton provides a molecular basis to an overwhelming
phenotypic variability (de Vargas et al., 2015; Sunagawa
et al.,2015). For instance: plankton individual-sizes span
three orders of magnitude (Boyce ef al., 2015); morpho-
logical characteristics, like surface-to-volume ratio, are
extremely variable even within a single aquatic system
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(Morabito et al., 2007); coloniality is wide-spread among
distantly related phyla (e.g., from diatoms to pelagic tu-
nicates; Bone and others, 1998; Seckbach and Kociolek,
2011); mixotrophy, or the contemporary presence of het-
erotrophic and autotrophic metabolism within the same
organism, is common in planktonic protists (Stoecker et
al., 2017); several intersecting trophic interactions may
establish among plankters (D’Alelio et al., 2016b); and,
ultimately, the overall diversity hardly fits into few func-
tional groups (Hofmann, 2010; Flynn et al., 2012; Roselli
etal.,2017).

Plankton play a key role in aquatic ecosystems, being
at the base of food-webs and driving biogeochemical cy-
cles, and are experimenting strong perturbations appar-
ently connected to anthropogenic factors, but the
fine-scale ecological mechanisms at the base of such phe-
nomena are not fully understood (Behrenfeld and Boss,
2013; Hutchins and Fu, 2017; Steinberg and Landry,
2017). In this context, ‘eco-evo’ approaches, being mainly
focused on time (the main dimension of evolution), would
be suitable to investigate cause-effect relationships within
the wide array of potentially inter-dependent ecological
phenomena. Long Term Ecological Research (LTER),
consisting in sampling and analysing physical, chemical
and biological variables at fixed sampling sites, with high
time-frequency (e.g., weekly), and in the long term
(decades), can represent profiting case studies to this re-
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spect (Hughes et al., 2017). By means of LTER-based sys-
tems ecology analyses, integrating fine-scale biological
complexity and biogeochemical processes at ecosystem
level, reductionist and holistic approaches congregate, al-
lowing to ‘uncovering the processes hidden because they
occur slowly or because effects lag years behind causes’
(Magnuson, 1990).

This paper takes the three-decades plankton LTER
‘MareChiara’ (LTER-MC) in the Gulf of Naples
(Mediterranean Sea, Italy, Fig. 1; Ribera d’Alcala ef al.,
2004) as a benchmark for new-generation LTER-based
eco-evo studies. This latter approach is far more impor-
tant in light of: 1) the observed fast adaptation of plank-
tonic microbes to global change; ii) the rising impact of
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the latter on fishery-dependent human societies and iii)
the under-exploitation of LTER studies in marine policy
(Barange et al., 2014; Irwin et al., 2015; Hughes et al.,
2017; Hutchins and Fu, 2017). Based on studies carried
out in the Gulf of Naples (GoN) and published mostly
within the last ten years into ISI journals, I herein exam-
ine: 1) the evolutionary bases to plankton biodiversity
(i.e., the founding property of both species and commu-
nity adaptive potential); ii) the ecological and evolution-
ary determinants of population and community
dynamics; and iii) the suitability of holistic LTER-based
eco-evo approaches towards understanding the biological
mechanisms behind systemic response of plankton to en-
vironmental variability.

40

Fig. 1. Map of the Gulf of Naples (Thyrrenean Sea, Mediterranean Sea, Italy) and geographic position of the Long Term Ecological

Research station MareChiara (LTER-MC).
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EVOLUTIONARY COMPLEXITY BEHIND
DIVERSITY

The huge species diversity shown by plankton in-
trigues ecologists since decades. Why does competitive
exclusion (i.e., the dominance of few fitter species) does
not apply within an unstructured, homogeneous environ-
ment like the planktonic one is the main issue introduced
by the renowned paper ‘The paradox of the plankton’ by
Hutchinson (Hutchinson, 1961).

Experimental observations explicated the above-men-
tioned paradox by suggesting that stable coexistence of
distinct species at the same trophic level is a probable out-
come of resource-competition processes (Tilman 1976,
1977). In this context, more than 500 plankton taxa were
identified in the GoN within thirty-three years of obser-
vation and most of them have apparently similar ecolog-
ical roles (Mazzocchi et al., 2011; Piredda et al., 2017).
Nowadays we now that a high functional redundancy at
community level is not unusual in nature (Lefcheck et al.,
2015), it can emerge even at stable environmental condi-
tions, as reported in experimental evolution studies with
microbes (Maharjan ef al., 2007), and its main ecological
role is to guarantee the survival of functional groups in
case of species extinctions (Rosenfeld, 2002).

Protists (i.e., unicellular eukaryotes) are the main con-
tributors to plankton metagenome (de Vargas et al., 2015;
Sunagawa et al., 2015). Despite the dominance of fast-
replicating and bloom-forming species, about 30% of
planktonic protist diversity in the oceans is assigned to
rare taxa (i.e., whose abundances are less than 0.01% of
the total abundance) and the latter can contribute up to
16% of coastal phytoplankton biomass (Ignatiades and
Gotsis-Skretas, 2013; de Vargas et al., 2015). Both bloom-
ing and non-blooming species can be present within the
same community and at the same time in coastal plankton
systems such as the GoN (Ribera d’Alcala et al., 2004).
These data are in line with the observation that a myriad
of species in nature are rare (have either low reproductive
or high turnover rates) but they are anyway ecologically
successful and determinant in community functioning
(Jain et al., 2014). While the role of the rarest is still not
clear in marine plankton, it has been suggested that fresh-
water ecosystems’ resilience is strongly linked with the
presence of rare phytoplankton taxa (Downing and Lei-
bold, 2010).

Most evolutionary models based on the classic ‘fitness
landscape’ conceptual scheme (Wright 1932) and exploit-
ing experimental evolution indicate that microbial species
emerge by the divergence of lineages due to differential
adaptation to distinct environmental conditions (De Visser
and Krug, 2014). In the above-mentioned model, the
fittest clonal lineages are advantaged in respect to ‘flattest’
ones, i.e., those having lower abundance and ecological

specialization. Such ‘adaptive’ dynamics can be found in
data generated by culture-based experimental evolution
and genomics involving planktonic protists (Lohbeck ez
al.,2012; Mock et al., 2017) and plausibly represents the
mechanism behind the fast adaptation of phytoplankton
to global change, which is particularly relevant for bloom-

ing species (Irwin et al., 2015).

Yet, the above-mentioned ‘fitness model” apparently
does not fit in real frequency-distributions pertaining
planktonic protists. Some other computational evolution-
ary-models assess that ‘fittest’ and ‘flattest’ clonal line-
ages can alternate in dependence of vegetative growth and
evolutionary rates (Wilke ef al., 2001) (Fig. 2). Namely:
1) the fittest emerge at lower mutation and higher replica-
tion rates, when rarer positive mutations produce geno-
type-clouds whose frequency distributes around narrow
fitness peaks, while purifying selection sharpens distribu-
tion shoulders (Wilke ef al., 2001); ii) by contrast, the flat-
test emerge at higher mutation and lower replication rates,
when more frequent positive mutations produce genetic
clouds including a higher number of slightly different and
evenly represented genotypes whose abundances distrib-
ute around ‘mutationally robust’ flatter peaks (Wilke et
al., 2001).

In this context, metabarcoding suggests that protist di-
versity in the GoN is higher during winter, i.e., the non-
blooming season, when virtually all detected species are
rare and blooms are of lower intensity than in other sea-
sons (Piredda ef al., 2017). By combining the ‘flatness
model” mentioned above with time-repeated biodiversity
explorations carried out at LTER-MC, one can depict a
possible scenario behind the dominance of the flattest dur-
ing winter non-blooming phases in the GoN, a pattern that
is explainable with few conceptual steps:

* The lower amount of nutrients in the photic zone dur-
ing winter promotes growth of protist groups with
higher surface-to-volume ratios and, thus, higher effi-
ciencies in nutrient-uptake, such as flagellates (Zin-
gone et al., 2009; Edwards et al., 2013);

*  While stronger in some characters, selection may be
relaxed in other ones, thus leaving room to intra-group
genetic divergence and producing flat but ‘rugged’ fit-
ness landscapes not necessarily determined by differ-
ential adaptation (Koonin, 2011);

* Inrelation with the latter point, despite a common cell
shape, (dino)flagellates show high inter- and intra-spe-
cific diversity (Gribble and Anderson, 2007; Murray
et al., 2012), which can correspond to potentially func-
tional diversity, such as that present in the production
of secondary metabolites (Murray ef al., 2012).

In addition to the simple scenario depicted above, one
must consider that even short-term environmental vari-
ability strongly contributes in shaping diversity within
communities of planktonic protists. For instance, the fre-
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quent alternations between coastal and offshore waters oc-
curring in the GoN during summer, known as ‘green-blue
swings’, are a determinant factor for diversity conserva-
tion (Cianelli et al. 2017; D’Alelio et al., 2015): by exert-
ing a so-called ‘intermediate disturbance’ (sensu Reynolds
et al., 1993), green-blue swings dilute the abundance of
opportunistic (most abundant) species and promote sur-
vival of the rarest ones (Cianelli ef al., 2017). In addition,
according with integrative studies on microbes coupling
experiments and modelling, the fitter-flatter species co-
existence emerges within the same environment when co-
pious trade-offs between potentially different strategies
establish due to fine-scale environmental variability
(Beardmore et al., 2011).

LIFE-CYCLE DRIVEN EVOLUTIONARY
COMPLEXITY

Functional diversity can also evolve by chance
(Gould, 2002; Koonin, 2011). An example to this respect
is exaptation, which occurs when phenotypic traits ap-
parently selected for a specific function assume a differ-
ent and more determinant role in the course of species’

evolutionary history (Gould and Vrba, 1982). To this re-
spect, adaptation to stochastic environmental factors
could be largely dependent from evolvability, or, the ca-
pability of a population to generate diversity, enhance
the standing genetic variation and develop adaptive so-
lutions (Koonin, 2011 and reference therein).

Evolvability is promoted by the interplay between
stochastic biological processes, such as genetic mutation
and recombination (Koonin, 2011). Though conceptually
robust, the evolutionary models presented in the previ-
ous section do not contemplate homologous genetic re-
combination, i.e., the exchange of pieces between two
similar or identical DNA molecules, which constitute an
important mechanism of genetic diversification in plank-
tonic prokaryotes and protists (D’Alelio and Gandolfi,
2012; Rengefors et al., 2017). As for planktonic
cyanobacteria, genetic mutation and recombination
occur at the same rate in the micro-evolution of the
freshwater genus Planktothrix, but recombination can
introduce double more diversity than mutation (D’Alelio
et al.,2013) and also promote adaptive evolution (Toom-
ing-Klunderud et al., 2013).

Concerning protists, many of which have a sexual re-
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Fig. 2. Schematic of evolutionary landscapes (sensu Wright 1932) representing evolutionary models potentially applicable to planktonic
protists based on observations published by Wilke et al. (2001). Curves are frequency-distributions for genotypes within different pop-
ulations. Full-grey curves refer to populations at initial conditions (before divergence), empty-black curves refer to populations diverging

from those present at initial conditions.
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production, recombination occurs with meiosis during ga-
metogenesis (Rengefors et al., 2017). In many species,
sexual processes are deeply tangled within life-cycles and
affect population survival (von Dassow and Montresor,
2010): this suggests that protist sex is definitely not an
evolutionary relict but an acquired strategy with eco-evo-
lutionary implications, both proximate (lineage survival)
and ultimate (generating diversity) (Speijer et al., 2015).
In dinoflagellates, meiosis leads to the production of rest-
ing cysts, which are haploid life-cycle stages capable to
resist at the sea bottom, so to guarantee survival over
longer periods of deprived environmental conditions (von
Dassow and Montresor, 2010). In most diatoms, sex is
necessary to generate larger-size cells, thus counteracting
the progressive cell-size decrease occurring at each veg-
etative division and bringing asexual clonal-lineages to
death (Montresor et al., 2016).

The easily-culturable species within the diatom
Pseudo-nitzschia represent good study-systems in sorting
for the role of sex in diatom evolution. For instance, de-
spite the high mutation frequency associated to the dom-
inance of vegetative reproduction (D’ Alelio et al., 2009a;
Tesson et al., 2013), periodic sexual events provide
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species with a cohesive genetic-force that limits intraspe-
cific genetic divergence and promotes species mainte-
nance (Amato et al., 2007; D’Alelio et al., 2009a). In
addition, sex can also occur between different species,
leading to hybrid speciation (Amato and Orsini, 2015;
D’Alelio and Ruggiero, 2015).

Long-term population genetics of P. multistriata in the
GoN indicated that planktonic diatoms can produce the
same level of diversity (say, genotypic richness) by means
of either genetic mutation or recombination (Ruggiero et
al., in press). In the above-mentioned species, the highest
genetic differentiation occurs in the course of apparently
infrequent ‘clonal expansions’ establishing when blooms
are flanked by a temporary but strong restriction of sex ,
which determines a positive unbalance of the mutation-
to-recombination ratio (Ruggiero ef al., in press) (Fig. 3).
Clonal expansions are ephemeral but massive processes
ending with a ‘survival of the fittest’ dynamics that deter-
mines a sharp decrease in genotypic richness and the dom-
inance of a ‘super-genotype’, which produces a
‘quasi-monoclonal bloom’ that follows a ‘multi-clonal’
one (Ruggiero ef al., in press) (Fig. 3).

Similar dynamics are also observed in ‘epidemic’ bio-
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Fig. 3. Schematic of a clonal expansion in a planktonic protist, modified from Ruggiero et al. (in press). White lines are genotypes un-
dergoing clonal divergence (lines’ bifurcation), the red line represents a successful genotype emerged in the course of a clonal expansion.
Reticulated patterns indicate the combined action of genetic divergence (mutation) and convergence (recombination). Dotted white and
red lines indicate a possible pathway of recombination between white and red lineages after the bloom of the latter.
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logical systems, such as pathogenic bacteria and proto-
zoans, in which clonal expansions are generally linked to
strong selection over fitter recombinant genotypes operated
by favourable environmental conditions (Maynard Smith
et al., 1993; Tibayrenc and Ayala, 2012). The clonal expan-
sion detected in P. multistriata was apparently generated
by the presence, in the blooming population, of a single
mating type, which was therefore unable to undergo sex:
the dominance of a ‘super-genotype’ was plausibly deter-
mined by life-cycle characteristics as well as by environ-
mental selection (Ruggiero et al, in press). The
‘evolutionary jump’ gathered by P. multistriata via clonal
expansion made the population dramatically change its ge-
netic fingerprint when the dominant genotype finally re-
combined with more distantly related ones (Ruggiero et al.,
in press) (Fig. 3).

MICROEVOLUTIONARY BASES
OF POPULATION DYNAMICS

Whereas evolutionary complexity sustains species
evolution, diversification processes occurring at popula-
tion level (i.e., microevolution) promote species adapta-
tion to local conditions. Although plankton species’
populations are characterized by a high temporal and spa-
tial intermittency (Martin et al., 2005; Cloern and Jassby,
2010), periodic seasonal blooms are observed at both local
and global scales (Ruggiero ef al., 2015; Boyce et al.,
2017), suggesting that adaptive processes are at the base
of the phenology observed.

In confined aquatic systems, such as freshwater lakes,
blooms of planktonic cyanobacteria can be reliably linked
to evolutionary adaptation (D’Alelio et al., 2011): specif-
ically, populations of Planktothrix rubescens living in
deeper lakes evolved more robust gas-vesicles (i.e., capa-
ble to resist stronger water-pressures during lake over-
turns) than populations living in shallower lakes, and this
‘differential selection’ led distinct populations to float and
bloom in the surface photic zone of lakes with different
maximum depths. Analogous studies have not been per-
formed on planktonic protists, for the lack of reliable mo-
lecular resources (i.e., background description of
functional loci) that allow tracking differential selection
by means of ‘simpler’ population genetics approaches.
Nonetheless, population genetics focused on neutrally
evolving genes, when coupled with life-history investiga-
tions, can provide insights into those microevolutionary
processes occurring at species level and potentially affect-
ing population dynamics (Ruggiero ef al., in press). This
latter integration can be more likely obtained in LTER in-
vestigations.

Biologically regulated life-history processes (such as
timing of recruitment of new individuals) are factors re-
inforcing ecological specialization in general (Poisot et

al., 2011). Among unicellular plankton, diatoms show

highly organized life cycles, with a biological clock that

regulates the emergence of sex and periodical recruitment
of sexual generations (Montresor ef al., 2016). In the

GoN, a population of the diatom P. multistriata observed

for ten consecutive years underwent sex with a tight bi-

ennial periodicity, with two consecutive sexual events
separated by about 50 mitotic generations (D’Alelio et al.,

2010). This biological clock was apparently regulated by

cell-size, since sex occurred in cells below a threshold size

reached after a precise number of vegetative divisions

(D’Alelio et al., 2009D).

Considering planktonic diatoms as model systems for
intersecting evolutionary and ecological processes at pop-
ulation level, one may speculate that clonal expansions as
that mentioned in the former section can lead to the fast
evolution of genotypes particularly adapted to specific en-
vironmental conditions, or ecotypes, which can poten-
tially turn into ecological species. Based on population
biology (genetics and demography) and modelling obser-
vations, a possible coupled microevolutionary/life-history
dynamics at the base of ecological specialization in the
genus Pseudo-nitzschia can be drawn as follows:

* A cloud of closely related genotypes emerges from a
clonal expansion (i.e., a bloom including only closely-
related genotypes) and constitutes a potential new eco-
type (Ruggiero et al., in press);

» Sex occurs at the end of this bloom, when 1) encounter
between mating cells is favoured by higher population
density (D’Alelio ef al., 2009b) and ii) gametogenesis
is energetically affordable because vegetative growth
has stopped (Scalco et al., 2014);

» The sexual progeny enters a precise life-cycle perio-
dicity with sex limited to the blooming season that
generated it (D’Alelio ef al., 2010);

* The phasing of bloom and sex promotes breeding and
recombination within and not between different eco-
types, thus guaranteeing the maintenance of selected
genetic features.

Since the timing of diatom sex is biologically deter-
mined, an ecotype may phase its life cycles with the peri-
odicity of seasonally-determined environmental
constraints, thus contributing to the emergence of season-
ality. For instance, it has been observed that species in the
genus Pseudo-nitzschia tend to form blooms during dif-
ferent seasons within the same coastal system (Ruggiero
et al., 2015) and an incipient ecological speciation, appar-
ently driven by sexual isolation between differently oc-
curring morphotypes, has been observed in P. galaxiae
(Cerino et al., 2005).

The accumulation, generation after generation, of life
history processes (such as genetic differentiation, differ-
ential adaptation and life-cycle shifts) plausibly provided
bases to emergence of seasonality of different plankton
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groups in coastal systems like the GoN (Modigh, 2001;
Ribera d’Alcala et al., 2004; Zingone et al., 2009; Maz-
zocchi et al., 2011; Ruggiero et al., 2015; Piredda ef al.,
2017). Nonetheless, phenology is subordinated to the abil-
ity of species populations to overcome short-term vari-
abilities stemming from the tangled interplay of proximate
biological and physical factors whose relative strengths
can change seasonally (Smayda, 1980; Reynolds, 1984;
Wyatt, 2014).

Recent advances in disentangling biological from phys-
ical drivers of plankton dynamics at short-time scale have
been gathered by integrating oceanographic and ecological
observations with modelling (Cianelli et al. 2017). The ap-
plication of these techniques to plankton in the coastal GoN
revealed that the dynamics of species abundances in coastal
water masses is mainly ruled by biological factors, such as
1) highly plastic physiological-responses of phytoplankton
to short-term environmental variability, ii) biologically-reg-
ulated germination and formation of resting stages involv-
ing (fitter) species producing massive blooms (Montresor
et al., 2013), and iii) inter-specific interactions, involving
mainly non-blooming (flatter) species (Cianelli et al. 2017).
All these factors ultimately determine species succession
at homogeneous environmental conditions (Scheffer ez al.,
2003).

FROM EVOLUTIONARY TO SYSTEMS
ECOLOGY

Ecological communities are complex adaptive entities
in which both direct and indirect inter-specific interactions
shape the coevolution of complementary traits that pro-
mote community stability (Joppa et al., 2009; Turcotte et
al., 2012; Guimaraes et al., 2017). Despite most studies
(including those mentioned in the previous sections) con-
sider single species populations in a simplified context
ruled by genetic and environmental constraints, plankton
species are not mutually isolated in the environment, their
populations are continuously mixed one another and sev-
eral kinds of interactions can establish and affect both
population and community dynamics (Lima-Mendez et
al., 2015; D’ Alelio et al., 2016a).

Coevolution of plankton organisms has been mainly
put in relation to mutualistic and antagonistic interactions,
such as symbiosis and parasitism, which seem to be wide-
spread in the oceans and play an important role in global
biogeochemical cycles (Lima-Mendez et al., 2015; Guidi
et al., 2016). Nonetheless, other trophic relationships can
emerge from complex natural history processes in which
predators and preys reciprocally affect each other’s evo-
lution. For instance, the pelagic tunicate Oikopleura
dioica (Appendicularia) is capable of ‘breeding’ the ciliate
Strombidium spp. with plankton particles directed by
feeding currents towards the tunicate’s gelatinous ‘house’

(Lombard et al., 2010); therefore, when its esophagus has
grown enough to ingest larger particles, the same appen-
dicularian feeds on ciliate cells, which are energetically
richer than small-sized phytoplankton (Lombard et al.,
2010). Remarkably, parasitism, mutualism and predator-
prey relationship succeed in time in the course of a single
life-history (Lombard et al., 2010).

Ciliate-appendicularian  coevolution apparently
emerged from the mutual ecological benefit of establish-
ing a trophic interaction: namely, ciliates provide appen-
dicularians with an essential, additional food-supply and,
at the same time, take advantage of appendicularian
houses to survive and grow in food-limited environments
(Lombard et al., 2010). Furthermore, this evolutionary-
determined ecological strategy has important implications
in the functioning of the pelagic system, since appendic-
ularians and ciliates play an important position in plank-
ton food-web (D’Alelio et al., 2016a). While
appendicularians are important hubs (i.e., they up-take
and deliver a remarkable amount of organic matter within
the plankton food-web) and act as keystone species (sensu
Power et al., 1996), ciliates are important food-sources
for copepods in oligotrophic conditions, because they de-
liver to these latter animals organic matter which they can-
not directly eat, such as the smaller-sized picoplankton
(D’Alelio et al., 2016a).

INTERACTION-BASED PLANKTON
FUNCTIONING

Plankton are considered as ‘complex adaptive sys-
tems’ (Leibold and Norberg, 2004), in which low-level in-
teractions, i.e., between individuals and the environment
and among individuals, determine high-level collective
responses (Levin, 2007). Therefore, investigating short-
term system-responses can provide us with conceptual
bases to delineate the self-organization/regulation abilities
of plankton communities. To the latter respect, the coastal
plankton in the GoN, which lives within an instable envi-
ronment at the boundary between the coastal, eutrophic,
and offshore, oligotrophic, dominions, can represent a
suitable model system (Ribera d’Alcala et al., 2004;
D’Alelio et al., 2015).

In the GoN, a study comparing community dynamics
from nanoflagellate to predatory mesozooplankton
(within an individual size-range spanning 5-2-10° um) in-
dicated the presence of co-variations of species trends po-
tentially related to different trophic links (D’Alelio et al.,
2015). When assembled into networks, co-variation links
help identifying system responses to a level higher than
that of population dynamics (Loreau, 2010). For instance,
the association network referring to a seasonal plankton
community in the GoN displayed a vertical topology (i.e.,
phytoplankton => herbivore zooplankton => carnivore
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zooplankton) during coastal, eutrophic states and a more

scattered topology (dominated by links among microbes)

during offshore, oligotrophic states (D’Alelio et al.,

2015). The above-mentioned study suggested that:

* The effects of resource intermittency may propagate
at different levels of ecological complexity (from in-
dividuals to individuals’ interactions);

e The community may respond ‘adaptively’ to physical-
chemical changes, like oscillations between eu- and
oligotrophy;

* Biological diversity would be crucial to guarantee a
system-response driven by changes in trophic interac-
tions within the same community.

Biodiversity is thought to enhance trophic diversity
within ecosystems (Lefcheck et al., 2015), and, in turn,
the stability of the latter depends from the robustness of
ecological networks regulated by trophic interactions
(Barabas et al., 2017). Studying food-webs is thus funda-
mental to reconcile the biodiversity (how many species
are there), structure (how they relate reciprocally) and
functioning (what they do collectively) in ecosystems
(Thompson et al., 2012). Also, ecological network models
exploiting the Ecopath methodology (i.e., interpolating
ecological networks by modelling biomass flows into
ecosystems) are among the best tools to this purpose
(Barabas et al., 2017). Building on qualitative observa-
tions carried out in the GoN, the plankton community was
investigated with one of such models (D’Alelio ef al.,
2015, 20164, 2016b), in which:

» ‘Diversity’ was defined by the variety of ‘functional
web-nodes’, i.e., species or groups of organisms with
specific biological characteristics (namely, size, phys-
iology, metabolism, behaviour and diet);

e “Structure’ was defined by the topology of food-web-
links, i.e., overall direction and intensity of biomass
fluxes among web-nodes (derived iteratively by the
model based on nodes’ biomass and biological char-
acteristics);

* ‘Functioning’ was defined as the efficiency of fluxes
(across the web and between consecutive trophic lev-
els) that was estimated from model output.

The above-mentioned model reproduced a plankton
food-web including very few specialists, which limited in-
terspecific competition, and a huge amount of weak
trophic links, which increased trophic alternatives (Fig. 4).
In virtue of these properties, almost all species in the
plankton food-web could switch their trophic preferences
based on available resources (Fig. 4). The above-men-
tioned study indicated that, when integrated within a food-
web context, evolutionary determined ecological strategies
were crucial to drive system functionality (D’Alelio ef al.,
2016a):
 Firstly, nested and convoluted protozoan-metazoan in-

teractions involved a myriad of trophic strategies

(such as mixotrophy, niche partitioning among proto-
zooplankters and different selective feeding by meso-
zooplankton) establishing several potential trophic
pathways;

* The above-mentioned trophic step showed the highest
trophic efficiency (up to 25%), the latter being the
ratio between the biomass taken by a trophic level and
that delivered to the subsequent one;

» High efficiency at intermediate trophic steps allowed
smoothing the effects of oscillations in primary pro-
duction on planktivorous-fish production;

* Finally, the surplus of matter and energy available at
the lower levels of the web was used by protozoo-
plankton as a resource to maintain species diversity.
Trophic plasticity at organismal level determines eco-

logical network flexibility, expressed as modifications in
both direction and intensity of trophic links (Fig. 4): this
allows plankton food-web to respond adaptively to system
changes. Such mechanism can explain the high resilience
of mesozooplankton grazers to trophic intermittency re-
ported in the GoN (Mazzocchi et al., 2012) (D’Alelio et
al., 2016a).

CONCLUDING REMARKS

Important modifications are presently occurring in
marine plankton communities - e.g., the rise of Harmful
Algal Blooms and global decrease of both phyto- and zoo-
plankton biomasses (Boyce et al., 2010; Chust et al.,
2014; Glibert and Burford, 2017). These phenomena are
plausibly the result of complex feedback mechanisms de-
termined by interplaying biological and environmental
factors, such as fast adaptation of microbes to changes in
chemical-resources regimes and trophic cascades occur-
ring at food-web level.

Despite the rising of reductionist evolutionary-ecology
approaches (mainly focusing on phytoplankton experi-
mental evolution and population dynamics; e.g., Collins
et al., 2014 and references therein), holistic ‘systems ecol-
ogy’ approaches that explicitly consider species interac-
tions in the process of understanding of plankton
functioning and resilience to environmental changes are
still at their infancy (Stec et al., 2017). Indeed, studying
ecosystems from a time-based, evolutionary perspective
relies on the availability of data over a time-period that is
suitable to observing processes that occur at very different
time scales but are all interconnected.

In Fig. 5 the main cause-effects relationships playing
in plankton function discussed in the present paper have
been assembled. Being based on patterns observed and
processes identified in the GoN, some links in the above-
mentioned network were not discussed though, such as
the effects of genetic diversity on reproduction rates and
of environmental factors on population dynamics and
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Fig. 4. Schematic of the plankton food-web in the Gulf of Naples during oligotrophic and eutrophic states, modified from D’Alelio et
al. (2016a). Nodes are species or group of species; links are biomass fluxes. In order to enhance data visualization, web links have been
obtained from log-transformation of fluxes-data presented in D’Alelio et al. (2016a).

Reproduction

Genetic
diversity

Population

Physical- dynamics

chemical
factors

Community
functioning

Species
interactions

Fig. 5. Hierarchical network schematizing the main regulative mechanisms of plankton system functioning based on considerations
presented in this paper. Full and dotted arrows illustrate direct and indirect links, respectively. The dotted square includes community
properties indirectly affected by community functioning.




196 D. D’Alelio

inter-specific interactions (for a review, see D’Alelio et
al., 2016b and references therein). One must anyway
consider that biocomplexity in the plankton system
largely exceeds that considered in the present paper.

As for evolutionary complexity and its role in species
adaptation, microevolutionary models discussed herein
can be likely applied to asexually reproducing planktonic
animals (e.g., cladocerans and pelagic tunicates) in the
need of interpreting their adaptation dynamics to chang-
ing environmental conditions. Concerning ecological
complexity, plankton food-web models should 1) consider
presently neglected organisms, such as virus and jelly-
fish, both playing fundamental roles in marine ecosys-
tems (Boero, 2015; Lara ef al., 2017), and ii) integrate
also the benthos dominion, in light of frequent biologi-
cally-mediated interactions between the two systems
(D’Alelio et al., 2017).

To this latter respect, LTERs offer a unique opportunity
for investigating ecological and evolutionary determinants
driving plankton functioning, from reproductive processes
occurring at species level to the circulation of energy and
matter playing at system level (Fig. 5). These researches
can set important conceptual and methodological back-
grounds to next-generation observatory studies exploiting
meta-omics technologies (de Vargas et al., 2015; Sunagawa
etal.,2015; Guidi et al., 2016) and exploring plankton bio-
complexity and functioning over complete and time-re-
solved biological and physical data matrices.
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