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Abstract 

 
The intricate and complex connectivity between the benthic and planktonic 

habitats was studied by addressing two distinct compartments of the planktonic 

community and two levels (community and population) of biological organisation. The 

strategy of resting stage production in phyto- and zooplankton species, exemplifies one of 

the biological links coupling the two habitats. Therefore, the present is a written account 

of the occurrence, viability, and temporal genetic fingerprint of resting stages in marine 

diatoms, dinoflagellates and cladocerans. A unique set of tools were employed to target 

each research question and target group. The study of eukaryotic and protist communities 

was approached by using next generation sequencing of two barcode regions (V4 and V9) 

of the 18s rDNA. Diatom diversity and viability of resting stages was examined by High 

Throughput sequencing metabarcoding and by the revival of present day and past strains 

from dated sediment layers. The occurrence and abundance of resting eggs in marine 

cladocerans was investigated by sampling both the water column and the sediments, as 

well as depicting the demographic profiles of cladoceran populations. Main findings 

highlighted temporal changes in relative abundance of key eukaryotic and protists groups, 

temporal changes in community corresponded with changes to the environment due to 

industrial pollution. Viability of diatom resting stages was limited to ~ 67 years with only 

Chaetoceros species germinating from old layers. Species of planktonic with resting 

stages and benthic diatoms revealed clear temporal breaks. Interspecific patterns in 

occurrence and abundance of the different life stages in marine cladocerans populations 

resulted in contrasting contributions to the sedimentary egg bank. Penilia avirostris and 

Pleopis polyphemoides were the main contributors to the cladoceran egg bank.  

Overall, this thesis adds a unique contribution to the understanding of the benthic-

pelagic coupling terms in coastal marine habitats at short (annual) and long (~180 years) 

timescale.  
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with solid lines while dotted lines were used for sub-clusters. On the right a time 
scale is given, representing the historical temporal windows and partitions (red-
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Fig. 2.17: Hierarchical clustering of samples from two sediment cores (Core 1: P 
and Core 2: C), based on a Bray-Curtis dissimilarity matrix from a normalised 
ASV abundance table for the Stramenopile community. Cluster were delimited 
with solid lines and clades with dotted lines.  Indicate layers that have been left 
out of a cluster or subcluster. 
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Fig. 2.18: Hierarchical clustering of sediment samples layers for Core 1 (a) and 
Core 2 (b), based on a Bray-Curtis dissimilarity matrix. The analysis was based 
on the normalised abundance of Stramenopiles ASVs. Clusters were delimited 
with solid lines while dotted lines were used for sub-clusters. On the right a time 
scale is given, representing the historical temporal windows and partitions (red-
dotted lines) created by the hierarchical clustering.  Indicate layers that have been 
left out of a cluster or subcluster. 
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Fig. 2.19: Stramenopiles diversity inferred from the V9 metabarcoding of the 
sedimentary DNA of Core 1 and Core 2. Groups are represented by an individual 
colour tone, except for Bacillariophyta for which the most abundant genera are 
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ASV abundance table for Metazoa. Clusters were delimited with solid lines. 
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on the normalised abundance of Metazoa ASVs. Clusters were delimited with 
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Fig. 2.23: Records of the distribution of Posidonia oceanica and macroalgae in 
the Gulf of Pozzuoli, a) Georeferenced re-elaboration of P. oceanica, built from 
reports by Funk 1927 and Parenzan 1956, elaborated by Puri et al. 1964. b) 
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Fig. 3.1: Map of the Gulf of Naples and Gulf of Pozzuoli (Tyrrhenian Sea, Italy), 
indicating collection sites of two sediment cores. For each core the geographical 
coordinates are given. 
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Fig. 3.2: Serial dilution setup for the germination of diatom resting stages from 
sediment layers. The plates were set up with 1g of sediment diluted in 9 ml of f/4 
medium from which 200 µl were drawn each time to make the next diluted step. 
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during which weekly observations were carried out to assert presence/absence of 
species in the various dilutions. Created with Biorender. 
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Fig. 3.3: Diatom taxa recovered in sediment layers by germination experiments 
(SDC) and most probable number (MPN) of viable resting stages recorded from 
two sediment cores. a-b) Total abundance of viable resting cells (g wet sediment) 
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Fig. 3.5: Alpha diversity indices for the diatom community from sediments in 
sediment cores. Core 1: a) values observed richness of ASVs, b) Simpson index 
values indicating the even distribution of ASVs in each sample, c) Shannon index 
values indicating the proportion of ASVs relative to the total number of ASVs. 
Core 2: d) observed richness of ASVs, e) Simpson and f) Shannon. 
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Fig 3.6: Hierarchical clustering of samples for the whole diatom assemblage 
from two sediment cores (Core 1 and Core 2), based on a Bray-Curtis 
dissimilarity matrix built from the normalised abundance of ASV. On the bottom 
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by metabarcoding of the V4-diatom marker of sedimentary DNA retrieved from 
two cores in the Bay of Bagnoli. * Correspond to sequences recovered from 
isolates obtained from incubation of the sediments with the SDC method. 
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Fig. 3.9: Isolates retrieved from the incubation of sediment layers from the 
Bagnoli cores and from which DNA was extracted. a) Amphora sp.: B1-
20Q(P12-B2), b) c.f. Fragilariopsis: B1-10D (P3-A2), c) Gedaniella sp.: B1-
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(Tyrrhenian Sea, Western Mediterranean Sea). 
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Fig. 4.2: Sampling device and sample storage. a) WP2 Zooplankton net. b) 
Collector fitted with 70 µm mesh. c) Sample fixed in ethanol (96%) and 
maintained at 5 oC.  
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Fig. 4.3: Counting instruments. a) An ethanol-fixed sample concentrated to a 
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Bogorov counting chamber. d) Cactus spines, needle, and glass pipette for 
handling specimens.  
 
Fig. 4.4: General morphology and diagnostic characters for the identification of 
the marine cladocerans (females) recorded in the present study. a) Pleopis 
polyphemoides, b) Podon intermedius, c) Evadne spinifera, d) Pseudevadne 
tergestina, e) Penilia avirostris. Adapted from Boltovskoy (1999). 
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Fig. 4.5: Examples of reproductive stages in marine cladocerans. a) 
Parthenogenic females of Pseudevadne tergestina (left) and Penilia avirostris 
(right) holding embryos in the brood pouch. b) Gamogenic females of 
Pseudevadne tergestina (left) and Penilia avirostris (right). V: vagina. c) Male 
of Pseudevadne tergestina (left) and Penilia avirostris (right); showing terminal 
hook on the first endopod and paired copulatory appendages. T: testis. Adapted 
from Onbé (1978c), Egloff et al. (1997) and Boltovskoy (1999). 
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Fig. 4.6: Resting eggs of the five marine cladoceran species recorded in the 
present study. a) Penilia avirostris, b) Pseudevadne tergestina, c) Evadne 
spinifera, d) Podon intermedius, e) Pleopis polyphemoides. Eggs view under 
reflected light (left) and transmitted light (right). From Marcus (1990), Onbé 
(1991), Madhupratap et al. (1996), Mugrabe et al. (2007), Briski et al. (2011). 
Scale bars in µm. 
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Fig. 4.7: Developmental stages of parthenogenic embryos. a) 1 to 6 stages for E. 
nordmanni, and b) I to XII stages for P. avirostris. In order of appearance for E. 
nordmanni, first antennae (A1), second antennae (A2), mandible (Md), maxillary 
and mandibular region (Mxr), thoracic segments (T1- T4), eye (E), endopodite 
(En), exopodite (Ea), carapace (C), and pigmented eye (Ep). For P. avirostris: 
first and second antenna (A1 & A2), mandible (Md), thoracic appendages (P1 -
P6), first and second maxilla (Mx1 & Mx2), Carapace (Crp), endopodite (Enp), 
exopodite (Esp) and postabdomen (Pabd). Adapted from Egloff et al. (1997). 
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Fig. 4.8: Surface sediment sampling and processing of 2 cm samples with the 
sucrose resuspension method. Created with Biorender.  
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Fig. 4.9: Patterns of temporal variability of a) temperature, b) salinity and c) 
chlorophyll-a at LTER-MC station during the study period. 
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Fig. 4.10: Marine cladoceran abundance at LTER-MC station. a) Abundance of 
total cladocerans for each sampling year. b) Relative abundance of individual 
species. Vertical dotted lines mark calendar seasons; not-sample dates are in red. 
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Fig. 4.11: Life cycle stages of marine cladocerans found at LTER-MC station. 
Parthenogenic females of a) Penilia avirostris, b) Pseudevadne tergestina and c) 
Podon intermedius; Gamogenic females carrying a resting egg of d) Penilia 
avirostris, e) Pseudevadne tergestina and f) Pleopis polyphemoides; Males of g) 
Penilia avirostris, h) Pseudevadne tergestina and i) Evadne spinifera; Free 
resting eggs of j) Penilia avirostris, k) Pleopis polyphemoides and parthenogenic 
neonate, l) Podon intermedius.  
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Fig. 4.12: Penilia avirostris occurrence and demographic structure. a) 
Abundance of total population (ind. m-3), b) Abundance of sexual life stages (ind. 
m-3), c) Relative abundance of different life stages (%), d) Abundance of free 
resting eggs (egg m-3). Not sampled dates are in red. 
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Fig. 4.13: Pseudevadne tergestina occurrence and demographic structure. a) 
Abundance of total population (ind. m-3), b) Abundance of sexual life stages (ind. 
m-3), c) Relative abundance of different life stages (%), d) Abundance of free 
resting eggs (egg m-3). Not-sampled dates in red. 
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Fig. 4.14: Evadne spinifera occurrence and demographic structure. a) 
Abundance of total population (ind. m-3), b) Abundance of sexual life stages (ind. 
m-3), c) Relative abundance of different life stages (%), d) Abundance of free 
resting eggs (egg m-3). Not-sampled dates in red. 
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Fig. 4.15: Podon intermedius occurrence and demographic structure. a) 
Abundance of total population (ind. m-3), b) Abundance of sexual life stages (ind. 
m-3), c) Relative abundance of different life stages (%), d) Abundance of free 
resting eggs (egg m-3). Not-sampled dates in red. 
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Fig. 4.16: Pleopis polyphemoides occurrence and demographic structure. a) 
Abundance of total population (ind. m-3), b) Abundance of sexual life stages (ind. 
m-3), c) Relative abundance of different life stages (%), d) Abundance of free 
resting eggs (egg m-3). Not-sampled dates in red. 
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Fig. 4.17: Scatter plots for abundance vs temperature and Salinity for a) Penilia 
avirostris, b) Pseudevadne tergestina, c) Evadne spinifera, d) Podon 
intermedius, and e) Pleopis polyphemoides. 
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Fig. 4.19: Scatter plots for abundance vs temperature and Salinity of the four life 
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Fig. 4.20: Scatter plots for abundance vs temperature and Salinity of the four life 
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Fig. 4.23: Mean annual number of embryos per parthenogenic female for the 
three most abundant cladoceran species in the two years. Box plots indicate the 
average number of embryos for each species, the upper and lower quartiles of 
the distributions and the p value of pairwise comparisons of the means. 
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Penilia avirostris. a) Total abundance of parthenogenic females. b) Average 
number of embryos with standard deviation vertical bars (± SD). Not-sampled 
dates in red. 
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Fig. 4.26: Average number of parthenogenic embryos (embryos female-1) in 
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Average number of embryos with standard deviation vertical bars (± SD). Not-
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Fig. 4.27: Relative abundance of parthenogenic embryos at three stages of 
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Fig. 4.28: Average number of parthenogenic embryos (embryos female-1) in 
Evadne spinifera. a) Total abundance of parthenogenic females. b) Average 
number of embryos with standard deviation vertical bars (± SD). Not-sampled 
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Fig. 4.29: Relative abundance of parthenogenic embryos at three stages of 
development in Evadne spinifera. Not-sampled dates in red. 
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Fig. 4.30: Marine cladoceran resting eggs in surface sediments (2 cm) from the 
LTER-MC station. a-c) Mean number of resting eggs m-2 found at different 
depths in Spring 2019, Autumn 2019 and Spring 2020, standard deviation, 
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Fig. 4.31: Seasonal occurrence and population dynamics of five species of 
marine cladocerans occurring at the LTER-MC station. The cycle represents the 
2019 sampling period. One representative species of the spring (Pleopis 
polyphemoides) and summer (Penilia avirostris) seasons are shown. Overlap 
between the species is represented by vertical, intercalated lines, coloured 
according to each species. Five life stages are shown for the individual species. 
In order of occurrence: Podon intermedius in blue, Pleopis polyphemoides in 
green, Evadne spinifera in red, Penilia avirostris in purple, and Pseudevadne 
tergestina in yellow.  
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Chapter I 

 
PART I 

 

THE BENTHIC-PELAGIC COUPLING 

 
1.1 Defining the benthic-pelagic coupling 

 

The marine environment, seemingly continuous and unstructured, has 

commonly been divided into two major habitats, i.e., the benthic and the pelagic ones, 

both being instead intrinsically connected by physical, chemical and biological 

processes. The former refer to the energy flow and fluxes of nutrients between the 

two habitats (Griffiths et al., 2017), while the latter incorporate life-cycle strategies 

and patterns of both planktonic and benthic organisms. The connection between these 

two compartments is considered as the coupling between the two habitats, as benthic 

processes affect the overlying pelagic system and vice-versa (Marcus & Boero, 1998; 

Clifton, 2019). Moreover, three major mechanisms are involved in the benthic-pelagic 

coupling: the movement of organisms, trophic interactions and biogeochemical 

cycling. The coupling and its intricate mechanisms are ultimately influenced by 

physical factors like depth, temperature, light, and physical mixing occurring across 

multiple temporal and spatial scales (Baustian et al., 2014). 

 

Plankton, composed of both autotrophic and heterotrophic organisms, i.e., 

phyto- and zooplankton, is a fundamental component of aquatic environments, as well 

as a key driver of the coupling between the two habitats through elements of their life 

cycles (Marcus & Boero, 1998), which can move from one habitat to the other 

actively, or passively by sinking from the water column to the bottom. The life cycle 



Plankton-Benthos Coupling at Different Time Scales 
 

 

4 

of several planktonic taxa involves the production of dormant or resting stages (Wall 

& Dale, 1968; French & Hargraves, 1985; Hand, 1991) as a response to unfavourable 

environmental conditions (Boero et al., 1996; Cáceres, 1997). These stages can spend 

extended periods of time (from decades to millennia) in the sediments as inactive 

forms of the species (e.g., Onbé, 1972; Marcus, 1990; Lundholm et al., 2011; Sanyal 

et al., 2021), and once favourable conditions for growth and reproduction are 

reinstated, they are stimulated to break dormancy and become part of the planktonic 

community. The meroplanktonic nature of this type of life cycles, i.e., a life cycle that 

is composed of both planktonic and benthic stages, is one of the reasons of the 

observed cyclical variation in abundance of planktonic species with resting stages, 

which is more evident in areas with mark seasonal fluctuations such as boreal and 

temperate regions (Dahms, 1995; Boero et al., 1996; Holm et al., 2018). The periodic 

variation results in a discontinuous presence of species in the water column resulting 

in different assemblages of species throughout the annual cycle (Boero, 1994).  

 

1.2 Dormancy 

 

Dormancy has been broadly defined as a reversible state of low metabolic 

activity (Bradley et al., 2019), in response to adverse environmental conditions (Boero, 

1994; Jones & Lennon, 2010).  

For microorganisms like unicellular eukaryotes, the state of dormancy encompasses three 

stages: initiation, resting and resuscitation (Lennon & Jones, 2011). The initiation stage 

involves a cellular response that triggers the storage of energetic macromolecules and the 

reorganisation of the cellular machinery (Daignan-Fornier et al., 2021). During the resting 

period, the stored molecules become depleted as maintenance of the dormant stage have 

an energetic cost, this in turn sets the time-limit of the resting state. The final state is the 

resuscitation, i.e., exit from dormancy in response to environmental cues, such as 

temperature and light (Lennon & Jones, 2011). 

In animals, dormancy can be distinguished in two categories, i.e., quiescence and 

diapause, both being a state of metabolic and/or developmental arrest imposed by adverse 

environmental conditions. However, diapause differs from quiescence in that is a 

genetically programmed mechanism uninfluenced by external environmental cues, in 
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which individuals may remain dormant even when favourable conditions are reinstated 

and release from diapause is triggered by specific cues or a combination of cues (Hand, 

1991; Boero, 1994; Brendonck, 1996; Cáceres, 1997). 

 

Resting stages sink through the water column until they reach the bottom sediments 

and become incorporated into the benthic habitat. The accumulation of these stages 

through time contributes to the diversity and dynamics of the communities in future 

generations (Jones & Lenon, 2010). The abundance and distribution of resting stages 

(seed bank) provide insurance against local extinction (Lenon & Jones, 2011), seed 

banks represent a reservoir of propagules with generational overlap, as not all resting 

stages produced in one year will hatch/germinate on the next, while at the same time 

increasing the standing genetic variation available to populations for responding to 

changes in the environment (Hairston, 1996; Kremp et al., 2016). Moreover, 

sedimentary seed banks could provide information on the species composition of 

plankton blooms at a given site and time of the year (Boero, 1994). As such, dormancy is 

a life history strategy with ecological (short-term) and evolutionary (long-term) 

implications.  

 

1.2.1 Ecological implications 

 

Dormancy is a mechanism employed by a plethora of organisms to persist in a 

variable environment. Dormant stages are resistant to environmental conditions that are 

lethal to other stages in the species life cycle and are therefore important for the persistence 

of the species when they accumulate forming a sedimentary bank with overlapping 

generations (Hairston & De Stasio, 1988; De Stasio, 1989; Cáceres, 1997; Cáceres & 

Tessier, 2003). In addition, due to the sturdiness of the protective cell walls, resting stages 

are readily transportable and represent a propagation potential for the species allowing 

them to colonize new areas (Boero et al., 1996; McQuoid & Hobson, 1996). Many 

geographical and ecological barriers can be crossed by these stages, which would account 

for the wide distribution of several phytoplankton (Busseni et al., 2020; De Luca et al., 

2019) and zooplankton species (Baumgartner & Tarrant, 2017; Holm et al., 2018) that 

employ this strategy. Moreover, survival after passage through the gut of predators, which 



Plankton-Benthos Coupling at Different Time Scales 
 

 

6 

was confirmed for dinoflagellates (Kremp et al., 2003; Montresor et al., 2003) and various 

zooplankton resting eggs (Proctor and Malone, 1965; Moore and Faust, 1972; Marcus, 

1984; Jarnagin et al., 2000; Radzikowski, 2013), further expands their dispersal potential 

when ingested and carried by an actively moving predator. The displacement of resting 

stages becomes an important ecological issue when occurring in species that produce 

toxins as they pose a threat to ecosystem functioning, as it is the case with several species 

of toxic dinoflagellates (Attaran-Fariman, 2007; Bolch & de Salas, 2007 Tang et al., 

2021). 

 

Another ecological role that is primarily associated with phytoplankton resting 

stages is the transport of carbon into the benthic habitat, acting as carbon sinkers and 

storers. As suggested by McQuoid & Hobson (1996), resting stages produced in the water 

column may aggregate to increase their sinking rate; this aggregation of cells may impact 

the cycling of nutrients in the system by carrying lipids, carbohydrates, and proteins to the 

bottom sediments. Diatoms, account for ~ 40% of the particulate carbon exported to the 

deep and are key elements of the biological pump (Treguer et al., 2017). In the Southern 

Ocean, diatom resting spores contributed to 42% of the annual particulate organic carbon 

flux in South Georgia (Rembauville et al., 2016), and in the sub-polar North Atlantic, 

diatoms were responsible for ³ 99% of the cell flux, 50 to 95% of this was due to the 

vegetative cells and resting spores of the genus Chaetoceros; moreover, the resting spores 

of a single diatom species -Chaetoceros aff. diadema constituted 35 to 95% of the cell 

flux recorded (Rynearson et al., 2013). Lastly, as explained by Ellegaard & Ribeiro 

(2018), the high abundance of resting stages in coastal sediments represent an important 

carbon stock in these habitats as resting stages act as carbon sinks and storage. In a similar 

manner, diatoms are also silica sinkers because of the composition of their cell walls or 

frustules, they play a pivotal role in the silica cycle, particularly in coastal areas where 

they account for a total of 136 Tmol Si year-1 of biogenic silica (Treguer et al., 2013). 

 

1.2.2 Evolutionary implications  

 

The dormancy strategy is viewed as a long-term insurance against an unpredictable 

future but at the expense of short-term fitness (Ellegard & Ribeiro, 2018). As explained 
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by Cáceres & Tessier (2003), only a small fraction of the dormant propagules terminates 

dormancy, this will depend on the frequency of favourable conditions occurring in a 

habitat and the proportion of propagules that survive during dormancy. This is known as 

a bet-hedging strategy, a risk spreading approach that accounts for an unpredictable future, 

as it has been observed in terrestrial plants (Childs et al., 2010), freshwater cladocerans 

(Cáceres & Tessier, 2003) and rotifers (García-Roger et al., 2014), but it has not been 

investigated in phytoplankton thus fur.  

As argued by Cáceres & Tessier (2003), the optimal dormancy strategy is shaped 

by a balanced interaction between selective-evolutionary forces (that vary according to 

habitat) and the risk in the form of predation and burial experienced by both active and 

resting stages. 

 

It has been observed that genetic and phenotypic diversity in sedimentary banks is 

high because of the accumulation of resting stages over generations; moreover, this high 

level of diversity was maintained over time, up to ~100 years in diatoms (Lundholm et 

al., 2011) and dinoflagellates (Härnström et al., 2011, Kremp et al., 2016).  

Within a species’ habitat, the genetic structure is influenced by past and present 

gene flow. Considering the accumulation of resting stages in sedimentary banks over time, 

these represent a gene pool of differentially adapted alleles that maintains high levels of 

polymorphism and enhanced genetic diversity (Sundqvist et al., 2018).  

 

In zooplankton, the existence of an egg bank was found to slow down the rate of 

evolution when under strong selection (Predation pressure halting the production of 

resting eggs) (Hairston & De Stasio, 1988). According to the authors, the rate of evolution 

is slowed down by the dormant egg bank because a fraction of a populations gene pool is 

sequestered in each generation and thus it is uninfluenced by microevolutionary processes. 

In an experiment with two populations of the freshwater copepod Diaptomus sanguineus, 

the rate of phenotypic change was observed to be influenced by hatching of resting eggs 

which represented the phenotypes of an older population that was not exposed to high 

predation pressure and resulted in a different timing of the resting egg production of the 

following population (Hairston & De Stasio, 1988). Likewise, in a simulation with 

populations of eight crustacean taxa that produce resting eggs, Boileau et al. (1992) 

suggested that egg banks could dilute the genetic contribution of migrant individuals when 
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populations were initiated from the hatching of a few resting eggs (founder effect) as these 

would result in low genetic diversity over thousands of generations (Boileau et al., 1992). 

However, under a scenario of fluctuating selection, the dormant egg bank can enhance 

evolution because of the archiving of dormant genetic variants, leading to higher 

genotypic variance in the sediments compared to the overlying planktonic population 

(Bendronck & De Meester, 2003). 

 

In unicellular eukaryotes, Sundqvist et al. (2018) observed that the sedimentary 

bank is a genetic reservoir that counteracts the effects of genetic drift and migration. The 

authors concluded that the stronger the link between the active and the dormant 

population, the longer it took for an allele to reach fixation, thus giving plenty opportunity 

to increase genetic diversity over time and thus enhance population differentiation 

(Sundqvist et al., 2018). Moreover, the genetic diversity archived in seed banks has been 

observed to have the potential to assist populations of the toxic dinoflagellate Alexandrium 

ostenfeldii to adapt to future scenarios of climate change (Kremp et al., 2016), attesting 

for the high phenotypic diversity present in sedimentary banks.  

 

1.3 Dormancy in unicellular organisms 

 

Among unicellular organisms, diatoms, dinoflagellates, haptophyte, raphidophyte 

and green algae have documented production of resting stages (Dale, 1983; Lewis et al., 

1999; Ellegaard et al., 2016; Ellegaard & Ribeiro, 2018), with diatoms and dinoflagellates 

having extensive literature records pertaining their formation, distribution, ecology and 

evolution (e.g., McQuoid & Hobson, 1996; McQuoid et al., 2002; McQuoid & Godhe, 

2004; Härnström et al., 2011; Ishii et al., 2011; Lundholm et al., 2011; Ribeiro et al., 

2011b; Miyazono et al., 2012; Tsukazaki et al., 2013; Montresor et al., 2013; Klouch et 

al., 2016; Rembauville et al., 2016; Kremp et al., 2018; Pelusi et al., 2020). 

 

1.3.1 Bacillariophyceae (Diatoms) 

 

The resting stages of diatoms include two forms, resting spores and specialised 

resting cells. Resting spores are morphologically differentiated from resting and 
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vegetative cells. Spores exhibit a thick and heavily silicified frustule surrounding a dark 

cytoplasm, while resting cells are morphologically similar to vegetative cells but have 

undergone physiological and cytoplasmic changes (e.g., Anderson, 1975; Kuwata et al., 

1993; Pelusi et al., 2019). Physiologically, both resting cells and spores have been 

observed to have a higher cellular carbon to nitrogen ratio than vegetative cells and their 

organelles are more condensed (McQouid & Hobson, 1996 and references therein). 

Diatoms reproduce by binary fission (Fig. 1.1). Two new cells are formed within 

the parent cell: one receives the parental epitheca the other receives the smaller hypotheca. 

The parental thecae will be the epithecae of the daughter cells that subsequently synthesize 

the smaller hypothecae. It follows that the two daughter cells will differ in size. Because 

of this size differences between parental cell units the size of cells per each cell division 

progressively decreases in the population. A manner of restoring cell size is by 

auxosporulation involving sexual reproduction (Hasle & Syvertsen, 1997). The formation 

of resting spores is however the result of vegetative cell division by mitosis and is part of 

the life cycle of several diatom species (Tomas, 1995; Round et al., 1990). Spore 

formation by sexual reproduction has only been seen in Leptocylindrus danicus 

(Hargraves & French, 1983; French & Hargraves, 1985; Hargraves, 1990). The formation 

of resting stages differs between species, for example it can take between 6 to 48 h for the 

spores of Chaetoceros didymus (von Stosch et al., 1973) or up to one month for the resting 

cells of Amphora coffeaformis (Anderson, 1975). 

 

Nutrient depletion, in particular nitrogen limitation, pH, light, temperature and 

salinity have been observed as the main triggers for spore formation, acting singly or in 

combination (Smayda & Mitchell-Innes, 1974; Anderson, 1975; von Stosch & Fecher, 

1979; French & Hargraves, 1980 Kuwata et al., 1993; McQuoid & Hobson, 1996; Pelusi 

et al., 2019). More recently, a density dependent mechanism has been observed in 

Chaetoceros socialis that regulates spore formation (Pelusi et al., 2020a), indicating that 

chemical signals produced by vegetative cells triggered the transition to spores. Moreover, 

the presence of viral particles has triggered the mass formation of resting spores in C. 

socialis in response to infection; germination of infected spores was registered while there 

was no propagation of the viruses (Pelusi et al., 2020c).  
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Minimum metabolic activity is registered during the resting period and the stored 

compounds ensure survival while at the same time place a limit to the resting period 

(Lennon & Jones, 2011). It is important to mention that not all cells in a population 

produce resting stages (von Stosch et al., 1973; Hargraves & French, 1983). Dormancy is 

not a cost-free strategy; vegetative division may be sacrificed and the energetic demand 

for the production and accumulation of storage compounds could result in only a number 

of individuals capable of producing resting stages (McQuoid & Hobson, 1996). This has 

further implications for the number of resting stages that reach the bottom-sediments, 

influencing the assemblage of benthic resting stages, commonly known as sedimentary 

seed banks. 

 

For the dormant strategy to be successful and adaptive, resting forms must be 

capable of germinating when conditions in the environment favour germination (Lennon 

& Jones, 2011). Light is important in triggering the germination of diatom resting stages 

(Anderson, 1975; French & Hargraves, 1985; Sicko-Goad et al., 1989; McQouid & 

Hobson, 1995) while temperature influences the time it takes for spores to germinate but 

it does not cause the break from dormancy (von Stosch & Fecher, 1979). The interaction 

of temperature and daylength was observed to be an important driver in triggering and 

accelerating the germination time in diatom resting stages. By exposing resting stages of 

six species to 16 different combinations of temperature (5, 10, 15 and 20 oC) and daylength 

(10, 12, 14 and 16 light h), McQuoid & Hobson (1995), depicted a general decrease in 

germination time with increasing temperature but with interspecific variations in the effect 

of daylength. For example, the germination time of Chaetoceros similis and Odontella 

aurita decreased as temperature increased from 10 to 15 oC and given photoperiods 

between 12 and 14 h, while for C. didymys germination time decreased when the given 

photoperiod was 10 and 12 hours and at 15 and 20 oC. Ditylum brightwelli spores 

germinated rapidly under all the tested conditions with a minimum germination time of 

24 h (McQuoid & Hobson, 1995). Moreover, the identified optimal temperature and 

daylength thresholds in the lab were similar to those observed for the different species in 

the natural environment, thus providing support to the role of these two environmental 

factors in regulating germination of diatom resting stages and hence to the role that resting 

stages play in the seasonal succession of these marine diatoms (McQuoid & Hobson, 

1995).  
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Fig. 1.1: Schematic representation of the invitro life cycle of Chaetoceros diadema described by French 

& Hargraves (1985). a-c) Vegetative cells diminish in size, d-f) Spermatogonangium and successive 

formation and release of spermatogonia, g-h) Biflagellate spermium transforms into uniflagellate 

sperm and attach to female gametangium, i) Initial formation of auxospore, j) Formation of vegetative 

cell within auxospore, k) Formation of resting spore within initial vegetative cell (spore formation is 

not obligated at this stage), l) Resting spore formation in vegetative cell chain, m) Separation of spore 

valves and formation of setae during germination, n) Shedding of spore valves and initiation of 

vegetative chain. 
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1.3.2 Other unicellular organisms  

 

Other unicellular eukaryotes for which production of resting stages has been 

reported are dinoflagellates, haptophytes, prasinophytes, chrysophytes and cyanobacteria 

(Ellegaard et al., 2016; Ellegaard & Ribeiro, 2018). 

Dinoflagellates are taxonomically diverse and ecologically important components of the 

phytoplankton in many coastal areas of the world (Mordret, 2018). Their life cycle is 

driven by mitotic division of haploid stages, where a parental cell divides into two 

identical daughter cells, and the only diploid stage is the zygote. This later stage can either 

divide meiotically, thus returning to a haploid stage, or form a resting cyst. Thus, the 

formation of resting cysts in dinoflagellates is generally the result of sexual reproduction 

that can be homothallic (fusion of gametes derived from the same clonal strain) or 

heterothallic (fusion of gametes from strains of complementary mating-type) (Figueroa et 

al., 2010). However, in some dinoflagellates resting stages can be formed without sexual 

reproduction (Ellegaard & Ribeiro, 2018) as is the case of Apocalathium malmogiense 

(previously known as Scrippsiella hangoei) (Kremp & Parrow, 2006). 

 

During encystment, the cell wall grows thicker and external ornamentations 

(ridges and processes) can be formed (Dale, 1983; Graham et al., 2016). Cell morphology 

deviates substantially from that of vegetative cells to such a degree that the cysts of many 

dinoflagellates were previously considered to be different species (Wall & Dale, 1968a 

and b; Wall, 1971). In dinoflagellates, encystment is a response to the natural environment 

with nutrient depletion playing an important role in triggering encystment (e.g.: Anderson 

et al., 1994; Anderson, 1985) but spontaneous cyst formation has been recorded in high 

nutrient cultures for species like Alexandrium catenella (Anderson, 1998) and Scrippsiella 

hangoei (Kremp & Heiskanen, 1999). Moreover, in four species of dinoflagellates with 

calcareous (biogenic calcium carbonate) cysts, Sgrosso et al. (2001) identified the 

interplay of at least three environmental factors regulating cyst production. Shorter day 

lengths (8 h) and high temperatures (20 and 25oC) were the major drivers of encystment, 

while nutrient limitation played a minor role. Furthermore, in one of the studied species - 

Scrippsiella rotunda-, it was observed that the amount of irradiance (two photon-fluence 

densities tested) did not affect the production of cysts, instead, day length was the main 

factor controlling cyst formation (Sgrosso et al., 2001). Intraspecific differences in the 
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production of cysts have also been observed for at least S. rotunda; in the laboratory 

experiment by Sgrosso et al. 2001, shorter daylengths favoured encystment while in situ 

observations indicated that cyst production of this species was high also at longer 

daylengths (Montresor et al., 1998). Other drivers of encystment in dinoflagellates are 

mediated by pathogens, such as the interaction with bacteria observed in Alexandrium 

species from Hiroshima Bay (Adachi et al., 2004). Exposure to pollutants such as copper 

led to the loss of motility in vegetative cells of Alexandrium tamarense (=Gonyaulax 

tamarensis), which the authors called a temporary resting stage in the life cycle of the 

species, but it did not represent a dormant stage sensu stricto (Anderson & Morel, 1978). 

 

Haptophytes are a group of microalgae with mainly marine or brackish 

representatives (Jordan et al., 2004). The resting stages of haptophytes have been 

relatively less studied, but Ellegaard et al. (2016) observed the long-term survival of 

haptophyte cells that were able to germinate from sediment cores of approximately 42-

years of age. Prasinophytes are a group of green algae with most representatives in the 

marine environment. Only a few records of resting cysts or other forms of dormant stages 

have been reported in this group, among which there are Mantoniella squamata by 

Ellegaard et al. (2016) and Pyramimonas gelidicola (an Antarctic species) by Van de Hoff 

et al. (1989). Filamentous cyanobacteria, a well-represented group in freshwater, produce 

resting stages known as akinetes, which are larger cells with thick walls and several 

storage vesicles. Species-specific triggers for the differentiation of akinetes have been 

identified, mainly low light, nutrient depletion, and low temperatures (Garg & Maldener, 

2021). Long-term (~120 years) survival of akinetes have been reported from lake 

sediments (Wood et al., 2008). 

 

1.3.3 Long-term survival of resting stages in unicellular organisms 

 

The constant deposition of particulate organic and inorganic matter in aquatic 

environments leads to the accumulation of resting stages (dormant seedbanks), which in 

time become buried creating stratified sedimentary seedbanks. Sediment cores can be 

accurately dated by radiometric methods that rely on known historical events that leave a 

unique signature such as volcanic eruptions or nuclear bombing. Dating of sediment cores 
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has traditionally been done with isotopes like lead (210Pb) and caesium (137Cs), while 

carbon (14C) is used for older sediment samples (Orsini et al., 2013). By dating sediment 

samples, it is possible to align the history of natural communities to environmental 

changes. In turn the vertical distribution of resting stages permits to reconstruct and 

document ecological and evolutionary processes that lead to present-day populations. 

Providing insights into the genetic structure, adaptive responses, and evolutionary 

trajectories from individuals to entire communities (Ellegaard et al., 2018; Ellegaard et 

al., 2020). These aspects are particularly important when addressing invasion history of 

species that pose a threat to ecosystems, for example the case of Alexandrium minutum in 

the Bay of Brest. Klouch et al. (2016), by looking at cyst distribution of this species in 

two dated sediment cores, observed that the species was already present in the area ~ 100 

years before its first detection in the water column.  

 

The mechanisms promoting the persistence of resting stages for such extended 

periods of time, are both endogenous and exogenous, but both work together to prevent 

early germination and promote the maintenance of cell viability while encysted (Ellegaard 

et al., 2018).  

The endogenous factors include the amount of storage compounds, the 

morphology of the cell wall (thickness and robustness) and whether there is a mandatory 

dormancy period as is the case for dinoflagellate cysts. (Ellegaard et al., 2018). Resting 

stages have a higher number of storage vesicles compared to vegetative cells; the stored 

molecules varying from organism to organism, for example in dinoflagellates the main 

storage compound is starch, in diatoms lipid droplets and in cyanobacteria the amino acid 

polymer cyanophycin (Ellegaard et al., 2018; Garg & Maldener, 2021). The thick cell 

walls of resting stages function as a shield against predation, desiccation, and degradation 

by microorganisms, they are thick and sturdy structures that differ in composition 

according to taxa. In some species of dinoflagellates, the cell wall of cysts is composed of 

complex carbohydrate polymers similar to cellulose or sporopollenin, while in diatoms 

spores are heavily silicified (Kuwata et al., 1993; McQuoid & Hobson, 1996). 

Haptophytes resting stages are surrounded by a cellulose membrane that can be 

impregnated with silica in some species (Ellegaard et al., 2016).  

Exogenous factors include environmental conditions such as temperature, 

darkness, and oxygen levels. Cold temperatures were reported to increase the length of 
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time that diatoms resting stages remain viable (McQuoid & Hobson, 1996). Dark 

conditions were also reported to prolong survival times of diatom spores (Smayda & 

Mitchell, 1974; Hargraves & French, 1983), as complete darkness inhibits germination or 

reduces its frequency (Agrawal, 2009; Kremp & Anderson, 2000). Anoxic conditions also 

promote the long-term viability of resting stages, particularly in the marine environment 

(Härnström et al., 2011; Lundholm et al., 2011; Ellegaard et al., 2013), as bacterial 

degradation of organic matter is expected to be low in anoxic sediments (Capo et al., 

2021b). A driver for the long-term survival of resting stages that encompass both 

endogenous (thickness of cell walls) and exogenous factors (ingestion by predators) is 

predation on resting stages by planktonic/benthic organisms (See section 1.2.1).  

 

Unicellular organisms showed survival times varying from decades to centuries 

and even to millennia, this later was the case of resting stages from the marine diatom 

Chaetoceros muelleri in sediments of the Baltic Sea that registered survival times of 

~7,200 years (Sanyal et al., 2021). Survival times spanning from 6 to 8 years for diatoms, 

and 9 years for dinoflagellates were reported in a study in which sediment samples stored 

in the fridge were periodically exposed to the light (Lewis et al., 1999). While survival 

times up to 20 to 55 years were reported for dinoflagellates (4 species) and diatoms (3 

species) resting stages found in sediments of a coastal Swedish fjord (McQuoid et al., 

2002); and up to 100 years for the resting cells of the diatom Skeletonema marinoi 

germinated from a sediment core collected in mariager Fjord, Denmark (Härnström et al., 

2011; Lundholm et al., 2011; Ribeiro et al., 2011; Miyazono et al., 2012; Ellegaard et al., 

2013; Ellegaard et al., 2017).  

 

1.4 Dormancy in multicellular organisms 

 

In the aquatic environment, metazoan taxa exhibiting dormancy in their life cycle 

are cnidarians (Boero et al., 2008; Arai, 2009), cladocerans, copepods (three orders), 

ostracods, rotifers, tintinnids and tardigrades (Marcus, 1990; Dahms, 1995; Cáceres, 1997; 

Radzikowski, 2013; Clausen et al., 2014; Baumgartner & Tarrant, 2017; Holm et al., 

2018; Belmonte & Rubino, 2019). Dormancy in aquatic invertebrates can be expressed at 

different ontogenic stages (e.g., from egg to adults) across taxa, but within a single taxon 
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it occurs at only one of these stages. For example, in cladocerans and most calanoid 

copepods, dormancy is restricted to resting eggs, while in cyclopoid copepods encystment 

occurs only in copepodites and adults. The exception are rotifers from the subclass 

Bdelloidea, which can enter dormancy at different stages as embryos, juveniles, or adults 

(Ricci, 2001; Radzikowski, 2013). 

 

1.4.1 The case of marine cladocerans 

 

Cladocerans are small planktonic crustaceans widely distributed in freshwater, 

brackish and marine waters. They reproduce parthenogenetically giving rise to diploid 

females that hutch from unfertilised eggs (thelytokous parthenogenesis); such mode of 

reproduction allows for a rapid numerical increase of populations (Egloff et al., 1997). 

When the population reaches a maximum peak of abundance, overcrowding and or 

adverse environmental conditions induce the production of male offspring by 

deuterotoque parthenogenesis. As males begin to appear in the population, a proportion 

of the parthenogenic females switch from parthenogenesis to a gamogenic production of 

a single (much larger) egg which is then fertilised by a male and develops into a resting 

egg. 

Despite being far less diverse than their freshwater counterparts, marine 

cladocerans are an important component of the zooplankton in several coastal regions of 

the world. They attain numerical dominance during the warmer periods, often matching 

or surpassing the abundance of copepods (Ribera d’Alcalà et al., 2004; Isinibilir et al., 

2008; Gislason et al., 2009), thus playing an important role in the planktonic food web by 

ensuring the transfer from primary production to higher trophic levels (Marazzo & 

Valentin, 2004). 

The resting eggs of marine cladocerans are a key (benthic) stage in their life cycle. 

Resting eggs differ in size and morphology from that of parthenogenic -subitaneous eggs; 

they possess a protective, thick outer membrane (with interspecific differences in 

thickness) and deposits of yolk that are dense and often give a dark-brown colour to the 

egg of some species (Marcus, 1990; Onbé, 1991; Madhupratap et al., 1996; Mugrabe et 

al., 2007; Briski et al., 2011). A single egg is often carried in the brood pouch of the 

female. Resting eggs are then released in the water during the ecdysis or following the 
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death of the mother, then they sink to the bottom and remain there until resuspension into 

the water column (Onbé, 1972; Kim & Onbé, 1989; Egloff et al., 1997).  

The parthenogenic growth of populations in marine cladocerans is seemingly 

associated with environmental conditions that favour growth and reproduction. Individual 

species have specific requirements of temperature, salinity, and food availability, often 

overlapping in time when two or more species occur in the same coastal area (e.g.: Onbé, 

1985; Mujica & Espinoza, 1994; Tang et al., 1995; Uye et al., 2000; Miyashita et al., 

2011). The transition to sexual reproduction has often been recorded when the population 

reaches maximum abundance (crowding effect) and consumes food resources causing low 

levels of dissolved oxygen and reduced food availability (Onbé, 1978; Onbé, 1972; Taylor 

& Mahoney, 1990; Põlupüü et al., 2010).  

 
 

 

 
Fig. 1.2: Schematic representation of the life cycle of the marine cladoceran Pleopis polyphemoides. 

Parthenogenic females hatch from a resting egg and produce subitaneous eggs that developed into 

parthenogenic females. The appearance of males and gamogenic females occurs after several 

generations of parthenogenic ones. An egg is produced in the brood chamber of the gamogenic female, 

and it is fertilised after mating. The egg develops in the brood pouch until the condensation of the ovum 

before it is released into the water column and sinks to the bottom as a resting egg (embryo). Illustrated 

after Egloff et al. (1997). 
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1.4.2 Long-term preservation of resting stages in marine zooplankton 

 

In contrast to the prolonged survival times in marine phytoplankton, zooplankton 

taxa like calanoid copepods registered survival times of up to 40 years in marine and 

brackish waters (Marcus, 1994; Katajisto, 1996; Madhupratap et al., 1996), about 20 years 

in marine rotifers (Katajisto 1996), and up to 10 years for some marine cladocerans 

(Viitasalo & Katajisto, 1994). Survival times in freshwater environments for all these taxa 

are much longer, ranging between 15 and 39 years in cladocerans (Katajisto, 1996; Piscia 

et al, 2012), > 200 years in freshwater calanoid copepods (Hairston et al., 1995; Jiang et 

al., 2012) and rotifers (Piscia et al., 2012). 

 

The vertical distribution of zooplanktonic resting stages in marine sediments has 

been less investigated than in marine phytoplankton or for freshwater environments. 

Viitasalo & Katajisto (1994) observed the distribution down to 10 cm of rotifer, 

cladoceran and calanoid copepod resting eggs in core sediments estimated to be ~ 8 to 10 

years old. Successful hatching down to 8 to 10 cm was registered for copepod and 

cladoceran resting eggs. Similarly, Marcus (1984) observed the distribution and viability 

of copepod eggs from 10 cm sediment cores collected in Buzzards Bay (USA); the author 

recorded egg hatching at all depths and even after passage through the gut of polychaete 

worms. Madhupratap et al. (1996) observed hatching from copepod and cladoceran 

resting eggs in 5 cm sediments (~15 years old) from Kiel Bay. More recently, Vehmaa et 

al. (2018) used sediment cores to reconstruct the changes in zooplankton communities as 

a response to increase eutrophication and the introduction of a predatory cladoceran. This 

latter induced a short-term increase in sexual reproduction of the local cladoceran species, 

while increase eutrophication since 1950 resulted in a long-term shift from calanoid 

copepods towards small-sized rotifers (Vehmaa et al., 2018).  

 

Ultimately the distribution and abundance of the resting eggs in sedimentary egg 

banks both at spatial and temporal scales will depend on both biological and physical 

interactions above and within the sediments, i.e., variation in the intensity of sexual 

reproduction by planktonic populations, and presence and activities of predators both in 

the water column and in the sediments (Marcus & Schmidt, 1986; Barros et al., 2000). 

While the number of resting eggs in the very first centimetres of the sediments can be very 
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high (e.g.: Onbé, 1972; 1978; 1985), it has been observed that the greatest density occurs 

several centimetres below the surface as eggs that do not hatch become increasingly buried 

by sedimentation (Uye et al., 1979; Marcus, 1984; Marcus & Schmidt, 1986; Barros et 

al., 2000). 

 

1.5 Resurrection ecology 

 

The term ‘resurrection ecology’ is used to define studies including the 

revivification of long-dormant stages by inducing hatching, with the purpose to 

characterise and quantify the genetic and phenotypic information which permits to study 

the evolutionary responses of populations at a temporal scale (Weider et al., 2018). The 

revivification of dormant propagules from the past permits to study the evolutionary 

dynamics of traits, gene frequencies and genetic polymorphism by comparing trait values 

and genetic profiles with extant populations (Orsini et al., 2013). 

Resurrection Ecology (RE) was first developed to reconstruct historical 

perturbations (e.g., eutrophication) and compare the responses of past and present 

populations of Daphnia pulex in freshwater estuaries (Kerfoot et al., 1999). Since then, 

Daphnia was the main model organism for studies of RE with the aim of understanding 

the interaction between abiotic and biotic factors that shaped populations over timeframes 

spanning from decades to centuries (Frisch et al., 2014; Burge et al., 2018; Ellegaard et 

al., 2020). For example, the evolution of genetic adaptation to warming accentuated by 

pollution of nZnO was investigated in two subpopulations of Dapnia magna resurrected 

from sediments Felbrigg Hall Lake. Individuals were exposed to two combinations of 

temperature and pollutants. Results highlighted the evolution to reduce nZnO sensitivity 

under warming due to the expression of a metal detoxification gene that evolved under the 

warming (Zhang et al., 2018). Another example is the study by Chaturedi et al. (2021) on 

the standing genetic variation available in the sediments. A subset of Dapnhia resting eggs 

were resurrected from sediments and their whole genome was sequences. Results 

indicated that the genetic variation carried by only a small number of individuals was 

sufficient to observed rapid adaptive evolution (Chaturedi et al., 2021). 

With increasing development in this emerging field, new RE models have been 

proposed for ecological and evolutionary studies. Beyond the use of Daphnia species as 
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the first model for resurrection ecology (Kerfoot et al., 1999; Kerfoot & Weider, 2004), 

novel organisms have been proposed, such as the branchiopod Artemia by Lenormand et 

al., (2018). The authors point to biological and ecological features of the species that 

would make this taxon a good RE model. Supported by the case study of Artemia 

fanciscana cysts in a French saltern, Lenormand et al., (2018) highlighted several aspects 

supporting the species as a RE model, such as short generation times and their key role in 

hypersaline food webs, a worldwide distribution paralled with long-term records of abiotic 

and biotic factors available for the taxon, as well as the ease of preservation and harvesting 

of Artemia cysts. Moreover, the worldwide introduction of Artemia in several parts of the 

world facilitated studies of invasive species, adaptation to future climatic changes and 

responses to pollutants and eutrophication at long-term scales. Lastly, because Artemia is 

the intermediate host of an array of parasites and pathogens, host-parasite coevolution 

could also be studied by resurrecting cysts of Artemia from different times for cross-

infection experiments to provide insights into long-term patterns of coevolution 

(Lenormand et al. 2018).  

 

More recently, a growing number of organisms, including bacteria (Zhu et al., 

2019), from terrestrial and marine environments have employed the RE approach. In the 

marine environment, planktonic taxa with resting stages such as dinoflagellates have been 

targeted to investigate the genetic fingerprint of past populations and their phenotypic 

responses to environmental change. For example, the genetic structure of 

Pentapharsodinium dalei populations was reconstructed by germinating cyst recovered 

from sediment layers of a > 100-year-old core, and it was observed that genetic 

differentiation of strains over time was driven by hydrographic variability (Lundholm et 

al., 2017). Adaptations of temperature-dependent traits were observed in the 

dinoflagellate Apocalathium malmogiense when Hinners et al, (2017) compared 

populations of this species revived from resting cysts found in recent and 100-year-old 

sediments. Ribeiro et al. (2013), reported on the ecophysiological variability of 

Pentapharsodinium dalei populations by reviving cysts from dated sediment cores and 

comparing growth rates of strains obtained at two different salinities that represented 

extreme sea surface conditions. In diatoms, the revivification of 100-year-old strains of 

Skeletonema marinoi from sediments showed that genetic structure of populations was 

stable and has been maintained for over thousands of generations, moreover, local 
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adaptation of the population inside the studied fjord was observed despite having water 

exchange with open-sea population (Härnström et al., 2011).  

 

1.6 Reconstructing past community structure and composition through High 

Throughput Sequencing Metabarcoding 

 

The identification of species by visual surveys is a laborious and time-consuming 

task, requiring taxonomic expertise that have been in a continuous decline over the past 

decades. Moreover, certain groups of organisms such as bacteria and nano and pico 

plankton do not possess structures that can be used for the visual identification of the 

species. In turn this would leave a large fraction of the biological diversity unaccounted 

for if only surveys with the aid of light microscopy were used to assess biodiversity 

(Thomsen & Willerslev, 2015; Leray & Knowlton, 2016). 

 

Organisms are the main sources of DNA while the environment in which they 

grow, reproduce and die is a DNA-sink, gathering DNA from all sources (extracellular 

DNA as the remnants or pieces of dead organisms and intracellular DNA contained in 

protective envelopes like the resting stages). DNA can persist in the environment for 

millennia (Lejzerowicz et al., 2013), and as such it can be readily sampled, extracted, and 

analysed. In the last decades, the ability to retrieve DNA from different terrestrial and 

aquatic environments has facilitated and accelerated the assessment of biodiversity at 

varying geographical scales (e.g.: Brandt et al., 2015; Ritcher et al., 2020). This approach 

has revealed high levels of diversity in prokaryotic and eukaryotic assemblages, 

particularly in unicellular eukaryotes (Amaral-Zettler et al., 2009; Caron et al., 2009; 

Decelle et al., 2014; Logares et al., 2014; Massana et al., 2015; Piredda et al., 2017b; 

2018; Forster et al., 2019; Polinski et al., 2019; Choi & Park, 2020), but also for 

multicellular eukaryotes, particularly benthic assemblages (Fonseca et al., 2010; Fonseca 

et al., 2014; Lejzerowicz et al., 2015; Aylagas ,2017; Antich et al., 2020) and for specific 

groups like copepods (Wu et al. 2015), diatoms (Visco et al., 2015; Malviya et al., 2016; 

Piredda et al., 2017a) dinoflagellates (Smith et al., 2017; Mordret et al., 2018), and 

Apicomplexans (Del Campo et al., 2019). Moreover, it has been possible to detect 
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introduced species (e.g.: Holman et al., 2019), like some harmful algae (e.g.: Shaw et al., 

2019). 

 

High throughput sequencing metabarcoding is a multi-species detection approach 

that allows for the mass sequencing of DNA, which relies on species-specific genomic 

regions (DNA barcodes) and ultimately generates extensive DNA libraries from which 

unknown sequences can be taxonomically identified (Shokralla et al., 2012; Thomsen & 

Willerslev, 2015). Among the most used genes for metabarcoding analyses are the 16S 

ribosomal RNA (16S) for bacterial identification, the 18S ribosomal DNA (18S) for 

eukaryotes, Internal transcribed spacer (ITS) region of the nuclear ribosomal DNA for 

fungi, and cytochrome c oxidase subunit (COI) that discerns between closely related 

metazoan species (Shokralla et al., 2012; Hadziavdic et al., 2014; Pawlowski et al., 2012). 

 

Because DNA accumulates in the environment and under the right conditions 

(anoxic and undisturbed) can be preserved for an extended period of time, it also 

represents a historical archive that carries information from the past that can now be 

accessed thanks to molecular technologies like the HTS metabarcoding (Ellegaard et al., 

2020; Capo et al., 2021b), which makes possible to reconstruct the history of natural 

communities with a temporal and taxonomic resolution that it is difficult to match by 

classical palaeontological studies. As argued by Orsini et al. (2013), studying organisms 

that produce resting stages that accumulate in sediments (lacustrine and marine), soil or 

ice allows to reconstruct and document evolutionary processes that lead to modern-day 

natural communities. By large, studies on the long-term patterns of natural communities 

have been performed in lacustrine environments. Initially, Capo et al. (2015) compared 

the diversity of planktonic unicellular eukaryotes observed from monitoring the water 

column and from 30 cm long sediment cores and found that 71% of the taxonomic units 

found in the water column were also found in the sediments. From this the assessment of 

anthropogenic and climatic impacts on microbial eukaryotic communities was performed 

in sediments that encompassed more than 2,200 years of eukaryotic history and diversity 

changes observed in two lakes with different environmental histories (Capo et al., 2016). 

In another study of the sedimentary DNA from Alpine lakes, it was observed that 

cyanobacterial communities were similar across sites as a response of increased 

temperatures and nutrient fluctuations that favoured the homogenisation of the microbial 
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assemblages (Monchamp et al., 2018). Shifts in relative abundances of species as a 

response to environmental change was a common trend observed in most of the long-term 

ecological studies. Among the groups with a better temporal resolution are Chlorophyta, 

Dinophycea, Ciliophora and parasitic taxa like Apicomplexa and Chytridiomycota.  

 

By contrasts, in the marine environment, most of the studies employing 

sedimentary DNA focussed on spatial patterns of biodiversity, addressing the diversity 

observed from surface sediments (Massana et al., 2015; Piredda et al., 2018; Fonseca et 

al., 2010). An exception was the study by Lejzerowicz et al. (2013) who investigated 

diversity patterns of radiolarian and foraminiferan assemblages in deep-sea subsurface 

sediments. The authors were able to recover eukaryotic DNA from sediment layers up to 

32.5 thousand years old, but this represented an exceptional environment for the 

preservation of ancient DNA. To my knowledge the only study addressing more than ~500 

years of natural history through HTS metabarcoding in coastal marine environment is the 

one by Siano et al. (2021), in which the authors found irreversible shifts in the eukaryotic 

community following heavy metal pollution during World War II followed by another 

shift in community that coincided with the eutrophication of the area by agricultural 

activities. 

 

1.7 Study area 

 

The Gulf of Naples (Tyrrhenian Sea) in the western Mediterranean Sea, is one of 

the deepest coastal Mediterranean embayments, it has an average depth of 170 m and 

encompasses and area of 870 km2 (Carrada et al., 1980; Ribera d’Alcalá et al., 2004). The 

mixing of four water masses (The Levantine Intermediate Water (LIW), Tyrrhenian 

Intermediate Water (TIW), Tyrrhenian Surface Water (TSW) and Coastal Surface Water 

(CSW)) coupled with the geographical characteristics of the place, and the high degree of 

coastal runoffs characterise the area and influence the biological component of this coastal 

system. Two subsystems coexist in the Gulf; a eutrophic coastal zone with differential 

discharges of urban waste along the coast, and oligotrophic open waters that resemble the 

offshore Tyrrhenian waters (Griggs & Johnson, 1978; Carrada et al., 1980; D’Alelio et 

al., 2015; Cianelli et al., 2017). 
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Common seasonal regimes for temperate latitudes characterise the area, with hot 

and dry summers and a cool-humid winters (Coll et al., 2010). The seasonal patterns for 

the concentration of nutrients follows these seasonal regimes, with nitrates, phosphates 

and silicates increasing during winter, primarily in the coastal areas, while minimum 

values are seen in summer. In spring, phosphates and nitrates occur in high concentrations 

in the coast but remain low offshore. A slight increase of phosphates occurs in autumn in 

the coastal areas (Carrada et al., 1980; Ribera d’Alcalà et al., 2004). 

 

The biological component is strongly influenced by the distribution of these 

nutrients. Phytoplankton communities show seasonal patterns of abundance with peaks in 

spring, autumn and late winter, with different taxonomic groups being dominant on each 

of the seasons. In winter- early spring, populations are dominated by phytoflagellates and 

large colonial diatoms like several Chaetoceros species, Pseudo-nitzchia delicatissima, 

and Thalassionema bacillaris (Ribera d’Alcalà et al., 2004). In summer, non-colonial, 

small-sized diatoms like Chaetoceros socialis and Skeletonema pseudocostatum, 

coccolithophores and phytoflagellates characterise this season (Zingone et al., 1990; 

D’Alelio et al., 2015). In autumn, the mixing of terrestrial discharges by prolong rains 

enriches the surface waters and supports the dominance of larger diatom species and 

phytoflagellates (Zingone et al., 1995), a phenomenon known as St. Martin’s Summer. 

The zooplankton compartment exhibits recurrent patterns of total abundance and 

community structure over the years (Mazzocchi & Ribera d’Alcalà, 1995). The copepod 

assemblage shapes the patterns of the entire community as the most numerous 

zooplankton group (Zingone et al., 2019). Highest values are observed in summer while 

the lowest occurred in winter. In winter, small sized species from the genera 

Clausocalanus, Calocalanus and Oitona are most numerous, followed by 

appendicularians and benthic meroplankton. In spring, the highest abundances are due to 

copepod species like Acartia clausi and Centropages typicus, while in summer dominance 

is shared between copepods (mainly Paracalanus parvus) and cladocerans (mainly 

Penilia avirostris) (Ribera d’Alcalà et al., 2004; D’Alelio et al., 2015; Zingone et al., 

2019).  
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Adjacent to the city of Naples, lies the small coastal town of Bagnoli in the Gulf 

of Pozzuoli. The area displays natural hydrothermal springs characteristics of intense and 

relatively recent volcanic activity by the neighbouring Campi Flegrei (Romano et al., 

2004), as shown by the high levels of arsenic (Tornero & Ribera d’Alcalà, 2014; 

Fasciglione et al., 2016). Bagnoli hosted more than 100 years of industrial activities (Steel 

and cement plant factories, glasswork) that have generated high levels of contamination 

by heavy metals (i.e.: Cu, Zn, Cd, Pb and Hg), Polycyclic Aromatic Hydrocarbons 

(PAHs), and organochlorine compounds like Polychlorinated biphenyls (PCBs). The 

coastal area in Bagnoli has very high concentrations of several trace elements, and it is 

considered as moderately contaminated by Cd, Cu and Hg but heavily polluted by As, Pb 

and Zn (Tornero & Ribera d’Alcalà, 2014).  

 

In addition to pollution, modification of the coastline by the construction of 

embankments and the link between the Island of Nisida, between 1935 to 1960, as well as 

the filling of the coastal area facing the main industrial factory (in 1962-1964) have 

resulted in changes in the water circulation patterns and sedimentary transport (Romano 

et al., 2004; Tornero & Ribera d’Alcalà, 2014). From the closure of the large 

ILVA/ITALSIDER steel factory in 1992, the Italian government prompted remediation 

efforts and the area it is now recognised as a remediation site of national concern and since 

2017 the Bay has been the focus of several research efforts addressing different biological 

compartments to assess the responses of natural communities, as well as research 

dedicated to provide benchmarks of the environmental status of the area (Musco et al., 

2017). Since restoration efforts started, a collection of scientific articles has been 

published in a special issue in Marine Environmental Research, addressing the current 

state of the benthic habitat and its communities (Crocetta et al., 2020; Gaglioti et al., 2020; 

Gambi et al., 2020), the planktonic community (Margiotta et al., 2020), synthesis of 

historical data (Morroni et al., 2020), and responses of organisms to pollutants 

(Carotenuto et al., 2020; Gallo et al., 2020; Pelusi et al., 2020b).  
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Chapter I 

 
Part II 

 
RATIONALE AND RESEARCH 

QUESTIONS 
 

 
Thesis aim and research questions 

 
The aim of the present doctoral thesis is to provide new insights into the ecology 

of planktonic taxa that employ the dormancy strategy at both community and species level, 

at short (seasonal) and long (> 100 years) temporal scales, in this manner linking both 

benthic and the pelagic habitats at different time scales. The specific objectives were: 

 

(i) Reconstruct the composition of eukaryotic communities present before, during 

and after chronic impact of pollution in a marine bay. 

 

(ii) Assess the presence and role of resting eggs in marine cladocerans by 

following the seasonal variability of their population abundance and 

composition, and to determine the contribution of the dormant seed bank to the 

population dynamics of cladoceran species at a long-term sampling site. 

 

By addressing the benthic pelagic coupling at the long-term scale for eukaryotic 

communities that were differentially impacted by pollution, I planned to answer the 

following research questions: 
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- What were the taxonomic groups that characterised each of the industrial 

periods?  

- Have patterns of dominant species changed through time, signalling a shift in 

community composition?  

- Can we detect harmful species and what do their temporal patterns tell us 

about the state of the habitat? 

- Do different approaches (SDC & metabarcoding) reflect the same temporal 

changes in the community?  

 

To answer these questions, I employed two complementary approaches: High 

Throughput Sequencing Metabarcoding, to explore the eukaryotic diversity inferred from 

two marker regions of the 18S rDNA gene (V9 and V4) amplified from sedimentary DNA 

extracted from dated sediment cores from the Bay of Bagnoli, and Serial Dilution Culture 

(SDC) method to assess the diversity of viable diatom resting stages that germinated from 

sediment layers of the Bagnoli cores. 

 

Addressing the benthic pelagic coupling at the short-term scale by following the 

seasonal pattern of occurrence of marine cladoceran species that occur at the LTER-MC 

in the Gulf of Naples, I was planning to answer the following research questions:  

- Which is the seasonal pattern of occurrence of the individual species and their 

different life stages? 

 

- Which is the timing of production of their resting eggs?  

 

- How many resting eggs can we find in the sediments? 

 

To answer these questions, I followed the start and demise of populations of 

marine cladoceran for a period of two years, by collecting weekly samples to calculate the 

abundance of individual species and their life stages, including the shift to sexual 

reproduction and the abundance of resting eggs free in the water column. I also collected 

surface sediments at the beginning and end of the seasonal cycle to calculate the 

abundance of resting eggs of the individual species. 
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Outline of the thesis 

 

This thesis is composed by the following five chapters:  

 

Chapter I is a general introduction to the benthic-pelagic coupling and how 

dormancy as an intricate part of the life cycle in many planktonic organisms is a survival 

strategy that has both ecological and evolutionary implications. It addresses the life cycle 

and production of resting stages in diatoms and marine cladocerans as the main case 

studies addressed in the thesis. It also includes insights into novel approaches used for the 

assessment of biodiversity arising from sedimentary archives such as resurrection ecology 

and high throughput sequencing metabarcoding. The aims and objectives of the thesis as 

well as the different research questions that were developed in the thesis are outlined at 

the end of this chapter. 

 

Chapter II is the reconstruction of the eukaryotic community from sedimentary 

archives by the application of HTS metabarcoding, Comparing the DNA fingerprint 

obtained by the metabarcoding analysis of the V9-18S barcode region, it was possible to 

illustrate the diversity of the community present in the Bagnoli coastal area for over ~180 

years. Important groups of both unicellular (protist) and multicellular (animals & sea 

grasses) organisms were targeted in a similar manner to explore changes in community 

composition arising from habitat degradation by industrial pollution. The results revealed 

a shift in the composition of the community following industrialisation, primarily for the 

Alveolate assemblage (mainly dinoflagellates), as well as a marked decreased of an 

important species of sea grass in the area (Posidonia oceanica), while metazoans had an 

erratic temporal pattern but with a marked increase in the younger layers mainly by 

annelids. 

 

Chapter III depicts the diversity of marine diatoms in coastal sediments, merging 

two approaches: the direct observation of germination events of diatom resting stages 

found in sediment layers of the Bagnoli cores and by the HTS amplification of the V4 

(diatom specific) marker region. The temporal patterns arising from planktonic and 

benthic diatoms as well as from species with resting stages were illustrated. Results 

indicated that the Bagnoli sedimentary archive housed a diverse assemblage of diatom 



Plankton-Benthos Coupling at Different Time Scales 
 

 

30 

species, particularly of centric diatoms, mainly the Chaetoceros genus that germinated 

from ~ 62-year-old sediment layers. It was also observed that the assemblage of benthic 

and planktonic spore formers depicted clearer temporal patterns than purely planktonic 

species. 

 

In Chapter IV, I followed the seasonal dynamics of marine cladocerans to 

calculate the abundance and contribution of the individual life stages to the total 

population, as well as the contribution of the species to the sedimentary egg bank at the 

LTER-MC. It was observed that the most abundant cladoceran species, Penilia avirostris, 

dominated not only in the water column but also in surface sediments with the highest 

abundance of resting eggs, while for other species their abundance in the water column 

and of their free resting eggs did not match the abundance of their resting eggs in the 

sediments, as it was the case of Pseudevadne tergestina. Overall, the five species of marine 

cladocerans that are commonly observed at the LTER-MC station, were all found to 

contribute to the sedimentary egg bank and that this contribution was mostly in line with 

the period of demise of the planktonic populations. 

 

Chapter V  

The main findings of the doctoral thesis are presented and discussed in terms of the 

contribution to the study of the benthic pelagic coupling. A number of future research 

avenues are proposed and discussed. 
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Chapter II 
 

EUKARYOTIC COMMUNITY COMPOSITION IN 

SEDIMENT CORES DIFFERENTIALLY IMPACTED 

BY INDUSTRIAL POLLUTION IN THE BAY OF 

BAGNOLI (TYRRHENIAN SEA, ITALY): A 

METABARCODING APPROACH BASED ON THE 

V9-18S MARKER 
 

Abstract 

 
With the advent of the Anthropocene, perturbation events that change the course and structure of 

natural communities are increasingly common. Depicting a baseline of healthy, undisturbed 

communities becomes increasingly important for ecosystem preservation and restoration. The case 

of a series of industrial pollution events in the Bay of Bagnoli (Western Mediterranean, Tyrrhenian 

Sea) offered an opportunity to reconstruct the composition of the eukaryotic community present in 

this coastal area since the 1800s. Moreover, two important protist groups, Alveolates: Dinoflagellata 

and Stramenopiles were addressed in detail to assess the stability and resilience of the protist 

community by comparing the DNA fingerprint of two sediment cores, spanning approximately 180 

years, with High Throughput Sequencing metabarcoding of the V9 (18S rDNA) barcode region. 

The composition of the eukaryotic community was spatially similar but an increased relative 

abundance of Alveolates (particularly dinoflagellates) following the start of the industrial activities 

in 1911 revealed a marked temporal shift. Marked changes in the relative abundance of key species 

such as Posidonia oceanica highlighted further the observed temporal partition of the community 

driven by a cumulative effect of habitat degradation by industrial pollution.  

 

Keywords: Eukaryotic community, environmental pollution, V9 18SrDNA, metabarcoding
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2.1 Introduction  

 
In the natural environment the accumulation of biological material occurs in 

substrates like sediments, permafrost and soils. If the environmental conditions of the 

substrate are conducive of DNA preservation, the long-term accumulation of genetic 

material leads to unique natural archives from which historical timelines of populations 

can be derived. Of particular interest, has been the accumulation of genetic material in 

laminated sediments from lacustrine and marine environments. Sediments provide ideal 

conditions of preservation, such as deep accumulation areas, low temperatures, anoxic 

conditions cause by high organic content (Lejzerowicz et al., 2013; Pedersen et al., 2015; 

Armbrecht et al., 2019). Moreover, sediments can be dated by tools such as radioisotopes 

(radiometric dating), of which lead (210Pb) and cesium (137Cs) are traditionally used, 

making it possible to establish a timeline for organisms present in the sediments (Orsini 

et al., 2013).  

 

In the aquatic environment, the continuous rain of organisms, falling through the 

water column and down to the bottom sediments, creates a pool of DNA that accumulates 

over time. Genetic material in the form of sedimentary DNA (seDNA) can be recovered 

from different sources, free DNA is unattached DNA from any organism or virus while 

attached DNA is DNA absorbed to minerals or organic matter, these two forms of DNA 

are known as extracellular DNA because it is outside of cells or organisms. Instead, 

intracellular DNA refers to genetic material inside dormant stages like spores, cysts and 

resting eggs of several organisms and viruses. DNA in dead tissues or cells are also other 

forms of intracellular DNA (Ellegaard et al., 2020). Resting stages assist in the 

reconstruction of natural communities because the DNA is sheltered from degradation by 

a robust outer structure that provides protection while buried in the sediments. The 

intracellular genetic material from these stages is one interesting source of information, 

because the “alive but dormant” organisms or cells can be revived and experimentally 

investigated for their genotypic as well as phenotypic profiles (Kremp et al., 2016; Burge 

et al., 2018; Weider et al., 2018). Moreover, resting stages assist in the historical 

reconstruction of natural communities, because they protect DNA from degrading but also 

because of their documented long-term survival (Härnström et al., 2011; Lundholm et al., 

2011; Ellegaard et al. 2016; Ellegaard et al., 2020). 
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Production of resting stages in the aquatic environment has been documented for 

several planktonic eukaryotic organisms such as dinoflagellates, diatoms, haptophytes, 

raphidophytes and green algae (Dale, 1983; Miyazono et al., 2012; Ellegaard et al., 2016; 

Ellegaard et al., 2017), as well as for multicellular eukaryotes like zooplankton, where 

dormant forms have been observed in a number of taxonomic groups, ranging from 

cnidarians to rotifers, tardigrades, and in microcrustaceans such as cladocerans and 

copepods (Onbé, 1972; Cáceres, 1997; Clausen et al., 2014; Baumgartner & Tarrant, 

2017; Belmonte & Rubino, 2019). 

 

The study of sedimentary DNA and of organisms that produce resting stages 

provides temporal datasets for ecological studies that can overcome the constraints of 

approaches like palaeoecology and historical reconstructions based on fossilised 

organisms (Lejzerowicz et al., 2013; Capo et al., 2016; Leray & Knowlton, 2016). Current 

time series that are considered to have a long-term coverage, only extend to a couple of 

decades, and can be strongly taxonomically biased towards ease of identification. Novel 

approaches like resurrection ecology (revival of dormant organisms to obtain genotypic 

and phenotypic information) and environmental DNA (eDNA) metabarcoding, facilitated 

the study of communities and populations by providing a temporal resolution that expands 

far beyond that from common approaches. The datasets from these approaches range from 

decades to centuries and even millennia in the case of bacteria (Härnström et al., 2011; 

Lundholm et al., 2011; Ribeiro et al., 2011a; 2013; Bálint et al., 2018; Burge et al., 2017; 

Capo et al., 2019). Moreover, resurrection ecology and High Throughput Sequencing 

(HTS) metabarcoding complement each other, the former offers insights into the 

phenotypes of a population by the characterisation of germinated/hatched cells or 

organisms, while at the same time provides material from which the genetic structure of 

populations can be explored from cultured strains (Lundholm et al., 2017). HTS 

metabarcoding provides the means to obtain the profile of entire communities, with a 

taxonomic resolution much broader than that obtained by resurrection ecology and 

common palaeoecology approaches (Ellegaard et al., 2017; Holman et al., 2018).  

Because of the detailed resolution obtained from sedimentary DNA, understanding 

the long-term dynamics that explain present-day biodiversity patterns is now increasingly 

achievable. By assessing past and present populations, it is possible to identify cause and 
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effect in relation to environmental changes and ecological dynamics (Ribeiro et al., 2013; 

Brannock et al., 2016; Siano et al., 2021). Thus, the application of approaches like HTS 

metabarcoding can greatly benefit ecological and evolutionary studies, but it can also 

contribute to conservation strategies, for which knowledge on past ecosystems state 

(before anthropogenic impacts) can help defining attainable conservation goals. 

 

The presence of the ILVA/ITALSIDER steel factory in the Bay of Bagnoli since the 

early 1900s altered the habitat and water quality of the area (Romano et al., 2004). 

Increased industrial activity, filling of the coast line with contaminated soil that occurred 

until the termination of activities and the dismantle of the steel factory in the early 1990s, 

lead to a mass decrease in cover of key species such as seagrasses (Posidonia oceanica) 

and changes in the benthic fauna and bacterial communities of the area (Gambi et al., 

2020; Gaglioti et al., 2020), while the current status of the planktonic community in the 

area is relatively good (Marggiotta et al., 2020; Morroni et al. ,2020). Assessing the state 

of the planktonic and benthic communities before, during and after the environmental 

pollution can provide unique insights on long-term changes that lead to present day 

planktonic communities, as well as providing a baseline for the remediation and 

conservation of the natural environment in the Bay of Bagnoli.  

 

In this chapter, I present results obtained from the application of HTS 

metabarcoding using the 18S rDNA hypervariable region V9 marker, for the exploration 

of the eukaryotic community and targeted groups in sediment cores collected in the Bay 

of Bagnoli (Gulf of Pozzuoli, Mediterranean Sea, Italy), that were differentially impacted 

by industrial pollution from the ILVA/ITALSIDER steel factory. The aim was to 

characterise the shift of planktonic and benthic communities present before, during and 

after the anthropic disturbance. Under the working hypothesis that prolong exposure to 

pollution ignited a change in community composition in response to increased industrial 

activity. I addressed unicellular and multicellular taxa with particular interest on the 

organisms that produce resting stages.  
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2.2 Material and methods 
 

2.2.1 Core collection and processing 

 

Two sediment cores were collected in the Bay of Bagnoli (Gulf of Pozzuoli) on 

December 5th, 2018. Core 1 was collected at 55 m depth in the vicinity of two piers of the 

steel factory, representing an area impacted by pollution. Core 2 was collected 1.3 NM 

from Core 1 at 65 m depth, in an area not affected by pollution from the steel factory 

according to previous studies (Damiani et al., 1987; Sharp & Nardi, 1987; Romano et al., 

2004; Antonio Schirone and colleagues, ENEA La Spezia pers. comm.) (Fig. 2.1). The 

two sediment cores were collected with a SW-104 corer equipped with a liner of 8 cm in 

diameter. Total length for the two cores were 110 cm and 72 cm respectively. After 

collection the cores were transported to the Stazione Zoologica Anton Dohrn for 

processing. 

 

In the laboratory, for each of the two cores, the first 50 cm were sliced into 

individual sediment layers of 1 cm high. In alternate sequence, 25 layers were used for 

various analyses required for dating the cores and for chemical analysis of contaminants 

(Antonio Schirone and colleagues, ENEA, la Spezia), and the other 25 layers were used 

for biological analyses. Each layer was processed as depicted in Fig. 2.2. Briefly, sediment 

layers were sliced using a sterile spatula and a plastic ring that were washed and cleaned 

with ethanol between individual slices. Each layer was photographed, weighed and its 

colour was scored following Munsell soil chart. The plastic ring was used to cut the first 

outermost centimetre that was in contact with the lining of the tube to avoid smearing 

between the sediment layers. 

 

The processing of individual layers was performed systematically to obtain 

samples for the following analyses: Bacteria and microplastics (Antonio Dell’Anno, 

Universitá Politecnica delle Marche), Foraminifera (Fabrizio Frontalini, Universita di 

Urbino), and Eukaryotic community with emphasis on protist taxa (the present work). 

Samples for DNA extraction and metabarcoding of eukaryotes and bacteria were 

collected by first cutting the central portion of each layer using a disposable, sterile petri 

dish (diameter 5 cm). Samples for protists metabarcoding (Protist 1 and Protist 2 in Fig. 
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2.3) were placed in 5 ml cryovials, frozen in liquid nitrogen and stored at -80 oC; samples 

used to estimate the abundance of viable protists with the SDC-MPN method (illustrated 

in Chapter 3) were transferred to zip-locked plastic bags extruding the air from the bag, 

individually wrapped into aluminium foil and stored in the dark at 7 oC. 

 

 

 

 

 

 
 
Fig. 2.1: Map of the Gulf of Naples and Gulf of Pozzuoli (Tyrrhenian Sea, Italy), indicating collection 

sites of two sediment cores. For each core the geographical coordinates are given. 

 

 

Site Geographical location

Core 1 40o 48.154’ N, 14o 08.922’E

Core 2 40o 48.199’ N, 14o 07.185’E
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Longitude
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Fig. 2.2: Processing of sediment cores into discrete samples. a) Slicing into 1 cm-high sediment layers. 

b) Assessing the colour of the sediment with a Munsell soil chart and removal of the outermost layer 

with a plastic ring. c) Measure weight of individual layers. d) Separation of the inner portion for HTS 

metabarcoding analyses using a sterile petri dish and a sterile spatula for collecting samples for protists 

metabarcoding into 5 ml cryovials (e, f). Each core was processed following the order geological (Geo) 

layer, biological (Bio) layer. 
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Fig. 2.3: Partition of individual sediment layers into biological samples for different analyses. a) Protist 

1 and Protist 2: samples for eukaryotes metabarcoding, B: sample for bacteria metabarcoding, R: 

sample for serial dilution experiments, F: sample for Foraminifera, P: Microplastics. b) Layers targeted 

for HTS metabarcoding approaches. 
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2.2.2 Dating of sediment cores 

 

The different periods considered to categorise each sediment layer to a given time 

was based on the dating of Core 1, performed at ENEA, La Spezia by Antonio Schirone 

and collaborators (Table 2.1 a). The dating of Core 2 could not be reliably performed 

beyond layer 20-21 due to the ambiguous signal from 226Ra in deeper layers. Nevertheless, 

in this chapter the comparison between the two cores was included because these analyses 

were carried out before obtaining the results of the dating of the two cores. The different 

periods of industrial activity were based on the findings of Romano et al. (2004) and 

Gaglioti et al. (2020). Each period was based on the level of industrial activity, starting 

from the pre-industrial period (before 1910), followed by the onset of industrial activities 

(in 1910), and the cease of activities and dismantle of the factory during the early 1990s 

(Table 2.1b). 

 

2.2.3 DNA extraction 

 

The extraction of DNA from the sediment samples was carried out at the 

University of Geneva, within the Department of Genetics and Evolution, in Prof. Jan 

Pawlowski laboratory. Total DNA was extracted from 5 g of sediment from 22 sediment 

layers: 11 from Core 1 and 11 from Core 2. The isolation of genomic DNA from the 

sediment samples was carried out using the DNeasy® PowerMax® Soil kit (QIAGEN©) 

following the manufacturer’s instructions. All solutions (C1-C6) mentioned below were 

included in the kit. Briefly, 5 g of sediment were added into a PowerMax Bead tube 

containing power beads and 15 ml Powerbead Soil Solution for dispersion of soil particles 

and lysis, dissolving humic acids and protecting nucleic acid from degradation with a 

buffer that is part of the Powerbead solution. To mix the components and disperse the 

sample in the solution, vortexing of the PowerMax Bead tube was performed for 1 minute. 

The collision of the beads with the cells causes cell lysis starting from the initial breakage 

of the cell membrane. Further cell lysis was then achieved by adding the C1 solution 

containing SDS, a detergent that breaks down fatty acids and lipids of the cell membrane. 

Contaminating non-DNA organic and inorganic matter was then removed by patented 

Inhibitor Removal Technology (IRT) solution (C2) that contains a reagent the precipitates 

the organic and inorganic matter as these can reduce DNA purity. Further removal of 
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contaminating material was done by adding another IRT reagent (C3). A high-

concentration salt solution (C4) was then added to separate DNA and the non-DNA 

organic and inorganic material remaining, by binding DNA to the silica membrane of a 

Maxi Spin column. Then the DNA bound to the membrane was cleaned with an ethanol-

based solution (C5) and finally a sterile elution buffer (C6) was added for the release of 

the DNA from the membrane. The DNA was then precipitated by adding 0.2 ml 5M of 

NaCl, and 10,4 ml of cold ethanol (96%), and kept overnight at -20 oC. The DNA was 

centrifuged for 30 min, the supernatant was discarded and left to dry at room temperature. 

DNA was resuspended using 400µl of C6 and stored at -20 oC before PCR amplification. 
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Table 2.1: Dating and timeline: a) Dates in years based on the dating of the whole Core 1 (polluted 

site) with 210Pb. Sedimentation rate: ω= 0.18 ± 0.01 g cm-2 y-1. Categorization of the sediment layers 

of the upper portion of the two cores (50cm) according to periods of industrial activity for b) Core 1 

and c) Core 2.  

 

Core Sample Period Year

Core 1

1-2cm Post-industrial 2013
3-4cm Post-industrial 2007
5-6cm Post-industrial 2003
7-8cm Post-industrial 1997
9-10cm Industrial 1990
11-12cm Industrial 1982
13-14cm Industrial 1967
15-16cm Industrial 1954
23-24cm Pre-industrial 1911
31-32cm Pre-industrial 1870
39-40cm Pre-industrial 1832

Core Sample Period Year

Core 2

1-2cm Post-industrial 2012
3-4cm Post-industrial 2006
5-6cm Post-industrial 1997
7-8cm Post-industrial 1985
9-10cm Industrial 1973
11-12cm Industrial 1962
13-14cm Industrial 1951
15-16cm Industrial 1938
23-24cm Pre-industrial

< 190731-32cm Pre-industrial
39-40cm Pre-industrial

Core 1 Depth in cm Core 2
Age in years Age in years

2016 0-1 2015
2013 1-2 2012
2010 2-3 2008
2007 3-4 2006
2005 4-5 2001
2003 5-6 1997
2001 6-7 1991
1997 7-8 1985
1993 8-9 1980
1990 9-10 1973
1987 10-11 1967
1982 11-12 1962
1975 12-13 1957
1967 13-14 1951
1960 14-15 1946
1954 15-16 1938
1944 16-17 1929
1939 17-18 1924
1934 18-19 1920
1929 19-20 1915
1925 20-21 1907
1921 21-22
1916 22-23
1911 23-24 *
1906 24-25
1901 25-26
1895 26-27
1890 27-28
1885 28-29
1880 29-30
1875 30-31
1870 31-32 *
1865 32-33
1860 33-34
1856 34-35
1851 35-36
1846 36-37
1842 37-38
1837 38-39
1832 39-40 *
1827 40-41
1822 41-42
1818 42-43
1814 43-44
1808 44-45
1803 45-46
1798 46-47
1793 47-48
1788 48-49
1784 49-50
1780 50-51

a b

c
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2.2.4 High Throughput Sequencing metabarcoding  

 

The extracted DNA was used for amplification of the V9 hypervariable region of 

the 18S rDNA. The V9 region was amplified using the primers 1389F and 1510R 

(Amaral-Zettler et al., 2009). A unique combination of forward and reverse tags, plus the 

primer sequence for the marker (Table 2.2) were amplified by Polymerase Chain Reaction 

(PCR). The PCR amplification of 1 μl of DNA in 25 μl of reaction volume was performed 

using FastStartTM Taq polymerase (Sigma-Aldrich) with a PCR reaction buffer containing 

20 mM MgCl2, and Bovine Serum Albumin at 200 mg-1.ml-1. All the components were 

assembled in a PCR hood. All PCR reactions were performed with a thermocycler, in 

three replicates per sediment sample together with three sets of controls. The amplification 

of the target gene region was achieved under the following PCR conditions:  

 

 V9 marker 
Initial denaturation  94 oC For 3' 
Denaturation 94 oC For 30'' 
Annealing  57 oC For 60'' 
Extension 72 oC For 90'' x 30 cycles 
Final extension  72 oC For 10' 

 

 

 

 

Table 2.2: Forward and reverse primer sequences for amplifying 18S rDNA hypervariable region V9 

(eukaryote-specific). Example of unique combination of tags used for individual samples (in blue), 

plus the forward and revers primer sequences of the marker. 

  Primer Sequence   
Marker Forward Reverse Reference 

V9 TTGTACACACCG
CCC 

CCTTCYGCAGGTTCACC
TAC 

Amaral-Zettler et al., 
2009 

 

Sample Forward Reverse 

C11-2 cm 
ATGATGAGTTGTACACACC

GCCC 

TCGCATGACCTTCYGCAGGTTC

ACCTAC 
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The tagged PCR products obtained were then pooled for each set of three 

replicates, and the amount of DNA in ng·ml-1 was quantified by using high-resolution 

capillary electrophoresis with QIAxcel system (QIAGEN©). The pooled PCR products 

were equimolarly pooled into one 1.5 ml tube, then purified using the High Pure PCR 

product Purification kit (Roche Molecular Systems©). The purified PCR pool was 

quantified using QubitTM HS dsDNA (Invitrogen, Thermo Fisher Scientific) kit and the 

libraries were prepared using TruSeq® DNA PCR-Free Library Preparation Kit 

(Illumina®). The libraries were then quantified by qPCR using the Kapa library 

quantification kit (Kapa Biosystems) for Illumina platform. Sequencing was performed 

on an MiSeq system (Illumina®) using paired-end sequencing with 300 cycles. 

 

2.2.5 Bioinformatic analyses 

 

The most common output format from NGS platforms is a FASTQ. The FASTQ is a 

text-based format that contains both nucleotide sequences and the corresponding quality 

score for each nucleotide. The structure of a FASTQ file corresponds to four lines denoting 

the following information: 1) a sequence identifier that starts with “@” character, 2) a raw 

nucleotide sequence (ACTG), 3) a “+” character separator and 4) the quality score value 

corresponding to each nucleotide in the raw sequence. 
 

Line 1 @SIM:1:FCX:1:15:6329:1045 1:N:0:2 

Line 2 TCGCACTCAACGCCCTGCATATGACAAGACAGAATC 

Line 3 + 

Line 4 <>:##=><9=AAAAAAAAAA9:<#<<<????#= 

 

During the pre-processing steps, several algorithms are applied to filter the FASTQ 

file to remove low quality sequences that constitute errors during PCR or the sequencing 

process, using the quality information. This procedure generates a FASTA file and the 

format includes two lines denoting 1) a sequence identifier that stars with “>” character 

and 2) the corresponding nucleotide sequence. 
Line 1 >ISU_1736;size=1017;cluster=OTU239; 

Line2:GTCGCTCCTACCGATTGGGTTGTCCGGCAAATGCGAATGACGGACTGGCTACGAA

CGGTTCCCGTTTACAGTTTGGTTCGAATTTTGTGTAAGCCATACTTCCTAGAGGAAGGAG

AAGTCGTAACAAGGTTTCC 
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The aim of the bioinformatic pre-processing analyses is to obtain three main 

information files:  

i) a file with filtered sequences in a FASTA format;  

ii) a file with taxonomic information for each FASTA sequence;  

iii) a table either as OTU or ASV, depicting the distribution of each sequence in 

the samples.  

 

To obtain these files, a pre-processing pipeline must be applied to filter the data, 

remove low quality sequences and to reduce redundancy or technical noise from PCR or 

the sequencing process. The choice of a pipeline can differ because the FASTQ output 

can be organised in different forms (e.g.: single read or paired-end read, multiplexed single 

and pair-end barcode); moreover, there are several software tools and algorithms (e.g., 

Leipzig, 2017) used to filter the raw data from a FASTQ. However, there are four (or five 

depending on whether the data are pair-end multiplexed or not) fundamental filtering steps 

that are performed by all pre-processing pipelines, and that allow an accurate biological 

interpretation of the data (Dufresne et al., 2019). These filtering steps are as follows, in 

the order in which they have been applied. Note that the first two steps can be excluded 

for single-end sequencing. 

1) Demultiplexing samples: this step is only used when a large number of libraries are 

pooled and sequenced simultaneously. Samples that are demultiplexed are separated into 

sample specific files. The demultiplexing process is assisted by a combination of Index 

Adapters that act as “barcodes” for each DNA fragment so that reads can be identified and 

sorted to a sample (Illumina® 2020). In the case of a library that represents a unique 

sample, the demultiplexing step can be excluded. 

2) Reads join for Pair-end sequencing data: reads that are pair-end have been read 

(during the sequencing process) from both the forward and reverse template strands of 

each DNA fragment to create a consensus sequence. In this step, the reads are joined into 

contigs, which are overlapping DNA sequences that reconstruct an original (consensus) 

DNA sequence. 

3) Quality filtering: consists in the removal of PCR and sequencing errors know as 

technical noise or chimeras. Chimeric DNA arises from PCR steps when partially 

extended sequences reanneal to another original (parent) sequence. If not detected, 

chimeric DNA can lead to overestimates of diversity or be misinterpreted as novel species. 
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Thus, during the quality filtering processes, one of the several algorithms (e.g., UCHIME 

by Edgar et al., 2011) developed for base-calling quality filtering can be used to purge the 

dataset from chimeras or sequencing errors.  

4) Clustering of sequenced data: The aim of the pre-processing steps is the removal of 

sequencing errors and the collapse of intragenomic and intra-specific variations to obtain 

operative units representing as similar as possible the species. The two most common 

strategies are Operational Taxonomic Unit (OTU), and the second is the Amplicon 

Sequence Variant (ASV).  

In the case of OTUs, the dereplicated reads can be clustered based on fixed 

thresholds of similarity (i.e.: 97%) (Rideout et al., 2014). In the case of Amplicon 

Sequence Variants (ASVs), machine learning algorithms uses the total or a subset of 

FASTA sequences to learn and predict the percentage of error generated during the 

sequencing process. This method allows to infer biological sequences in a sample prior to 

the introduction of errors arising from PCR and sequencing. The error rate is then used to 

collapse dereplicated sequences into ASVs that can differed by as little as one nucleotide, 

thus improving the accurate measurement of biological diversity (Callahan et al., 2017).  

This approach has been extensively applied in metabarcoding studies targeting bacteria, 

but more recently its use has grown for studying protist assemblages (Callahan et al., 

2016; Amir et al., 2017; Forster et al., 2019). For this reason, in this thesis the ASVs were 

used to analyse the eukaryotic dataset.  

The ASV table used in this chapter was generated by Miss Inès Barrenechea at the 

University of Geneva, Department of Genetics and Evolution, in Prof. Jan Pawlowski 

laboratory. 

5) Taxonomic assignment: is the final step in the pre-processing of metabarcoding 

data where taxonomic identities are ascribed to each unit. For this step, it is essential to 

have a curated taxonomic reference sequence database to which the representative read of 

each OTU/ASV is compared. The taxonomic rank of the assignments (e.g.: species, genus, 

family, order, etc) depend on the percent of similarity between read and reference 

sequences included in the database. From the advancement of high-throughput sequencing 

techniques, the numerous applications in ecological studies have considered identity 

thresholds between 95% and 99% similarity (e.g., Decelle et al., 2014; Forster et al., 2016; 

Edgar, 2018; Piredda et al., 2018) The thresholds considered must reliably identify units 
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into taxonomic entities that reflect as close as possible the natural diversity of the 

community under study.  

Moreover, with the increasing number of studies applying NGS metabarcoding, new 

algorithms and bioinformatic platforms that are intuitively user-friendly are being 

developed (e.g., Edgar et al., 2011; Dufresne et al., 2019).  

 

For the analysis of the community present in each of the sediment cores, the pre-

processing of the FASTQ raw sequences (into clean sequences, merged into an abundance 

table for the most representative ASVs and for which taxonomic inferences were made) 

was performed using the newly developed, user-friendly, open-source web application 

SLIM (Dufresne et al., 2019) accessible through the website 

https://trtcrd.github.io/SLIM/. The SLIM platform facilitates the creation and 

implementation of metabarcoding pipelines, by bringing together into a single platform 

all the independent tools and algorithms used in metabarcoding pre-processing. In SLIM 

for the transformation of molecular data into ASVs the bioinformatic steps of read joins 

and removal of chimeras were performed following steps 1 to 4 of the bioinformatic pre-

processing explained above. Taxonomic assignment of the resultant ASVs was done by 

applying a local BLAST algorithm considering the 99% similarity thresholds. For the 

taxonomic assignment into 8 ranks (Kingdom to Species), the 18S rRNA sequence 

database Protist Ribosomal Reference Database or PR2 (version 4.12.0) (Guillou et al., 

2013) was used. The downstream analyses of temporal trends of the eukaryotic 

community presented here was based on the abundance table of ASVs. 

 

2.2.6 Statistical analyses 

 

Analyses were performed using the open access software R and R studio (version 

1.2.5033, R Core Team, 2021). Prior to downstream analyses, the taxonomically assigned 

ASV table obtained from the above pipeline was further cleaned by exclusion of non-

marine taxa (e.g.: Homo sapiens and terrestrial Streptophyta like Vitis vinifera and 

lycopersicon esculentum) and ASVs with zero reads. Data were first normalised 

(randomly subsampled) by rarefaction using the rrarefy function from the vegan package 

(version 2.5-6; Ocksanen et al., 2019). Normalisation for the different taxonomic groups 
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addressed here was based on the following numbers of reads per sample: the eukaryotic 

community was normalised to 28,498 reads (Core1, P_1870), only the protist community 

to 16,655 reads (Core 1, P_1870), the dinoflagellates community to 15,855 reads (Core 1, 

P_1982), the Stramenopiles to 12,255 reads (Core 1, P_2003) and the Metazoa to 17,809 

reads (Core 1, P_1990).  

 

Diversity analyses 

 

The investigation of the community diversity in natural systems has been 

historically done through mathematical descriptors of species abundance, known as 

richness and the equal proportion of individuals into species that make up a community, 

known as evenness. Such descriptors are integrated in different ways within the 

formulation of diversity indices (Heip et al., 1998) and have been widely used as part of 

ecological studies exploring the so-called alpha diversity but also taxonomic 

distinctiveness (May, 1990), functional (Martin et al., 2019) and trophic diversity (Pace 

et al., 1999). Thanks to these quantifications, alpha diversity indices can be estimated and 

then compared in space and time. 

In the present work the alpha diversity indices calculated for each sample point 

were explored with the aim to find trends or signals related to space (sediment Core 1 and 

Core 2), and in time (periods related to industrial activity i.e.: Pre-industrial, Industrial 

and Post-industrial). Based on this definition, the exploration of alpha diversity was 

performed using estimates for the two diversity components, richness, and evenness, as 

well as indices that consider a combination of the two (Shannon and Simpson). 

Observed richness is the number of taxonomically assigned ASVs within each sample; 

evenness referred to the proportion of ASVs per sample. Dominance, as calculated by the 

Berger-Parker mathematical equation expresses the proportion of the most abundant 

ASVs on the total abundance. The Shannon index expresses the proportion of species 

(ASVs) relative to the total number of species (ASVs), multiplied by the natural logarithm 

of this proportion (Heip et al., 1998); and the Simpson index expresses the probability that 

two randomly selected individuals from a sample will belong to the same species (ASV) 

(Simpson, 1949).  

Diversity values were compared to test statistical differences between the two 

cores (by the non-parametric Wilcoxon test) and between layers of individual cores (by 
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the non-parametric Kruskal-Wallis test) with a priori defined condition: the three temporal 

windows defined by the industrial history of Bagnoli. Diversity indices were calculated 

using the function diversity  from the diverse R package (Guevara et al., 2017), and the 

statistical comparison was performed using the stats_compare_means function of the 

ggpubr package (version 0.2.5, Kassambara, 2020). 

 

2.2.7 Multivariate analyses 

 

Beta diversity (β) 

 

Beta diversity estimates the diversity occurring among communities. Exploration 

is based on several statistical tools that, starting from an ASV abundance table, allow to 

visualise and interpret the complexity of communities. Through beta diversity, samples 

collected at spatial and/or temporal scales are grouped based on their 

similarity/dissimilarity in the components of a community. In the present thesis, the 

analysis of beta diversity was performed in order to understand the rate and extent of 

change in species composition between sediment cores (spatial scale) and through time 

(temporal scale) by means of two approaches: 

1) Hierarchical clustering was performed to explore the relationship among groups of 

samples linked at different hierarchical levels. This ordination technique allows to group 

or cluster similar samples together while assigning a hierarchical level to the cluster or 

group.  

2) Non-metric Multidimensional Scaling (NMDS) was performed to further analyse the 

distribution of samples in a low-dimensional space. In this approach the original position 

of the communities is first defined in a multidimensional space. From this, the number of 

dimensions is reduced by a given value (2 dimentions for the present project) to construct 

the configuration of samples in the 2D space. Distances from this 2D configuration are 

correlated against the observed (measured) distances. The disagreement between the 2D 

configuration and the predicted values from the regression determine the stress, the degree 

of suitable representation of data in the reduced dimensions (Lefcheck, 2012). 

These analyses were performed using different R packages as follows: The 

normalised ASV table was first transformed into Hellinger distances to reduce the 
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asymmetry in abundance from the dataset. From the Hellinger transformation, a Bray-

Curtis distances dissimilarity matrix was generated. From this matrix a clustering 

dendrogram plot was produced using hclust from the vegan R package (Oksanen et al., 

2019). The clustering pattern observed was tested by the Permanova approach using the 

adonis2  function from the vegan package. The Permanova test considered the interaction 

between factors that can explain the clustering pattern observed, based on variation in 

distances between centroids for each cluster produced. The factor considered for the 

Permanova test was the period of industrial activity (Pre-industrial, industrial and Post-

industrial) as described in Table 2.1b and c. 

The NMDS ordination was produced using the phyloseq R package (McMurdie et 

al., 2019) from the normalised abundance table. The ordination of the phyloseq object was 

performed using the function ordinate  using Bray-Curtis distances. 

 

2.2.8 Environmental data analyses 

 

The presence of pollutants in sediments of the Bay of Bagnoli was analysed by 

means of a Principal Component Analysis performed on the log transform data for the 

concentration of six heavy metals: Cd, Cr, Cu, Hg, Pb and Zn (mg/kg) and one polycyclic 

aromatic hydrocarbon compound: IPA16 (ng/g). The function prcomp of the stats package 

(version 4.02) was used to calculate the principal components. The concentration of heavy 

metals and organic compounds in the sediment samples were provided by Antonio 

Schirone. These data were still unpublished when writing this chapter; this is why the 

dataset is not included in the thesis. 
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2.3 Results 

 

2.3.1 Eukaryotic community 

 

The metabarcoding dataset illustrated in this chapter were obtained from 11 

sediment layers from Core 1 and 11 from Core 2, where each layer represented a discrete 

period at a given depth, covering an overall 181 calendar years. The total eukaryotic 

dataset obtained consisted in 14, 289 ASVs with 2,901,212 reads. After the removal of 

zeros and non-marine taxa (i.e., Homo sapiens and terrestrial Streptophyta) the total 

dataset used for downstream analyses was composed of 4,027 ASVs corresponding to 

1,683,694 reads (Table 2.3). 

 

Of the total number of eukaryotic sequences recorded in both cores, 61% were 

affiliated to Protist taxa (1,029,183 reads in 1,052 ASVs), 34% to Metazoa (575,687 reads 

in 405 ASVs), 1.4% to Fungi (24,496 reads in 313 ASVs), 2.7% to Sea grasses (45,551 

reads in 14 ASVs) and < 1% were affiliated to macroalgae and unknown eukaryotes. In 

terms of individual cores, the number of sequences differed in that, Core 1 had 739,791 

reads in 2,987 ASVs while Core 2 had 943,903 reads in 2,515 ASVs, which represented, 

respectively, the 44% and 56% of the total number of reads in the database (Appendix 

2.1a). Despite the difference in read abundance, the taxonomic composition and relative 

abundance of the groups was similar between the two cores. Among the protist taxa, 

Alveolata, Stramenopiles and Rhizaria represented 97% and 99% of the reads in Core 1 

and Core 2, respectively (Appendix 2.1b). Other protist groups (Amoebozoa, Excavata, 

Hacrobia, Apusozoa, Choanoflagellida and Chlorophyta) represented 3% and 1% of reads 

from each core, respectively. Reads attributed to Metazoa made 28% and 38% of the total 

in each core while the rest of Opisthokonts contributed 0.9% to 2% of the reads. The 

number of reads attributed to sea grasses (Posidonia oceanica and Zostera marina) in 

Core 1 (39,402 reads; 5% of the total) was higher than in Core 2 (6,149 reads; 0.6%). 
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Table 2.3: Total number of reads and ASVs obtained from individual sediment layers from Core 1 and 

Core 2.  

 

 Eukaryotic dataset: Total number of reads 

Core 1 Reads ASVs  Core 2 Reads ASVs 

P_2013 86,638 921  C_2012 169,479 584 

P_2007 140,463 1,102  C_2006 125,611 392 

P_2003 80,631 1,032  C_1997 81,706 844 

P_1997 118,913 1,239  C_1985 92,084 727 

P_1990 94,164 721  C_1973 142,871 818 

P_1982 43,620 764  C_1962 100,421 829 

P_1967 56,068 613  C_1951 91,139 778 

P_1954 45,484 497  C_1938 110,910 638 

P_1911 15,206 219  C_23_24 21,934 472 

P_1870 27,230 395  C_31_32 526 81 

P_1832 31,374 250  C_39_40 7,222 191 

 

 

 

Alpha diversity 

 

Alpha diversity indices calculated for the individual sample layers are given in 

Appendix 2.2 The observed richness, Shannon and Simpson indices were chosen to 

summarise the temporal trends observed for the individual cores (Fig. 2.4). A higher 

degree of temporal fluctuation in the three indices was observed in Core 1 only. Richness 

was observed to increase for the layers since 1911 in Core 1 and 1938 in Core 2 (Fig. 

2.4a). For the Shannon and Simpson indices the values ranged, respectively, from 3.0 to 

5.2 and 0.7 to 1.0 for Core 1. The highest value for both indices occurred in the 1997 layer 

while the lowest occurred in the 2007 layer. For Core 2, the values for Shannon and 

Simpson indices ranged from 1.4 to 5.1 and 0.4 to 1.0, respectively. The 23-24 layer had 

the highest values for both indices while the 2006 layer had the lowest values. 



Chapter II Results 

 

57 

 
Fig. 2.4: Alpha diversity indices calculated for sediment layers based on the whole eukaryotic 

community. a) Values for the observed richness of ASVs, b) Values for Simpson’s index indicating 

changes in diversity through time, c) Shannon index values indicating how evenly distributed were the 

ASVs in each sample for Core 1 and d-f for Core 2.  
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Pairwise comparisons between the diversity indices calculated for the whole 

dataset of the two cores indicated no significant differences (Table. 2.4, Appendix 2.3 and 

2.4); however, when values for the layers of the industrial period were compared to those 

of the pre-industrial period for the individual cores, statistically significant differences 

occurred in Core 1 for observed richness only, while for Core 2, observed richness, 

Simpson and evenness were statistically significant.  

  

 

 
Table 2.4: P values for the pairwise comparison of alpha diversity indices between Core 1 and Core 2 

and between industrial periods for individual core. In bold are the statistically significant values (p < 

0.05). Or: observed richness, Sh: Shannon, Si: Simpson, Do: dominance, Ev: evenness. 

 

Comparisons 
 

Or Sh Si Do Ev 

Core 1 vs Core 2 
 

0.70 0.80 0.48 0.30 0.80 
       

CORE 1 
      

Pre-industrial vs Industrial 0.02 0.38 0.90 1.00 0.55 

Industrial vs Post-industrial 1.00 0.07 0.14 0.14 0.07 

Post-industrial vs Pre-industrial 0.20 0.40 0.40 0.20 0.20 
       

CORE 2 
      

Pre-industrial vs Industrial 0.02 0.90 0.02 0.17 0.02 

Industrial vs Post-industrial 0.07 0.07 0.07 0.14 0.07 

Post-industrial vs Pre-industrial 0.40 0.20 0.20 0.20 0.20 
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Beta diversity  

 

Hierarchical clustering 

 

The exploration of the eukaryotic community, as observed from the hierarchical 

clustering analysis of the ASVs recorded in the two sediment cores, showed a clear 

temporal signature that partitioned the samples into two main clusters (Fig.2.5). The first 

cluster in green included the oldest sediment layers (40 to 23 cm) from both cores and 

corresponded to the pre-industrial period (1832 to1911). A second, much larger cluster in 

grey, included all the other samples. This larger cluster split into two sub-clusters, one in 

blue included only the most recent layers corresponding to a time later in the post-

industrial period (2006-2013). A second sub-cluster in yellow included two smaller clades 

that left out the sample P_1954 from Core 1.  

 

A similar clustering pattern was observed for each individual core (Fig. 2.6 a and 

b), where samples were grouped into two main clusters, one grouping the deeper samples 

and the second split into two sub-clusters that divided the layers formed during the 

industrial and early post-industrial periods (1990 and 1997) from the two surface samples 

2007 and 2013 for Core 1 and 2006 and 2012 for Core 2 in blue. 
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Fig. 2.5: Hierarchical clustering of samples from the two sediment cores (Core 1: P and Core 2:C), 

based on a Bray-Curtis dissimilarity matrix. The analysis was based on the normalised abundance of 

ASVs for the whole eukaryotic community (multicellular and protist). Clusters were delimited with 

solid lines, green for pre-industrial and grey for industrial-post industrial. Dotted lines were used for 

sub-clusters, yellow for industrial and blue for post-industrial. 

Eukaryotic com
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Fig. 2.6: Hierarchical clustering of samples from the two sediment cores for Core 1 (a) and Core 2 

(b), based on a Bray-Curtis dissimilarity matrix. The analysis was bases on the normalised abundance 

of ASVs for the whole eukaryotic community. Clusters were delimited with solid lines while dotted 

lines were used for sub-clusters. On the right a time scale is given, representing the historical temporal 

windows and partitions (red-dotted lines) created by the hierarchical clustering. 
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The robustness of the observed clustering patterns, tested by PERMANOVA 

analysis, indicated statistically significant differences for the 3 periods of industrial 

activity delimited by the clustering (Table 2.5), and that these temporal windows 

explained between 39% and 56% of the variation observed in the eukaryotic communities. 

 

 

 
Table 2.5: Results for the PERMANOVA test. The test considered the clustering pattern of the 22 

sediment layers from the two sediment cores and three periods of industrial activity delimited by a 

hierarchical clustering of the samples. 

 

  R2 p (< 0.05) 
Both cores   
Period 0.39 0.001 
Residuals 0.61  
   
Core 1   
Period 0.49 0.001 
Residuals 0.51  
   
Core 2   
Period 0.56 0.001 
Residuals 0.44   
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Non-metric Multi-Dimensional Scaling (NMDS) 

 

In parallel with the ordination of the samples by the hierarchical clustering, the 

other ordination approach employed here, NMDS, showed that samples were separated in 

the 2D plane by their core identity, the split between the two cores occurred on the y axis 

(NMDS2) at 0 except for two samples from Core 1 (P_2007 and P_2013) that were located 

at or above 0 (Fig. 2.7). Considering the three periods of industrial activity, a split on the 

x axis (NMDS1) at 1 divided the pre-industrial samples (squares) from the other two 

periods. A second split was observed on the x axis at -1, which separated industrial 

(circles) from post-industrial samples (triangles) for Core 1 only. 

 

 

 

 

 
 
Fig. 2.7: Non-metric Multi-dimensional Scaling (NMDS) ordination of sediment samples, 11 from 

Core 1 (in red) and 11 from Core 2 (in blue) considering three periods of environmental pollution. 
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Taxonomic composition of samples 

 

The description of the taxonomic composition presented below is based on the 

temporal windows highlighted by the hierarchical clustering (Fig. 2.5 and 2.6). 

The taxonomic compositions of individual sediment layers of the two cores are illustrated 

in Fig. 2.8. Taxa are expressed as the relative abundance of reads from the normalised 

dataset. The taxonomic composition of the three oldest layers from the two cores (~1832 

to 1911) showed two distinct communities. Core 1 layers exhibited a marked abundance 

of sea grasses (Posidonia oceanica and Zoostera marina), making an average of 37.5 ± 

11.3% of the reads present in the three oldest layers, but the highest abundance of reads 

(57.0%) was found in the layer from 1832. Dinoflagellata (13.8 ± 4.1%), Rhizaria (13.0 ± 

2.2%), Fungi (8.4 ± 0.2), and other Alveolates (6.9 ± 2.4%) were the five most abundant 

taxa found in pre-industrial layers, while Metazoa, Bacillariophyta and other 

Stramenopiles contributed from 3 to 4% of the total reads. Over the same period, in Core 

2 the highest relative abundances came from Rhizaria (29.1 ± 1.7%) and Dinoflagellata 

(23.0 ± 3.6%) reads. Other Alveolates (10.9 ± 0.8%), and sea grasses (10.6 ± 1.1%) 

followed. Metazoa, Fungi, Stramenopiles including Bacillariophyta contributed on 

average between 2 and 6% of the total number of reads. 

During the industrial (> 1911-1990) and early post-industrial periods (1997-2003) 

the relative abundance of Dinoflagellata (52.1 ± 5.1%) and other Alveolates (11.8 ± 1.3%) 

in Core 1 doubled the values observed in pre-industrial layers. Metazoa (10.4 ± 3.5%) and 

Bacillariophyta (8.8 ± 1.6%) also increased while Rhizaria (6.4 ± 0.7%) decreased to half 

of the values in pre-industrial layers. In Core 2, Dinoflagellata (54.5 ± 4.8%) and Metazoa 

(17.6 ± 6.0%) were the most abundant reads, also doubling in abundance from the pre-

industrial period. Other alveolates (9.5 ± 1.0%) and Bacillariophyta (7.8 ± 1.0%) increased 

while Rhizaria had a marked decrease (5.9 ± 0.4%). In both cores, the relative abundance 

of sea grasses showed a considerable decline in the relative abundance of reads in the 

industrial and post-industrial periods, making an average contribution of 1 to 2% of the 

total. 

In the most recent layers corresponding to the late post-industrial period (2007 - 

2013), Metazoan reads were found to be the most abundant in both cores. In Core 1, 
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Metazoa averaged 71.7 ± 3.0% of the reads while in Core 2 the average contribution was 

86.9 ± 2.1%.  

This marked increment was due to the high abundances of Annelida and 

Crustacean reads. Dinoflagellata reads were the second most abundant (12.7 ± 2.0% in 

Core 1, and 8.0 ± 0.1% in Core 2). Bacillariophyta and other Alveolates reads were most 

abundant in Core 1 (6.1 ± 0.3% and 4.1 ± 0.2%, respectively) than in Core 2 (1.3 ± 0.5% 

and 1.6 ± 0.7%, respectively).  

 

 
Fig. 2.8: Eukaryotic community composition of Core 1 and Core 2 inferred by metabarcoding of the 

V9 18S rDNA from sedimentary DNA. Taxa are expressed as the relative abundance of reads from the 

normalised dataset. 
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Relation to pollutants 

 

A combination of six heavy metals (Cd, Cr, Cu, Hg, Pb and Zn) and one polycyclic 

aromatic hydrocarbon (IPA 16) as organic compound were used for the analysis of 

contaminants present in sediment samples from Core 1 only, because sediment dating was 

reliable only for this core. A principal component analysis revealed a temporal separation 

of the samples similar to what it was observed in the hierarchical clustering in Fig 2.6a. 

The cumulative variance explained by the first two axes summed up to 98%, with PC1 

explaining 92.5% of the observed variance while PC2 explained 5.8% of variance. The 

ordination of samples between the two PCA components indicated that in samples formed 

between 1954 and 1997 the concentration of heavy metals (mainly Cu, Cd, Hg and Zn) 

were the most important sources of variation while for the 2003 sample, Cr and the organic 

compounds were more important (Fig. 2.9).  

 

 
 
Fig. 2.9: Biplot of a Principal component analysis based on values for the concentration of seven 

pollutants (red arrows) found in sample sediment layers of a polluted core (Core 1). Ordination plotted 

in the reduced space of the first two principal components explaining 98% of the variance observed. 
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2.3.2 Protist community from the sediments 

 

Of the total Eukaryotic community of the two cores, 61% of the reads were 

affiliated to protist taxa. The protist community was composed of nine taxonomic groups 

that were present in both cores. Three taxonomic groups encompassed 96% and 98% of 

the reads found in Core 1 and Core 2, respectively. Alveolata accounted for 66% of reads 

in Core 1 and 73% of the reads in Core 2. Stramenopiles represented 18% and 12% in 

each core respectively, and Rhizaria made 12% of the reads in both cores. The contribution 

of the other six groups was £ 1% of the reads in both cores. 

 

Alpha diversity indices calculated for the individual sample layers are given in 

Appendix 2.5. The observed richness, Shannon and Simpson indices summarise the 

temporal trends observed for the individual cores and are presented in Fig. 2.10. Richness 

was observed to increase along the core from the bottom layer up to the upper most layer 

of both cores (Fig 2.10a). The highest value was observed in 2007 for Core 1 and 1997 

for Core 2. 

For the Shannon and Simpson indices the values ranged, respectively, from 3.3 to 

5.0 and 0.8 to 1.0 for Core 1. The highest value for both indices occurred in the 2013 layer 

while the lowest occurred in the 1954 layer. For Core 2, the values for Shannon and 

Simpson indices ranged from 3.6 to 5.8 and 0.9 to 1.0, respectively. For Shannon, the 

highest value occurred in the 2012 layer while the lowest occurred in the 31-32 layer. For 

Simpson, the highest value occurred in the 23-24 layer while the lowest occurred in 1985.  
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Fig. 2.10: Alpha diversity indices calculated for sediment layers based on the protist community. a) 

Values for the observed richness of ASVs, b) Values for Simpson’s index indicating changes in 

diversity through time, c) Shannon index values indicating how evenly distributed were the ASVs in 

each sample for Core 1 and d-f for Core 2. 
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The hierarchical clustering of the samples, considering the normalised abundance 

of ASVs for the protist community (Fig. 2.11), indicated a temporal signature that was 

similar (at least for the oldest samples) to the observed pattern with the whole eukaryotic 

community. Samples were partitioned into two main clusters. The first cluster separated 

the oldest sample layers from both cores (in green) from all the other samples. The second 

cluster (grey line) included all the other samples but with little temporal differentiation 

between industrial and post-industrial samples. Within this cluster, the sample from Core 

1, P_1954 (red arrow), became separated from a sub-cluster that divided into four clades, 

two samples in this sub-cluster (P_1967 and C_1938) were also left out. The temporal 

windows considered explained 39% of the variation, and the clustering pattern was 

statistically significant (p: 0.001). 

 

The clustering pattern for individual cores is shown in Fig. 2.12. In both cores the 

main split differentiating pre-industrial samples (in green) from all other samples was 

observed. In Core 1 (Fig. 2.12a), the much larger cluster highlighted a separation between 

industrial (yellow line) and post-industrial (blue line) periods. The first industrial layer, 

P_1954 was left out as these two clades were formed. Differences between early and late 

post-industrial period was observed as the two superficial samples (2007 and 2013) were 

closer to each other than to the other two samples. A similar ordination was observed in 

Core 2 (Fig. 2.12b), with two main clusters formed and separating pre-industrial samples 

from all the rest. The larger cluster was split into three smaller clades leaving out the 

sample C_1938 (red arrow). Differences were observed between two sets of industrial 

samples (yellow line), where samples from 1951 and 1962 clustered together and were 

separated from the 1973 and 1985 samples. A smaller clade was formed by samples from 

1997 to 2012 (blue line). The individual clustering patterns were statistically significant, 

and the temporal windows explained between 47% and 56% of the variation. 
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Fig. 2.11: Hierarchical clustering of samples from the two sediment cores (Core 1: P and Core 2: C), 

based on a Bray-Curtis dissimilarity matrix. The analysis was based on the normalised abundance of 

ASVs for the protist community.  Indicate layers that have been left out of a cluster or subcluster. 
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Fig. 2.12: Hierarchical clustering of samples from Core 1 (a) and Core 2 (b), based on a Bray-Curtis 

dissimilarity matrix. The analysis was based on the normalised abundance of ASVs for the protist 

community. Clusters were delimited with solid lines while dotted lines were used for sub-clusters. On 

the right a time scale is given, representing the historical temporal windows and partitions (red-dotted 

lines) created by the hierarchical clustering.  Indicate layers that have been left out of a cluster or 

subcluster. 
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The taxonomic composition of the individual sediment layers of the two cores are 

illustrated in Fig. 2.13. The taxonomic profile of the three oldest layers showed little 

differences between the two cores. In these layers the two groups with the highest number 

of reads were Alveolata and Rhizaria followed by Stramenopiles, Archaeplastida and 

Excavata. Among the Alveolates Dinoflagellata and Apicomplexa respectively accounted 

for 29.0 ± 5% and 10 ± 0.4% of the reads in Core 1, and for 30.0 ± 3.3% and 12.8 ± 0.5% 

of the reads in Core 2. Within Rhizaria, Cercozoa was most abundant in Core 1 (20.2 ± 

6%) than in Core 2 (8.6 ± 1.0%), while Radiolarian reads were more abundant in Core 2 

(29.7 ± 1.0%) than in Core 1 (10.6 ± 1.2%). Diatom reads were the most abundant among 

the Stramenopiles, making an average contribution of 8.9 ± 4.2% in Core 1 and 5.8 ± 2.1% 

in Core 2.  

 

During the industrial period, Alveolata continued to have the largest contribution, 

with Dinoflagellata reads making an average contribution of 60.5 ± 2.0% in Core 1 and 

68.5 ± 3.0% in Core 2. Apicomplexa read abundance was surpassed by Ciliophora in both 

cores, increasing by more than half the abundance of the pre-industrial period and 

contributing 10.2 ± 2.1% of the reads in Core 1 and 8.7 ± 1.1% in Core 2. The diatoms’ 

contribution increased slightly but remained below 10% for both cores. Cercozoan reads 

markedly decreased in Core 1 (5.7 ± 1.0%) and slight decrease in Core 2 (5.2 ± 0.3%). 

Radiolarian reads also decreased for both cores and made an average contribution of £ 

1%. 

 

The communities present in the post-industrial period closely resembled those of 

the industrial period. Dinoflagellate reads were the most abundant, contributing more than 

50% of the reads in both cores. Diatom reads became more abundant in Core 1 (18.0 ± 

2.2%) but remained unchanged in Core 2 (9.2 ± 2%). There was a slight increase in 

Cercozoa and for the first time Foraminifera made a contribution above 1%, being slightly 

higher in Core 2 (2.2 ± 0.3%) than in Core 1 (1.4 ± 0.1%). 
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Fig. 2.13: Protist community composition of Core 1 and Core 2 inferred by metabarcoding of the V9 

18S rDNA from sedimentary DNA. Taxa are expressed as the relative abundance of reads from the 

normalised protist dataset. 
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2.3.3 Most abundant protist taxa present in sediment cores 

 

Dinoflagellata 

 

Of the nine protist groups found in the two cores, Dinoflagellata - including 

Dinophyceae and Syndiniales - had the highest number of reads with a total of 158,219 

reads in 609 ASVs for Core 1 and 235,086 reads in 549 ASVs for Core 2. The increase in 

relative abundance was more evident in layers accumulated during the industrialisation of 

the bay. 

 

The hierarchical clustering of the samples based on the abundance of 

Dinoflagellata ASVs (Fig. 2.14) indicated two main clusters. One cluster was formed by 

pre-industrial samples from both cores (in green), within this cluster, the sample C_39-40 

from Core 2 was separated from the other samples. A second much larger cluster was 

formed by industrial and post-industrial samples from both cores (grey line). Within this 

cluster two subclusters were formed, the first contained the 1954 and 1990 samples. 

Samples from Core 1, 1967 and 1997, were left out from a larger clade formed by samples 

from both cores with little temporal differentiation between them.  

 

In Core 1, the hierarchical clustering of Dinoflagellata ASVs (Fig. 2.15a), showed 

the separation of pre-industrial samples from all the rest (in green). The dinoflagellate 

dataset further differentiated between the layers formed during the industrial period, 

highlighting similarities in samples from 1954, 1967 and 1990, and in samples between 

1982 and 2013. For the dinoflagellate assemblage in Core 2 (Fig. 2.15b), pre-industrial 

samples were grouped together forming a well-defined cluster (in green). No clear 

differentiation among industrial and post-industrial layers were observed for the 

dinoflagellate assemblage in this core. The variation observed on the individual clustering 

patterns were statistically significant, and the three temporal windows considered 

explained between 52 and 59% of the variation.  

 



Chapter II Results 

 

75 

 
 

Fig. 2.14: Hierarchical clustering of samples from two sediment cores (Core 1: P and Core 2: C), 

based on a Bray-Curtis dissimilarity matrix from a normalised ASV abundance table for the 

Dinoflagellata community. Clusters were delimited with solid lines.  
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Fig. 2.15: Hierarchical clustering of sediment samples layers for Core 1 (a) and Core 2 (b), based on 

a Bray-Curtis dissimilarity matrix. The analysis was based on the normalised abundance of 

Dinoflagellata ASVs. Clusters were delimited with solid lines while dotted lines were used for sub-

clusters. On the right a time scale is given, representing the historical temporal windows and partitions 

(red asteriks) created by the hierarchical clustering.  
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Dinoflagellata include two classes, Dinophyceae and Syndiniales, the latter 

including early branching taxa that are parasites of several unicellular and multicellular 

marine organisms. The two classes were present in all layers of both cores, but 

Dinophyceae reads were more abundant than Syndiniales in all layers of both cores. 

Among Dinophycea, the order Peridiniales had the highest number of reads and were 

present in all layers on both cores (Fig. 2.16). The relative abundance of this order 

accounted for an average 42.1 ± 2.8% of the total number of reads found in Core 1, while 

in Core 2 this order averaged 46.4 ± 2.5% of the total number of reads found. To this 

followed the orders Gonyaulacales (11.2 ± 3.4%) and Gymnodiniales (9.2 ± 1.6 %) in 

Core 1 and Gonyaulacales (6.6 ± 1.7%), Gymnodiniales (5.2 ± 0.9%) in Core 2. For the 

class Syndiniales, five of the Dino Group (I-V) Clade 1 were observed, and their relative 

abundances were higher in pre-industrial layers of both cores.  

 

Peridiniales: The highest number of Peridiniales reads were found concentrated 

in layers 1990 and 1997 in Core 1, due to the high number of reads in ASVs attributed to 

Protoperidinium, Naiadinium and Scrippsiella. In Core 2, high number of reads for 

Peridiniales occurred between 1938 and 1985, and these were identified as Stoeckeria, 

Ensiculifera, Scrippsiella and Protoperidinium reads. In both cores, Scrippsiella reads 

where the only Peridiniales found in all layers and made 55 to 89% of the reads attributed 

to this order in pre-industrial layers. Posoniella, Protoperidinium, Stoeckeria and 

Naiadinium were genera for which < 30 reads were found in the deeper layers between 

1870 and 1911 of Core 1, and C_31_32 and C_23_24 of Core 2.  

Gonyaulacales: ASVs attributed to this order were found only in layers from 1911 

and C_23_24 onwards and their percentage was higher in layers closer to the surface. 

Among the genera observed, Alexandrium reads were the most numerous. The second 

most abundant genus in both cores was Fragilidium.  

Gymnodiniales: This order had the lowest number of reads in the class 

Dinophyceae. Among the genera detected, Gymnodinium and Polykrikos had the higher 

number of reads in both cores.  

Syndiniales reads were more abundant in pre-industrial layers of both cores. This 

was mostly due to Group II reads that accounted for 13. 3 ± 2.0% and 15.9 ± 3.7% of the 

reads detected in pre-industrial layers of Core 1 and Core 2, respectively. Reads detected 
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for Group I were less abundant but accounted for 8.8 ± 0.7% and 6.6 ± 0.7% of the reads 

in pre-industrial layers of both cores. 
 

 

 

 

 

Fig. 2.16: Dinoflagellate diversity inferred from the V9 metabarcoding of the sedimentary DNA of 

Core 1 and Core 2. Dinoflagellate orders are identified with colour tones (e.g., blue, Peridiniales, red, 

Gonyaulacales) while the most abundant genera are represented by a colour hue corresponding to each 

order.  
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Stramenopiles  

 

The total number of Stramenopiles reads were 53,328 in 294 ASVs for Core 1 and 

19,517 in 230 ASVs for Core 2. Among the four groups of Stramenopiles, Ochrophyta 

and Pseuodofungi were the most abundant ones, and their respective contributions were 

76.8 % and 15.9% in Core 1, and 79.4 and 15.4% in Core 2.  
 

The hierarchical clustering for Stramenopiles (Fig. 2.17) revealed differences 

between the oldest sediment layers (in green), as well as highlighting individual layers 

from the industrial and post-industrial periods which resulted in three main clusters. The 

oldest sample from Core 1 (P_1832) was left out (green arrow). A third cluster (grey line) 

contained all industrial and post-industrial samples but distinguishing the two more recent 

layers from Core 1-P_ 2007 and P_2003 (blue line) and leaving out the P_1954 layer (red 

arrow). All samples from Core 2 from 1951 to 2012 formed another clade. The clustering 

pattern was statistically significant, and the temporal periods explained 34% of the 

variation observed. 

 

The clustering pattern observed for the individual cores further highlighted the 

differences between the pre-industrial layer (1832) and the industrial layer (1954) stood 

out in Core 1 (Fig. 2.18a). Clustering patterns for Core 2 (Fig. 2.18b) were less evident, 

but clear differences were observed between individual layers from the pre-industrial 

(C_23_24) period. 
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Fig. 2.17: Hierarchical clustering of samples from two sediment cores (Core 1: P and Core 2: C), 

based on a Bray-Curtis dissimilarity matrix from a normalised ASV abundance table for the 

Stramenopile community. Cluster were delimited with solid lines and clades with dotted lines.  

Indicate layers that have been left out of a cluster or subcluster. 

Similarity

Stram
enopiles

R
2: 0.34
p: 0.001



Chapter II Results 

 

81 

 
 

Fig. 2.18: Hierarchical clustering of sediment samples layers for Core 1 (a) and Core 2 (b), based on 

a Bray-Curtis dissimilarity matrix. The analysis was based on the normalised abundance of 

Stramenopiles ASVs. Clusters were delimited with solid lines while dotted lines were used for sub-

clusters. On the right a time scale is given, representing the historical temporal windows and partitions 

(red-dotted lines) created by the hierarchical clustering.  Indicate layers that have been left out of a 

cluster or subcluster. 
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Ochrophyta contributed to the largest proportion of reads in both cores, but it was 

the highest in Core 1 during the post-industrial period (81.8 ± 2.1%) while for Core 2 the 

highest relative abundance was during the industrial period (82.0 ± 1.8%). Reads for 

Pseudofungi where the second most abundant in both cores but their largest contribution 

was in the pre-industrial period in Core 1 and in the post-industrial period in Core 2. The 

phyla Sagenista and Opalozoa were less abundant in both cores. In Core 1, the largest 

contribution by Sagenista reads was in the pre-industrial period (19.6 ± 7.7%) while 

Opalozoa reads had a higher contribution during industrial and post-industrial periods (3.6 

± 1.1%). For Core 2, both phyla were more abundant in the pre-industrial period. 

 

The taxonomic profile based on the relative abundance of reads for the 

Stramenopile phyla for each core is shown in Fig. 2.19. Ochrophyta as the dominant 

phylum in both cores, had the largest proportion of reads affiliated to the class 

Bacillariophycea, that encompasses the unicellular microalgae better known as diatoms. 

Four groups of diatoms were detected, polar centric (Mediophycea), radial centric 

(Coscinodiscophyceae), raphid and araphid pennates. Centric diatoms accounted on 

average for 75. 2 ± 3.4% and 77.6 ± 8.2% of the total diatom reads in Core 1 and Core 2, 

respectively. The high number of reads detected in polar centric diatoms was mainly due 

to the genus Chaetoceros with the highest number of reads in layers of all three periods, 

particularly, during the industrial period in both cores. 

Reads for Araphid pennates were the second most abundant, making an average 

contribution of 14.9 ± 3.8% and 14.6 ± 8.2% of the total in Core 1 and Core 2, respectively. 

Three araphid pennate genera had the highest number of reads for pennate diatoms and 

one genus (Pseudostaurosira) contributed to more than 20% of total diatom reads in pre-

industrial layers. 

Raphid pennates made an average contribution of 9.0 ± 2.0% and 6.6 ± 2.2% of 

the reads in each core, respectively. The smallest contribution (< 2%) was by radial centric 

diatoms in both cores. Among the raphid pennates, the biggest contribution was observed 

during the pre-industrial layers in Core 2 only.  
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Fig. 2.19: Stramenopiles diversity inferred from the V9 metabarcoding of the sedimentary DNA of 

Core 1 and Core 2. Groups are represented by an individual colour tone, except for Bacillariophyta 

for which the most abundant genera are represented as follows: Raphid pennates in blue, Araphid 

penates in green, Polar centric diatoms in red and radial centric in pink.  
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2.3.4 Most abundant Metazoa 

 

Among the metazoan taxa, Annelida and Crustacea were the two groups with the 

highest number of reads in both cores. In Core 1, the relative contribution of Annelida 

averaged 46.2 ± 11.4% and of Crustacea 30.2 ± 12.3%, to these followed Chelicerata (9.1 

± 4.6%) and Urochordata (6.3 ± 2.3%) all other taxa accounted for < 4% of the reads found 

in this core. For Core 2, Annelida reads averaged 29.1 ± 11.2%, and of Crustacea 26.0 ± 

9.6% of the total reads. Hemichordata (16.9 ± 9.3%) and Urochordata (8.6 ± 5.2%) 

followed as the most abundant reads found in Core 2. The temporal pattern observed from 

the hierarchical clustering of samples for Metazoa showed two main clusters (Fig. 2.20). 

One contained only the two oldest layers from Core 2 (in green) while a larger cluster 

(grey line) was formed by all the other samples from both cores with no clear temporal 

differentiation. Within the large cluster, the sample 1911 from Core 1 was left out (green 

arrow) while three smaller clades were formed by the rest of the samples with no clear 

temporal separation. The clustering was statistically significant, and the temporal 

windows explained 20% of the observed variation. 

 

The clustering pattern for Core 1 (Fig. 2.21a) highlighted differences for the 1911 

layer (green arrow). Two smaller clades were formed and differentiated between industrial 

(1967-1990) and post-industrial (1997-2013) periods. The clustering pattern for Core 2 

(Fig. 2.21b) separated the two oldest layers (in green) from all the other samples. A second 

cluster (grey line) split into two clades, the first clustered two post-industrial samples from 

2006-2012 (blue line) and the second clade cluster all samples from the pre-industrial C_ 

23-24 cm until 1997.  
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Fig. 2.20: Hierarchical clustering of samples from two sediment cores (Core 1: P and Core 2: C), 

based on a Bray-Curtis dissimilarity matrix from a normalised ASV abundance table for Metazoa. 

Clusters were delimited with solid lines.  Indicate layers that have been left out of a cluster or 

subcluster. 
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Fig. 2.21: Hierarchical clustering of sediment samples layers for Core 1 (a) and Core 2 (b), based on 

a Bray-Curtis dissimilarity matrix. The analysis was based on the normalised abundance of Metazoa 

ASVs. Clusters were delimited with solid lines while dotted lines were used for sub-clusters. On the 

right a time scale is given, representing the historical temporal windows and partitions (red-dotted 

lines) created by the hierarchical clustering.  Indicate layers that have been left out of a cluster or 

subcluster. 
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Considering the taxonomic composition of individual cores (Fig. 2.22) and the 

temporal patterns observed in the hierarchical clustering, in Core 1, 85% of the reads 

found in pre-industrial layers were Annelida, Chelicerata, Urochordata and Cnidaria. 

Annelida made 42.9 ± 20% of the reads for these layers due to the high number of reads 

of the genera Lanice and Praxillella. During the industrial period, Annelida, Chelicerata 

and Urochordata became less abundant as crustacean reads increased and made 70.7 ± 

22.7% of the total reads found in these layers. During this period the crustacean genus 

Centropages made 69.8% of the reads. In post-industrial layers, the reads for Annelida 

reached the highest relative abundance for the phylum, averaged 84.1 ± 2.6%, because of 

the read abundance of three genera, Caulleriella, Metasychis and Aricidea.  

 

In Core 2, the reads for the pre-industrial layers belong to four phyla, Urochordata, 

Annelida, Cnidaria and Crustacea. The reads for Urochordata averaged 22.7 ± 16.5% and 

were the most abundant due to the number of reads for the ascidian genus Halocynthia. In 

the industrial period, reads for Crustacea increased three times over pre-industrial values, 

reaching an average of 43.11 ± 14.4%, the increment was due to the number of reads for 

the cladoceran genera Podon and Evadne in 1938 and 1973, and by the copepod genera 

Sinocalanus and Centropages in all other layers for this period. In post-industrial layers, 

Annelida averaged 95.8 ± 1.3% of the reads, making this the highest contribution of the 

phylum in the entire core; four genera (Lanice, Aricidea, Caulleriella and Prionospio) 

were the most abundant annelids.  
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Fig. 2.22: Metazoan diversity inferred by the V9 metabarcoding in different sediment layers of the two 

cores. The six most abundant Annelida genera are coloured in red. The five most abundant genera of 

the subphylum Crustacea are in blue. Other Metazoa was composed of 15 classes with < 10% of the 

total metazoan reads.  
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2.4 Discussion  
 

The eukaryotic community of Bagnoli 

 

The metabarcoding approach used in this study, based on the sequencing of the V9 

region of the 18S rRNA from dated sediment cores, facilitated the reconstruction of the 

eukaryotic community present in the Bay of Bagnoli over a time scale of ~180 years, 

providing novel information on the past state of the communities in two sediment cores 

that were supposed to be differentially impacted by industrial pollution. As part of the 

exploration of temporal changes in the community, important protist groups and 

metazoans with known representatives that form resting stages were considered in detail. 

The taxonomic composition identified by the V9 metabarcoding sequencing indicated the 

presence of diverse eukaryotic communities composed of primary producers, represented 

by several protist groups (of which diatoms and dinoflagellates were the most abundant 

in terms of reads recovered), secondary producers, including zooplankton and larger 

metazoans, as well as parasites and decomposers -saprothrophs- (Mendoza et al., 2002; 

Gladfelter et al., 2019) like marine fungi and Mesomycetozoans (see Appendix 2.6). 

 

Results of the ordination approaches carried out with the eukaryotic community 

retrieved in the two cores (Fig. 2.6 and 2.7) provided a clear, significantly supported 

separation of the two more recent layers from those deposited during the industrial period 

(from 1954 upwards in Core 1 and from 1938 upwards in Core 2) and from the oldest 

layers of both cores that date back to the pre-industrial period and were grouped in a 

distinct cluster. This pattern was further confirmed by the clustering analysis of the two 

individual cores.  

 

When looking at the taxonomic composition of the eukaryotic community in the 

two cores, the two surface layers were markedly dominated by Metazoans, while the 

layers between pre and post-industrial were dominated by Dinoflagellata (mainly free 

living Dinophyceae) and Bacillariophyceae. The oldest layers of the two cores, although 

consistently clustering in a separate clade, showed differences in the relative abundance 

of the main taxonomic groups. Both cores had a higher percentage of Rhizarian 
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(radiolarians and cercozoans) reads and seagrasses were considerably more abundant in 

Core 1 as compared to Core 2. 

 

As a consequence of increased degradation of the natural habitat by pollution and 

changes to the coastline, the homogenisation of the eukaryotic communities was observed 

where previously differentiated assemblages (pre-industrial) increasingly resemble one 

another (industrial and post-industrial periods) and resulted in a loss of beta diversity over 

time. Such temporal patterns in diversity translated in differences in relative abundance 

(read numbers) of the taxonomic groups present before and after the industrial pollution. 

The homogenisation of natural communities can impact ecosystem functioning and 

services affecting functional diversity and trophic relations, as conditions in impacted 

habitats select for species with different ecological requirements (Capo et al., 2016; 

Nielsen et al., 2019). One consequence already observed in impacted ecosystems have 

been the increase in harmful species assemblages like cyanobacteria (Monchamp et al., 

2017), dinoflagellates (Klouch et al., 2016), as well as increases in phototrophic and 

mixotrophic groups (Keck et al., 2020; Siano et al., 2021).  

The following is a discussion of the temporal patterns of the main taxa and the major 

protist groups.  
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Multicellular eukaryotes  

 

The seagrass species, Posidonia oceanica, is an ecosystem engineer endemic to 

the Mediterranean Sea (Gobert et al., 2006), historically represents an integral part of the 

community associated with the sediments in Bagnoli (Parenzan, 1956; Gaglioti et al., 

2020). Although not strictly related to the industrial pollution in the bay of Bagnoli, the 

decrease of Posidonea meadows in the area have been evidenced in several relevant works 

(i.e.: MATTM ,2004; Gabellini et al., 2005; Gagliotti et al., 2020) (Fig. 2.23). In line with 

this, a pronounced decrease of Posidonia oceanica reads soon after the start of the 

industrial activities was evident, particularly from Core 1, of the 19,047 Posidonia reads 

found in this core, 79.8% were recovered from pre-industrial samples only. Similarly, 

reads identified as Zostera marina (possibly Cymodosea nodosa) in Core 1 also had a 

decreasing trend following the industrial period (98.9% of the reads came from pre-

industrial layers). 

 

Macroalgae (Phaeophyceae and Rhodophyta) had a similar temporal pattern of 

decrease like the sea grasses. About 86.4% of the reads found in Core 1 for Phaeophyceae 

(brown algae) occurred in the two oldest sediment layers (between 1832 and 1870) with a 

six to ten-fold reduction in read abundance in industrial and post-industrial periods, but 

this remarkable decrease was less evident in Core 2, possibly because of the remoteness 

of this core from the hard bottoms of the infralittoral zone where these macroalgae were 

commonly found (Gaglioti et al., 2020). 

More evident in Core 2 was the decrease of calcareous Rhodophyta (Corallinales 

red algae) from 60% of the reads in the pre-industrial period (C_23-24) to 6% and 3% in 

industrial and post-industrial periods, respectively. The reconstruction of the spatial 

distribution of microalgae in the Gulf of Pozzuoli by Gaglioti et al., (2020) indicated that 

calcareous algae were concentrated towards the middle of the bay.  
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Fig. 2.23: Records of the distribution of Posidonia oceanica and macroalgae in the Gulf of Pozzuoli, 

a) Georeferenced re-elaboration of P. oceanica, built from reports by Funk, 1927 and Parenzan ,1956, 

elaborated by Puri et al., 1964. b) Mapping of seagrasses performed in 2002-2004 by MATTM, 2004. 

c) Distribution of P. oceanica in core sample stations on soft bottom superimposed on benthic soft-

bottom biocenoses, built after Gabellini et al., 2005 and Casola et al., 2005. Maps were adapted from 

Gaglioti et al. 2020 to indicate the sampling sites of the two sediment cores (Core 1 and Core 2). 

 

 

The signal derived from the animal compartment did not depict a coherent 

temporal pattern. The high number of reads of the different benthic and planktonic groups 

can be due to the random presence of body fragments from multicellular individuals or 

resting eggs as in the case of copepods or cladocerans (Onbé, 1977; Onbé, 1985; Barros 

et al., 2000). The pattern was largely obscured by the high abundance of Annelida reads 

in the upper layers since 1997, mainly polychaetes that are present in the sandy bottom of 

the Bay of Bagnoli-Coroglio, both in the area in front of the piers of the steel factory as 
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well as towards the Bay of Pozzuoli to the west (Fasciglione et al., 2016). The marked 

dominance of Annelida in the surface layer of the sediment cores was also reported from 

the Bay of Brest in which ASVs assigned to this group accounted for an average of 45% 

and a maximum of 70% of the total (Siano et al., 2021). 

 

The high number of annelids reads in the layers between 1990 and 2013 (i.e.: the 

upper 10 cm of the cores) can be attributed to the presence of the animals in the upper 

parts of the core.  The molecular signature derived from small fragments of the organisms 

in the samples and/or be due to their role in bioturbation that leaves behind traces of DNA 

that could get incorporated in the sediments (Armbrecht et al., 2019; Capo et al., 2021b). 

Several metabarcoding studies have recorded a large proportion of Metazoan reads in 

surface sediments attributable to annelid worms (Guardiola et al., 2015; Lejezerowicz et 

al., 2015; Polinski et al., 2019; Siano et al., 2021).s 

 

Around 150 species of polychaete worms have been identified as part of the 

benthic community in the Gulf of Pozzuoli (Fasciglione et al., 2016). The patterns 

observed for polychaetes can be summarised in three points: 1) those present in only 

superficial layers of the cores (until 1980-1960) like Aricidea and Eunice, 2) genera 

present before and after the highest peak of industrial activities like Praxillela and 

Prionospio, and 3) genera like Lanice and Metasychis that were detected in all samples 

down to the deepest layers (i.e.: 1832, C_23-24).  

 

A considerable spatial heterogeneity was found in recent times for polychaete 

species assemblages (macrofauna) in the surface sediments of the Bagnoli Bay, partly 

attributed to the different type of sediment (Fasciglione et al., 2016). The area where the 

two cores were collected represent two similar benthic habitats, with fine, well sorted sand 

in the location where Core 1 was collected, and fine-sand and terrigenous mud where Core 

2 was collected. Of the polychaete species assemblages described in the surface layers of 

Core 1, the genus Caulleriella, includes species that proliferate following organic 

enrichment (Lezzi, 2017). As deposit feeders that eat particulate organic material, they 

have been associated with areas in which there is increase sewage discharge (Elìas & 

Rivero, 2008). Some Annelids present in high abundances in Core 2, like Lanice, are tube-

forming species that act as habitat bioengineers of the benthic community increasing the 
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total density of the microbenthic fauna whenever present (Bhaud & Cazaux, 1990; Rabaut 

et al., 2007). 

 

Significant spatial and temporal changes in the composition of benthic macro and 

meiofauna communities have been observed in the Bay of Bagnoli (Fasciglione et al., 

2016; Gaglioti et al., 2020; Gambi et al., 2020). Of the 15 meiofauna taxa identified by 

Gambi et al. (2020), nematodes were the most abundant and constituted an assemblage of 

persistent species capable to cope with the unfavourable conditions in the sediment. In 

fact, the meiofaunal abundance and biomass was not related to the distance from the most 

polluted area. However, the diversity of meiofauna and particularly of nematodes was low 

and this reflected the polluted status of the area, especially for stations closer to the 

industrial plant. The barcode signal for nematodes (class Chromadoera) in the two cores 

began from 1954 in Core 1 and 1938 in Core 2 and continued until the uppermost layers 

of both cores. Except for the deepest layers of both cores, no nematodes were found in the 

pre-industrial period. 

 

High percentages of reads attributed to copepods (genus Centropages) were 

detected in the layers between 1967-1990 in Core 1 and to Cladocera (1938 and 1973) in 

Core 2. This signature could well be attributed to resting eggs of these planktonic 

crustaceans, but the volume of sample required to test the presence of resting stages in 

these layers was too small to allow assessing their presence/abundance. The signal 

observed for the Crustacea highlighted slight spatial and temporal differentiation of the 

communities. Spatially, reads for the cladoceran genera (Evadne and Podon) as well as 

for the copepod genus identified as Sinocalanus (a genus that is not present in the 

Mediterranean Sea) differentiated the community of Core 2 from Core 1, in this latter core 

very few (< 50) cladoceran reads were retrieved in only two samples (1832 and 2013).  

 

 

Protists 

 

Despite the spatial differentiation in pollution gradients between Core 1 and Core 

2 (Romano et al., 2004), the metabarcoding data revealed a remarkable similarity between 

the two communities. Particularly for the planktonic compartment of the protist 
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community, whereby all higher taxonomic groups present in Core 1 were also found in 

Core 2, reflecting spatial homogeneity of planktonic groups. This finding supports the 

recent description of a spatially homogenous planktonic community by Margiotta et al. 

(2020); the authors considered that, despite the prolong deterioration of the environment 

for over 80 years, the community showed remarkable resilience and was in relatively good 

ecological conditions comparable with other coastal, non-impacted habitats.  

The relatively short distance separating the two cores (~ 2.4 km) and the fate of planktonic 

organisms that drift in the water column might lead to the large spatial homogeneity in 

planktonic groups observed on the two sediment cores. Nevertheless, different temporal 

breaks related to changes in relative abundance of protist groups were observed between 

the two cores. The hierarchical clustering of unicellular eukaryotes showed a statistically 

significant separation of the deeper layers of the two cores from the rest of the samples. 

This clear distinction was confirmed by the analysis carried out on the two individual 

cores. When looking at the composition of the main taxa the clear distinction shown by 

the clustering analysis was explained by the marked dominance of Dinoflagellata (mainly 

free living Dinophyceae) in all layers of the two cores from the industrial and post-

industrial periods, followed by diatoms and ciliates. In the three oldest layers, the relative 

percentage of Dinoflagellata was lower and were mostly represented by parasitic taxa 

(Syndiniales-Group I and II). Diatoms, Apicomplexa (a group that includes unicellular 

alveolates that are parasites of various marine organisms, e.g., the Gregarines) and 

Cercozoa (unicellular Rhizaria that are predators of bacteria and archaea) followed in 

abundance. 

 

Temporal fluctuations in relative abundances of individual taxa drive changes in 

community composition and are a direct response to local and global environmental 

changes. The sedimentary DNA archive retrieved from Bagnoli have highlighted that 

marked temporal breaks in the structure of protist communities in both cores translate to 

an increase in relative abundances of some key groups through time (fluctuation between 

heterotrophs and phototrophs). Similar patterns in relative abundances have been observed 

as a response to increased eutrophication of the habitat and climate change, and over 

different geographical scales, in temperate (Capo et al., 2016; Monchamp et al., 2017; 

Keck et al., 2020) and boreal habitats (Capo et al., 2019). Dinoflagellates in particular 

leave a remarkably high number of reads in the sediments (Piredda et al., 2017b; Mordret 
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et al., 2018) which might have led to an over representation of heterotrophic 

dinoflagellates such as Protoperidinum which also produces resting cysts. In terms of the 

high relative abundance of parasites in the pre-industrial period, two key aspects can be 

considered: 1) Parasite abundance might reflect the availability of hosts at the time, for 

example, during the pre-industrial period many of the parasitic taxa found (mainly 

Syndiniales and Apicomplexa) are recognised parasites of Dinophycea, Radiolaria and 

Ciliophora (Adl et al., 2018) which were abundant in pre-industrial samples, and 2) 

changes in the relative abundance of parasitic taxa might highlight shifts in community 

composition, for example, the pre-industrial assemblage of parasitic dinoflagellates and 

Apicomplexa changed from high abundance of protistan parasites to higher abundances 

of invertebrate parasites during industrial and post-industrial periods. Moreover, spatial 

differences were also observed for the parasitic assemblage that went in line with changes 

in relative abundances of hosts, for example for the Gregarinomorphea (parasites on 

invertebrates) the highest abundances in Core 1 occurred in line with the increased 

abundance of copepods during the industrial period, while in Core 2, these parasites were 

more abundant in the post-industrial layers where Annelids dominated. The role of 

parasites in the marine environment observed in the present study and other similar works 

(Siano et al., 2021) represent a key aspect of eukaryotic communities but so far, its 

importance has been largely neglected (Guillou et al., 2008), and future research will 

benefit by addressing this compartment of the community. 

 

Temporal trends of protists in sediment cores  

 

Except for the dominance of Rhizarian reads in Core 2, similarities in the 

paleocomunites between the bay of Brest (Siano et al., 2021) and the Bay of Bagnoli were 

observed. In both study sites Archaeplastida, Alveolata and Opisthokonta dominated in 

the oldest layers. But Streptophyta, maninly represented by seagrasses (37.5%) in Core 1 

and Radiolaria (22.7%) and Dinoflagellata (23.0%) in Core 2 differentiated between the 

two cores. However, unassigned eukaryotic (unknown) ASVs represented < 1% of the 

reads in the Bagnoli samples unlike the paleocommunity of Brest where 28% of the ASVs 

were unknown. Such differences between the two studies could arise by the marker used, 

V4 in Brest and V9 in Bagnoli, and by the age of the sediment that were much older in 

Brest (~ 1400 years) than in Bagnoli (~180 years).  
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Among the two targeted protists groups, Dinoflagellata was largely represented by 

the order Peridiniales in both cores; however, changes in relative abundance of the orders 

present caused a visible shift since the industrial period and continued until the surface 

layers. High abundance of Gonyaulacales -autotrophic (Alexandrium) and mixotrophic 

(Fragilidium)- genera became visible since the industrialisation of the bay, a pattern that 

was also observed in Brest with increased abundance of Alexandrium species since the 

1940s and that caused a drastic shift in the dinoflagellate community. A point of 

discrepancy between the bay of Brest and Bagnoli was the signal of suessiod genera, that 

in Bagnoli increased only after the industrialisation of the bay while the opposite was 

observed in Brest. Suessiales in Brest were more abundant during the Middle Ages till the 

beginning of the 20th century but almost disappeared by 1980s causing another shift in the 

dinoflagellate community. In the case of dinoflagellates, the presence of a large nucleus 

(dinokaryon) that holds a larger amount of DNA content than any other eukaryote (Gornik 

et al., 2019) might lead to an over representation of dinoflagellate reads in metabarcoding 

datasets (e.g., Piredda et al., 2017b) due to the positive correlation between genome size 

and the rDNA copy numbers (Prokopowich et al., 2003; Gornik et al., 2019). Moreover, 

the differences in abundance of the different genera might also reflect the interspecific 

variation observed in dinoflagellates, as there is a positive correlation between genome 

size and cell size, where larger species tend to possess larger genomes (Gornik et al., 

2019). 

The temporal changes in relative abundances and dominance of the different 

dinoflagellate orders might reflect functional redundancy within the protist community. 

Dinoflagellata are part of protistan communities that are dominated by assemblages with 

high taxonomic diversity. However, these communities might also exhibit low functional 

diversity as many species can play similar ecological functions, for example their trophic 

roles i.e., heterotrophs or mixotrophs (Ramond et al., 2018; 2019).  

 

In the case of Stramenopiles the community in Bagnoli had two groups that were 

persistent in sediment cores, Ochrophyta (mainly centric diatoms) and Pseudofungi; the 

former group dominated in read number along the entire core increasing from 56.1% in 

the pre-industrial period to 81.8 % in the post-industrial in Core 1, and 53.1% to 72.7% in 

Core 2. Pseudofungi was always the second most abundant group, but their highest 
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contribution was in the pre-industrial (29.6%) period in Core 1 and pre- and post-industrial 

periods in Core 2 (21.5% and 22.3%, respectively). A visible temporal shift occurred 

among Bacillariophyta as the genus Chaetoceros, that until ~1960 was dominant, became 

progressively replaced by Skeletonema and Thalassiosira in both cores. These findings 

diverged from what it was observed in the Bay of Brest, where Opalozoa (mainly MAST-

12) dominated the Stramenopile community until the 19th century, it was then replaced by 

Bacillariophyta which dominated since the 1950s onwards. However, a similar change for 

the shift in dominance within centric diatoms was observed as Chaetoceros was 

progressively replaced by Thalassiosira after the 1990s. These similarities can further 

highlight the functional redundancy within Bacillariophyta, in particular for colonial 

phototrophs and floater phototrophs, the two functional groups in which diatoms have 

been included by Ramond et al. (2019). The persistence along the cores might hint to the 

higher ecological stability (in terms of taxonomic richness and functional diversity) 

observed for Bacillariophyta and smaller plankton groups within Pseudofungi.  

Another relevant issue was the abundance of unassigned protist reads in both 

Dinoflagellata (average: 20% of total group reads in Core 1 and 23.8% in Core 2) and 

Stramenopiles (6.1% in Core 1 and 3.1% in Core 2). The abundance of reads lacking 

taxonomic assignation arises from the challenge posed when exploring total biotic 

diversity of ecosystems, particularly for microbial eukaryotes that are characterised by an 

array of organismal and functional complexity (de Vargas et al., 2015). Long-range and 

embracive platforms like Next Generation Sequencing metabarcoding made possible to 

access such diversity. However, advancement on this approach relies on validated 

taxonomic frameworks that require expert knowledge and a continuous effort to integrate 

molecular, morphological and ecological information to map natural diversity. Several 

challenges have been highlighted, among them are chimeric or artificial errors arising 

from the sequencing processes, the computational power related to assemble high-quality 

alignments and phylogenetic trees and bringing into culture organisms for morphological 

characterisation, which means that available taxonomic reference databases still hold only 

a subset of the realised natural diversity and differ in the taxonomic resolution that they 

can offer (Orr et al., 2012; del Campo et al., 2018). In the Bagnoli cores, this issue also 

extended to Metazoa, specifically Cladocera and Copepoda (Fig. 2.22), for the former 

order, the unknown Branchiopoda reads were assigned as Daphnia pulex (a freshwater 

species), the identification of these reads probably reflects the closest taxonomic identity 
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available in the database (based on similarity between query and reference sequences) 

rather than true taxonomic identity. In the case of Copepoda, the assignation of several 

number of reads to the genus Sinocalanus, that has a geographical distribution outside of 

the Mediterranean Sea (Hiromi & Ueda, 1987), highlights the importance of taxonomic 

databases and the need for continuous development of these resources by including more 

reference sequences to support interpretations from metabarcoding datasets.  

 

Dinoflagellates and Stramenopiles in the sediment cores and their presence in the 

planktonic community of the study area 

 

 Many of the dinoflagellate genera recorded in this study are common members of the 

phytoplankton assemblage in the area, as shown by the survey carried out over an annual 

cycle in the Gulf of Pozzuoli (Margiotta et al. ,2020) and by the list of species recorded at 

the LTER ecological research station MareChiara (LTER-MC, Diana Sarno, pers. 

comm.). While many species of the orders Gonyaulacales, Peridiniales, 

Thoracosphaerales, Prorocentrales and Dinophysiales, e.g., genera Gonyaulax, 

Protoperidinium, Alexandrium, Scrippsiella, Prorocentrum, can be identified in light 

microscopy, small sized taxa belonging to Gymnodiniales or Suessiales are difficult to 

identify in fixed samples and are grouped based on their cell size in the monitoring 

programs. Their identification at the species or genus level requires dedicated approaches 

such as the examination of samples in scanning electron microscopy and/or the 

establishment of unialgal cultures and the application of molecular methods. A detailed 

comparison with the phytoplankton community present in water samples is therefore 

difficult. However, a study on the distribution of dinoflagellate cysts in the sediments of 

the Gulf of Naples and in sediment traps deployed at LTER-MC (Montresor et al., 1998) 

provides insights on the dominant cyst-forming taxa and showed a good match with the 

records provided by this metabarcoding study. Calcareous cysts produced by autotrophic 

Peridiniales (Scrippsiella, Posoniella and related genera) represented the largest fraction 

of dinoflagellate cysts at coastal sites, and non-calcareous cysts produced by heterotrophic 

Peridiniales (mainly Protoperidiuum) were most abundant at the offshore stations. 

Calcareous cysts were the most abundant group also in sediment traps, where also high 

fluxes of cysts produced by various Protoperidinium species were recorded together with 

small-sized cysts that upon germination produced small unarmoured dinoflagellates, 
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possibly belonging to Suessiales (M. Montresor pers. comm. results of germination 

experiments conducted after that study). In sediment traps, cysts of the potentially toxic 

Alexandrium andersonii were also recorded on several occasions, while in phytoplankton 

samples other Alexandrium species, all capable of forming resting stages, have been 

detected (A. minutum, A mediterraneum, A. margalefi), as well as Protoceratium 

reticulatum (Montresor et al., 2004; Zingone et al., 2006; Diana Sarno, pers comm.). 

The distribution and abundance of resting cysts in sediments are driven by the 

overlying hydrological conditions of the area and by the sediment characteristics (Godhe 

& McQuoid, 2003; Likumahua et al., 2021). Distinctively, sediments with high content of 

silt were characterised by the highest densities of resting cysts, due to the fact that these 

are accumulation sites of cysts that have size similar to the fine silt particles (Triki et al., 

2017). However, it has also been observed that high concentrations of trace metals and 

organic pollutants in sediments positively contribute to the accumulation of cysts. 

Significantly positive correlations between dinoflagellate cyst abundances and sediment 

contaminant levels were established in highly anthropized Mediterranean coastal 

ecosystems like the Bizerte lagoon (Tunisia; Triki et al., 2017), Izmir Bay (Turkey; Aydin 

et al., 2015). In Bagnoli, the granulometric assessment indicated that sediments are 

primarily composed of silt, sand, and clay in varying proportions (Armiento et al., 2021), 

but silt dominated along both cores (70 ± 6 % in Core 1 and 65 ± 5 % in Core 2). While 

the concentration of inorganic pollutants in Core 1 (specifically Cd, Cu, Hg, Pb and Zn) 

was beyond natural levels for the area, reaching the highest concentrations between 1916 

and 1990, as well as the increment in PAHs in layers between 1934 and 1987 (Armiento 

et al., 2021).  

Therefore, the characteristics of the sediments might have facilitated the 

preservation of resting cysts in both cores, as even in the pre-industrial period a large 

proportion of the communities were represented by genera with high potential to fossilise 

in marine sediments, such as Posoniella and various genera in the family 

Thoracosphaeracea (Soehner et al., 2012; Gu et al., 2013) including calcareous cyst 

producers like Scrippsiella (Head et al., 2006). The high concentrations of pollutants in 

the sediment (with potential to be resuspended into the water column) could have triggered 

the increased production of cysts. Particularly, cadmium (Cd), mercury (Hg) and copper 

(Cu) that had been found to have adverse biological effects leading to an increase cyst 

production (Horner et al., 2011; Tikir et al., 2017) or more directly by causing rapid 
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motility loss and reduce photosynthetic carbon fixation (Anderson & Morel, 1978). 

Moreover, industrial pollution has also been associated with an increased production of 

cysts from heterotrophic species (Dale, 2001 and reference therein); in Bagnoli, an 

increasing signal from heterotrophic/mixotrophic dinoflagellate taxa like Protoperidinium 

was observed since the start of the industrial period in both cores.  

 

In terms of the Stramenopiles, their relative abundance within protist taxa ranged 

between 8.0 % and 24.9% in Core 1, and between 8.4% and 18.6% in Core 2, and were 

largely represented by Bacillariophyta (diatoms) especially in the layers of the industrial 

and post-industrial periods. In the oldest layers, higher percentages of Pseudofungi were 

recorded (Fig. 2.19). Stramenopiles was the only protist group that separated between and 

within the pre-industrial layers of the two cores. In Core 1, an increased abundance of 

phagotrophic flagellates like Pirsonia (Pseudofungi) that feeds on diatoms (Schnepf & 

Schweikert, 1997), and zoosporic parasites (facultative or obligated parasites that infect 

diatoms by means of a motile spore, Scholz et al., 2016), like Labyrinthulomycetes 

(Sagenista) and Oomycota (Pseudofungi) resulted in marked differences between the two 

cores. Moreover, the presence of Traustichytrium (Sagenista) unique to Core 1, was 

associated with the high abundance of sea grasses reads that was observed in this core, as 

Traustichytrium are marine saprotrophs that contribute to the decomposition of organic 

matter and have been commonly found in environment containing animal detritus and/or 

decaying vegetable matter as in surficial sediment layers (Marchan et al., 2018).  

 

The dominance of reads assigned to the genus Chaetoceros was remarkable in all 

layers of the industrial and post-industrial periods in both sediment cores, but this genus 

was present also in some deeper layers (e.g.: 1911, 1870 in Core 1 and the oldest layer of 

Core 2). 

Chaetoceros is a dominant genus of the planktonic community at the LTER-MC 

site (Ribera D’Alcalà et al., 2004; Gaonkar et al., 2020) and the formation of resting spores 

is known for many species (McQuoid & Hobson, 1996; Belmonte & Rubino, 2019). In 

the Gulf of Naples, the abundance of diatom resting stages in surface sediments at the 

LTER-MC site has been investigated by a Serial Dilution Culture/Most Probable Number 

(SDC/MPN) approach and various Chaetoceros species (C. socialis, C. diadema, C. 

curvisets, C. protuberans) showed abundances of > 100 viable cells g-1 of wet sediment 
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(Montresor et al., 2013). The importance of Chaetoceros species was also confirmed by 

another study in which both SDC/MPN and a metabarcoding approach was carried out on 

surface sediments collected at the same sampling site (Piredda et al., 2017a). The species 

C. socialis, C. diadema, C. curvisets, and C. costatus were the most abundant both as 

abundance of viable cells in the sediments and as relative abundance of reads in the 

metabarcoding dataset. Other abundant genera during the industrial and post-industrial 

periods were Odontella, Skeletonema and Thalassiosira, which are also known to 

produced resting stages (some species produced resting cells while resting spores are 

observed in others). For example, the resting stages of Skeletonema have the capability to 

survive in the sediments for an extended time as evidenced by Härnström et al. (2011), in 

which various strains of S. marinoi were obtained from up to 100 years-old sediment 

layers. Additional evidence comes from studies with SDC/MPN (Montresor et al., 2013) 

and metabarcoding approaches (Piredda et al., 2017a) have been applied on surface 

sediments from the Gulf of Naples where high concentrations of alive cells of S. 

pseudocostatum, as well as high relative abundances of reads of this species were 

retrieved. Similarly, the genus Thalassiosira showed high abundances of viable cells and 

read relative abundances in the study by Piredda et al. (2017a). Species of this genus are 

often difficult to be identified at the species level in light microscopy and the high 

abundance of viable cells listed as ‘undetermined centric diatoms’ in the SDC/MPN study 

at LTER-MC includes small-sized taxa of the genera Thalassiosira and Cyclotella that 

require ultrastructural studies to be sorted apart at the species level (Montresor et al., 

2013). In the present study the most abundant genera of centric diatoms are also known to 

produce resting stages, and this further supports the fact that metabarcoding approaches 

can reliably detect them and further support the role that resting stages play in the 

reconstruction of eukaryotic communities from the sediments, as their prolonged survival 

and viability after burial in sediments is now well established (e.g., Härmström et al., 

2011; Tsukazaki et al., 2013; Sanyal et al., 2021). Also, among pennate diatoms a few 

representatives like the benthic Amphora, Cylindrotheca and Sellaphora (all raphid 

species) have documented production of resting stages (Anderson 1975; 1976; McQuoid 

& Hobson, 1996; Piredda et al., 2017a), and their temporal signal extended to the oldest 

layers particularly in Core 2. 

 



Chapter II Discussion 

 

103 

 Thus far, there is only one study in which metabarcoding approaches on sediment 

cores were used to depict changes in the protist community along environmental and/or 

anthropic gradients in the marine environment: the one carried out in the Bay of Brest 

(Atlantic coast of France) by Siano et al. (2021) in which sediment cores covering 

different temporal intervals have been analysed. The results of this study highlighted 

changes in the composition of the protist assemblages in the period of World War II that 

was characterized by heavy metal pollution and in more recent layers where changes were 

attributed to eutrophication due to an increased land use by agriculture. Changes in the 

community composition were mainly due to dinoflagellates and Stramenopiles. Suessioid 

genera (i.e., small sized dinoflagellates of the genera Pelagodinium and 

Biecheleria/Protodinium) dominated from the Middle Ages to the beginning of the 20th 

century when they were replaced by a dominance of gonyaulacoid genera (Gonyaulax and 

Alexandrium). In more recent times, the genus Gonyaulax progressively decreased in 

importance after the 1980s with the peridinioid genus Heterocapsa and the potentially 

harmful genus Alexandrium increasing in abundance (Siano et al., 2021). Among 

Stramenopiles, the heterotrophic group MAST (marine stramenopiles) dominated during 

the Middle Ages and the 19th century, while the relative abundance of diatoms 

(Bacillariophyta) increased during the 20th century becoming the dominant group. Also, 

within diatoms changes occurred in the last century with the genus Thalassiosira 

progressively replacing the genus Chaetoceros. 

 Also in the sediment cores from the Bay of Bagnoli, changes in the dinoflagellate 

and Stramenopiles assemblages were observed when comparing the composition of the 

pre-industrial period to that of the industrial/post-industrial one. In parallel with the results 

by Siano et al. (2021), cyst-forming Gonyaulacales – mainly the genera Alexandrium and 

Fragilidium - were recorded in the two cores only in the industrial/post-industrial layers 

together with high relative abundances of the heterotrophic genus Protoperidinium, which 

include many species producing resting stages. Autotrophic peridiniales (e.g., genera 

Scrippsiella, Ensiculifera and others in the family Thoracosphaeraceae), all known to 

produce resting stages, showed instead higher relative abundances in the pre-industrial 

period. In contrast with the finding reported for the Bay of Brest, relative abundances of 

Suessiales were higher in the industrial and post-industrial layers.  
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Methodological implications  

 

Degradation of DNA during sedimentation -after incorporation and burying in the 

sediments- can cause the decaying of the DNA by degradation of nucleotidic acids and 

DNA fragmentation over time (Capo et al., 2017). Environmental conditions at the water-

sediment interface and in the sediment, influence the rate and extent of DNA degradation 

(e.g., higher temperatures, oxygenated sediments accelerate the degradation of the DNA 

molecules; Dabney et al., 2013; Bremond et al., 2017; Armbrecht et al., 2019; Capo et 

al., 2021).  

Higher temperatures at the water-sediment interface and within the sediment 

column accelerate the degradation rate of the nucleotidic acids in DNA (Capo et al., 

2021b). It can be argued that in the present study the signal derived from the sedimentary 

DNA was a reliable representation of the community present as all the sediment layers 

provided a good overview of the taxonomic groups. The analysis of ~40 years of data of 

surface temperature provided evidence for a consistent warming trend of 0.035 °C/year in 

the Mediterranean Sea (Pastor et al., 2020). However, this trend should not have 

considerably affected the temperature in the deeper layer of the water column (50-60 m) 

over the time interval considered in this study. Sediments were also anoxic, at least over 

the industrial period due to the high level of organic carbon (Schirone pers comm.). 

Moreover, sedimentary DNA has been successfully recovered from natural systems that 

do not provide ideal conditions for the preservation of DNA such as warm, tropical lakes 

and deep sea sediments that were well oxygenated for up to ~ 200 years attesting that even 

for environments that are conducive of a faster DNA degradation the patterns obtained by 

metabarcoding are robust and reliable (Lejzerowicz et al., 2013; Boessenkol et al., 2014; 

Bremond et al., 2017; Capo et al., 2021b). 

 

The fragmentation of DNA is an important source of variation and the length of 

the barcode used is crucial in the amplification process as this would influence the 

taxonomic resolution achieved (Capo et al., 2016; Armbrecht et al., 2019). Different (18S) 

barcode markers differed in the level of taxonomic resolution provided. As highlighted by 

Siano et al. (2021) the amplification of long fragments (up to 500 bp) are suitable for 

assessing eukaryotic biodiversity while shorter fragments (< 100 bp) might fail to identify 

all the taxonomic groups present. Shorter barcodes like the V7 have failed to identify 
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several eukaryotic groups that other markers were able to detect (e.g., Ki, 2012; Siano et 

al., 2021). In the case of the V9 marker, falls between a short to medium size and ranges 

between 87 to 200 bp in length with expected amplicon size of ~ 96-170 bp (Amaral-

Zettler et al., 2009; Ki, 2012; Choi & Park, 2020), as such it has been a recommended 

solution for the amplification of DNA from sedimentary samples to mitigate DNA 

degradation (Coolen et al., 2013; Domaizon et al., 2017; Siano et al., 2021), because it 

represents a good compromise between the length of the marker and the taxonomic 

resolution achieved. Moreover, it has also been observed that the V9 is suitable for 

detecting rare taxa (< 1% of total reads) when compared to longer (> 200 bp) regions such 

as the V4 (Choi & Park, 2020), as well as proving a useful tool for approaches that 

typically involve degradation of DNA like dietary assessment (Albaina et al., 2016). 

 

Despite the favourable conditions for the long-term preservation of DNA 

encountered in aquatic sediments (e.g., Randlett et al., 2014; Kirkpatrick et al., 2016), it 

has been observed that the degradation of DNA in sediments will depend on factors such 

as the source of the DNA and whether or not it is protected by robust structures like resting 

stages (extracellular vs intracellular) (Thomsen & Willerslev, 2015). Although, variation 

in the types of cell walls of resting stages can potentially affect DNA preservation 

(Domaizon et al., 2017) whether is a rigid cell wall as in diatoms and the calcareous cyst 

of dinoflagellates or a simple membrane as in Cryptophytes (Capo et al., 2015). In the 

present study the methodology applied for the extraction of sedimentary DNA was the 

same as the one used by Siano et al. (2021) -Total DNA (TOT)-, where using the 

PowerMax Soil kit extracted the total sedimentary DNA (extracellular and intracellular), 

this method allowed the analysis of mostly intracellular (from resting stages) DNA. 

 

Differential sedimentation rate between the two cores might have influenced the 

amount of DNA accumulated in the sediments. Core 2 was much older (~14 years older 

than layers at the same depth) than Core 1, resulting in an extended burial time of the older 

layers of this core. However, the loss of ASVs with increasing sediment age was visible 

for both cores, being four times higher in the three oldest layers in Core 1 and three times 

higher in the same layers in Core 2. Ultimately, the presence of sea grasses might have 

influenced the amount of DNA accumulated in the sediments in Core 1 (as the core with 
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the highest number of reads for this group), as sea grasses enhance the accumulation of 

sestonic particles by inhibiting resuspension (Scheef & Marcus, 2010).  

 

Overall, strict sampling and laboratory protocols were followed during the 

processing of sediment layers and extraction of DNA to avoid contamination of external 

DNA sources, in line with the recommendations by Armbrecht et al. (2019) and Capo et 

al. (2021). Sediment cores were processed as soon as they were collected in a confined 

environment and samples for DNA extraction were processed separating the centre of the 

core with minimal exposure to oxygen and were cryopreserved (preventing exposure to 

rapid bacterial activity), thus ensuring a reliable temporal signal. Moreover, during the 

extraction of DNA (also performed in a confined environment and physically separated 

from PCR laboratory) samples were processed in triplicates and controls were used for 

assessing contamination following PCR amplification. Lastly, the bioinformatic pipeline 

used was also applied in a manner that allowed the best taxonomic resolution (addition of 

private reference sequences and the use of curated, ample reference databases).  

 

Community reconstruction in the face of climate change.  

 

In addition to changes due to pollution by heavy metals and organic pollutants, 

changes in the relative abundance of the dominant taxonomic groups must also be 

discussed considering the steady rise of temperature at sea and increase acidification of 

the ocean, both of these events encompassing the effects of climate change in aquatic 

systems.  

 

An possible sign of the combine effect of habitat degradation and climate change 

was the considerable decline of Posidonea oceanica in the area after 1911 (limit of pre-

industrial period), attesting to the loss of this ecosystem engineer, possibly attributable to 

the destruction of the habitat by the construction of a bridge between the Island of Nisida 

and the mainland, and consequent changes in water circulation patterns. The recovery of 

the species might have been further hindered by the rise in water temperature registered 

for the 20th century and/or by the effect of heat waves. Posidonia oceanica is a temperate 

species thriving in cool conditions and clean unpolluted waters; its presence depends upon 

physical variables that regulate its physiology (i.e.: temperature, turbidity, salinity) and 
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natural phenomena such as climate change and anthropogenic pressures (Zumpo et al., 

1997; Telesca et al., 2015).  

 

Among microorganisms, the increasing reports of harmful algal blooms in the 

Mediterranean Sea have been linked to increasing temperatures; this may be the case of 

the dinoflagellate Gambierdiscus toxicus (an exotic species associated with tropical areas) 

that has been recorded in the Balearic Islands (Tudó et al., 2018) or the toxic 

dinoflagellates Ostreopsis ovata that has shown a considerable range expansion (Aligizaki 

& Nikolaidis, 2008). The presence of harmful algae in Bagnoli was registered in layers 

from the industrial period onwards, but the pattern did not depict a large increase in 

abundance. An exception was Alexandrium andersonii in core 1 that was the most 

abundant HAB species in terms of relative abundance and increased in layers from 1980 

onwards. Similarly, Gonyaulax spinifera and Lingulodinium polyedra showed increased 

number of reads between 1980 till 2013, although a few reads were retrieve from pre-

industrial layers (1911). 

 

The Mediterranean Sea is experiencing unprecedented anthropic pressure in the 

form of pollution (Merhaby et al., 2019d), habitat destruction (Telesca et al., 2015) and 

species introductions (Sabia et al., 2015; Zingone et al., 2019), resulting in large 

modifications of ecosystems and biodiversity loss (Bianchi et al., 2011). Beyond the 

recognition of this unique marine system as a biodiversity hot spot (Coll et al., 2010) the 

Mediterranean has been recently described as a hot spot for climate change (Lionello & 

Scarascia, 2018). The steady increase in mean global sea temperature registered since the 

late 20th century together with an ever-increasing human population along the 

Mediterranean shores, makes this sea a unique opportunity to understand the future 

responses of natural communities to rapid changes arising from climate driven changes.  

 

Overall, the effect of long-term temperature increases and higher frequency of short-

term extreme events arising from climate change can potentially affect the mechanisms 

driving the benthic-pelagic coupling. Changes in temperature, wind speed and 

precipitation, and their impact on the vertical structure of the water column are factors that 

have been observed to alter the state of ecosystems and the biological interactions (Nixon 

et al., 2009; Bautistan et al., 2014). For example, a warmer climate may increase the 
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period of stratification of the water column, this in turn will alter the community structure 

of phytoplankton as a prolonged stratification period would increase the pressure on 

nutrient availability (Nixon et al., 2009). Moreover, with increasing temperatures smaller 

cell-size organisms are expected to become more abundant (Bautistan et al., 2014), a trend 

that has already being registered for the diatom assemblage present in the Gulf of Naples 

(Ribera d’Alcalà et al., 2004; Zingone et al., 2019). Evidence for changes in composition 

of major groups of phytoplankton taxa in the Mediterranean Sea was also provided by the 

analysis of satellite-derived data (El Hourany et al., 2021). 

 

 

 

2.5 Conclusions  
 

The historical reconstruction of eukaryotic communities of the Bay of Bagnoli 

since the earliest 1800s was made possible by the application of HTS metabarcoding of 

the V9 region of the 18s rDNA. Sedimentary DNA revealed a diverse eukaryotic 

community, that was similar in composition between the two cores.  

 

Pollution of coastal sediments by anthropogenic activities resulted in a temporal 

shift observed as changes in relative abundances of several taxonomic groups, particularly 

for Stramenopiles, Dinoflagellata and Metazoa, but spatial differences were less evident 

for the total eukaryotic community. 

 

The presence of resting stages (paleocommunity) in older layers allowed the 

reconstruction of > 100-year-old eukaryotic communities. Moreover, the distribution of 

Posidonia oceanica meadows in Bagnoli during the pre-industrial period might have 

served as a buffered against the homogenisation of the communities during this period, by 

providing habitat to organisms that otherwise would decrease in abundance or disappear 

when Posidonia began to decrease. 

 

A degree of homogenisation along the core following the industrilisation of the 

bay was visible as changes in the dominant Dinoflagellata and diatom taxa shaped the 

community during this period, by an increased abundance of Gonyaulacales genera in 
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Dinoflagellata and increase abundance of Skeletonema and Thalassiosira in centric 

diatoms. 

 

Overall, it can be argued that while pollution impacted the eukaryotic community 

during the industrial period, the resilience of the planktonic community over time was the 

result of an interannual stability observed for the area. Main findings, hint to an initial 

state of recovery of the planktonic communities following prolonged exposure to 

pollutants. 
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Appendices 

 

Appendix 2.1: a) number of reads per eukaryotic group recovered from 22 sediment 

layers from two sediment cores. b) number of reads per protist groups recovered from 22 

sediment layers from two sediment cores. 

 

a) 
Eukaryotic community 

 
Total Core 1 Core 2 

Protist 1,029,183 466,570 562,613 
Metazoa 575,687 211,217 364,470 
Fungi 24,496 16,398 8,098 
Mesomycetozoa 872 752 120 
Red algae (Archaeplastida Rhodophyta) 831 710 121 
Sea grasses 45,551 39,402 6,149 
Brown Algae (Stramenopile 
Phaeophycea) 

4,154 3,665 489 

Unknow Opisthonkonta 133 72 61 
Unknown eukaryota 2,255 752 1,503 
Unknown stramenopiles 522 248 274 
Unknown alveolata 10 5 5 

 
b) 

Protist community   
Total Core 1 Core 2 

Alveolata 764,022 329,600 434,422 
Stramenopiles 149,444 78,423 71,021 
Rhizaria 94,764 45,157 49,607 
Amoebozoa 7,472 4,560 2,912 
Archaeplastida (Chlorophyta) 7,700 5,815 1,885 
Excavata 2,457 1,220 1,237 
Hacrobia 2,227 1,287 940 
Apusozoa 974 457 517 
Choanoflagellida 123 51 72 
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Appendix 2.2: Eukaryotic community diversity indices calculated on the abundance of 

ASVs in individual sediment layers of Core 1 (a) and Core 2 (b). 

 

a) Core 1 

  Richness Shannon Simpson Dominance Evenness 
P_2013 746 3.347 0.851 2.821 0.506 
P_2007 836 3.043 0.748 2.033 0.452 
P_2003 903 4.728 0.968 9.150 0.695 
P_1997 1097 5.156 0.983 12.979 0.736 
P_1990 665 3.765 0.892 3.776 0.579 
P_1982 726 4.303 0.942 4.812 0.653 
P_1967 586 4.294 0.948 5.278 0.674 
P_1954 487 3.585 0.842 2.580 0.579 
P_1911 218 3.719 0.924 5.431 0.691 
P_1870 394 4.615 0.969 8.350 0.772 
P_1832 249 3.304 0.847 3.468 0.599 

 
b) Core 2 

   Richness  Shannon Simpson Dominance Evenness 
C_2012 584 2.436 0.794 3.233 0.382 
C_2006 392 1.422 0.449 1.364 0.238 
C_1997 844 3.740 0.847 2.672 0.555 
C_1985 727 4.192 0.947 7.002 0.636 
C_1973 818 4.518 0.962 6.580 0.674 
C_1962 829 4.557 0.967 9.080 0.678 
C_1951 778 4.517 0.964 8.700 0.679 
C_1938 638 4.011 0.954 8.650 0.621 
C_23_24 472 5.054 0.980 10.145 0.821 
C_31_32 81 3.898 0.972 11.955 0.887 
C_39_40 191 4.390 0.972 8.577 0.836 
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Appendix 2.3: Eukaryotic community alpha diversity. Pairwise comparisons between 

periods for the five diversity indices calculated for ASVs retrieved from Core 1. a) 

observed richness, b) Shannon index, c) Simpson index, d) dominance, e) evenness. p 

values given above the horizontal line, significance level: < 0.05. 
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Appendix 2.4: Eukaryotic community alpha diversity. Pairwise comparisons between 

periods for the five diversity indices calculated for ASVs retrieved from Core 2. a) 

observed richness, b) Shannon index, c) Simpson index, d) dominance, e) evenness. p 

values given above the horizontal line, significance level: < 0.05. 
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Appendix 2.5: Protist community alpha diversity, indices calculated on the abundance of 

ASVs in individual sediment layers of Core 1 (a) and Core 2 (b). 

 

a) Core 1      
  Richness Shannon Simpson Dominance Evenness 
P_2013 756 5.032 0.980 11.715 0.759 
P_2007 852 5.025 0.976 8.395 0.745 
P_2003 750 4.677 0.964 6.065 0.706 
P_1997 833 4.958 0.979 2.360 0.737 
P_1990 522 3.826 0.875 5.103 0.611 
P_1982 582 4.647 0.974 14.495 0.730 
P_1967 461 4.163 0.943 2.935 0.679 
P_1954 378 3.293 0.812 10.656 0.555 
P_1911 165 4.071 0.957 7.270 0.797 
P_1870 277 4.565 0.972 9.404 0.812 
P_1832 155 4.414 0.978 14.247 0.875 

 

 

b) Core 2      
  Richness Shannon Simpson Dominance Evenness 
C_2012 749 5.083 0.978 9.404 0.768 
C_2006 513 4.298 0.943 8.328 0.689 
C_1997 775 4.711 0.958 8.225 0.708 
C_1985 594 4.205 0.942 5.330 0.658 
C_1973 674 4.478 0.952 6.178 0.688 
C_1962 655 4.497 0.964 6.817 0.694 
C_1951 612 4.398 0.962 5.822 0.685 
C_1938 535 4.114 0.956 10.635 0.655 
C_23_24 329 4.820 0.981 10.955 0.832 
C_31_32 63 3.636 0.965 9.250 0.878 
C_39_40 159 4.396 0.979 13.514 0.867 
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Appendix 2.6: Taxonomic composition of the eukaryotic community based on the 

sequencing of the V9 region of the 18S rRNA. 

 

 
  

Kingdom Phylum ASV number Identified genera 
Alveolata

Apicomplexa 16,076 36
Ciliophora 29,586 123
Dinoflagellata 200,712 99
Perkinsea 75 2

Amoebozoa
Breviatea 1,349 5
Conosa 795 8
Lobosa 995 18

Apusozoa
Apusomonadidae 267 4
Hilomonadea 12 3

Archaeplastida (unicellular)
Chlorophyta 3,387 67

Excavata
Discoba 763 16
Metamonada 140 2

Hacrobia
Centroheliozoa 53 4
Cryptophyta 43 6
Haptophyta 78 8
Katablepharidophyta 84 2
Picozoa 451 1
Telonemia 49 2

Rhizaria
Cercozoa 24,759 78
Foraminifera 2,995 36
Radiolaria 12,118 38

Stramenopiles
Ochrophyta 37,504 85
Opalozoa 890 16
Pseudofungi 8,519 15
Sagenista 2,675 15

Archaeplastida (Multicellular)
Streptophyta (Sea grasses) 34,038 2
Rhodophyta (Macroalgae) 444 13

Stramenopiles (Multicellular)
Ochrophyta (Macroalgae) 3,286 10
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Appendix 2.6 continued 

 

 
 
 
 
 
 
 
 

Kingdom Phylum Class ASV number Identified genera 
Opisthokonta 

Choanoflagellida 43 8

Fungi 13,174 126

Metazoa 138,206
Annelida 87,792 50
Arthropoda 29,302 42
Brachiopoda 3 1
Cnidaria 1,004 21
Craniata 52 5
Echinodermata 87 2
Entoprocta 7 1
Gastrotricha 94 4
Hemichordata 14,125 4
Mollusca 667 15
Nematoda 2,289 21
Nemertea 116 6
Platyhelminthes 397 17
Porifera 105 10
Rotifera 739 4
urochordata 1,332 18
Unidentified Metazoa 95 -

Mesomycetozoa 400 7
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Chapter III 
 

RECONSTRUCTING THE HISTORY OF 

DIATOM ASSEMBLAGES DIFFERNTIALLY 

IMPACTED BY INDUSTRIAL POLLUTION  
 
Abstract 

 
Sediments represent a long-term natural archive of biological history and environmental 

changes. Changes in community composition can be interpreted in terms of ecological 

and evolutionary process that led to present day communities. The historical pollution of 

the Bay of Bagnoli in the Mediterranean Sea was considered to evaluate the diversity and 

resilience of diatom assemblages in two sediment cores dated down to the 1800s. Two 

complementary approaches (Serial Dilution Culture and HTS metabarcoding) were used 

to reconstruct the diatom community present in the area. Viable resting stages were found 

to germinated from up to 67-year-old sediment layers. The genus Chaetoceros was well 

represented in the species inventory of the germination experiments and in the 

metabarcoding dataset. Species with resting stages and benthic diatoms resolved temporal 

patterns associated with industrial activities. 

 

Keywords: sedimentary DNA, SDC-MPN, diatoms, V4 Hypervariable region, 

metabarcoding, Amplicon Sequence Variant
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3.1 Introduction 
 

Diatoms are unicellular eukaryotic organisms that make up a large proportion of 

the primary production in the world’s oceans (Malviya et al., 2016; Leblanc et al., 2018). 

They are surrounded by a siliceous outer wall composed of two slightly unequal cell units 

called thecae (Round et al., 1990; Tomas, 1995). Diatoms have a vegetative reproductive 

mode by binary fission where two new smaller hypothecae are formed within the parent 

cell and are then given one to each of the two daughter cells. This implies that one of the 

daughter cells is slightly smaller than the other and, as cells keep dividing, the average 

cell size of the population progressively decreases. Large cells can be produced again 

following sexual reproduction (French & Hargraves, 1985; McQuoid & Hobson, 1996). 

As a response to unfavourable environmental conditions, some species of centric diatoms 

produce morphologically differentiated resting spores and/or resting cells, which are 

morphologically undistinguishable from the vegetative cells (Kuwata et al., 1993; 

McQuoid & Hobson, 1996), (Hargraves & French, 1983). Spores are produced following 

two subsequent cell divisions in which the new thicker spore thecae are formed (Pelusi et 

al., 2019). Leptocylindrus danicus is one of the few diatoms in which the spore is produced 

inside the auxospore, which is the diploid stage formed by the conjugation of two haploid 

gametes (French & Hargraves, 1985).  

 

Several environmental factors have been listed to trigger the transition from 

vegetative growth to the production of resting stages (spores and resting cells) in diatoms. 

High temperatures, low light conditions and nutrient limitation, but in particular nitrogen 

starvation has been widely tested as an inducer of diatom resting stages (French & 

Hargraves, 1985; Kuwata et al., 1993; McQuoid &Hobson, 1996; Sugie & Kuma, 2008; 

Sugie et al., 2010) Only recently, it has been observed, by laboratory experiments with 

the centric diatom Chaetoceros socialis, that spore formation is also density-dependent; 

by using a culture medium obtained from the filtration or sonication of high-density 

cultures, high numbers of resting spores were recorded even when nutrients were supplied, 

suggesting a chemical-mediated intraspecific signal triggering the transition (Pelusi et al., 

2020a).  
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Among the planktonic diatom genera, Chaetoceros is the genus for which more 

studies on spore production are available (e.g., Duke et al., 1973; French & Hargraves, 

1980; Pitcher, 1990; Kooistra et al., 2010). Resting spore morphology in this genus has a 

great taxonomy value (Ishii et al., 2011): spines, crests and valve sheaths are highly 

species-specific structures. There are many other genera of planktonic diatoms observed 

to produce resting stages, e.g., Bacteriastrum (Hargraves, 1976; Bosak et al., 2015), 

Biddulphia (Piredda et al., 2017a), Eucampia (Fryxell, 1989; Fryxell & Prasad, 1990), 

Leptocylindrus (Hargraves, 1976; French & Hargraves, 1985; McQuoid & Hobson, 1996), 

Odontella (McQuoid & Hobson, 1996; Ishii et al., 2012), Skeletonema (Sakshaug & 

Andresen, 1986; Montresor et al., 2013; Piredda et al., 2017a), Thalassiosira, (French & 

Hargraves, 1985). An updated list of planktonic diatom species that produce resting stages 

is provided in Belmonte & Rubino (2019). Resting cells appear to be more frequent in 

pennate and freshwater taxa than in marine centric species (Round et al., 1990; Belmonte 

& Rubino, 2019). For example, in several freshwater species like Asterionella formosa, 

Fragilaria capucina, Melosira granulata, resting cells were formed under cold and dark 

conditions (Sicko-Goad et al., 1989). Similarly, for the benthic pennate diatom Amphora 

coffeaformis, Anderson (1975) observed the formation of resting cells when placing 

cultures in total darkness and at 7 oC to simulate deep ocean conditions. But research on 

pennate benthic diatoms is lagging behind that of centric diatoms. 

 

Diatoms require silica for growth, as such they are the key drivers of the silicon 

cycle in the oceans by producing biogenic silica that accounts for an estimated gross 

production of 240 ± 40 Tmol Si year-1 and 136 Tmol Si year-1 in the coastal zone (Tréguer 

& De La Rocha, 2013). Diatoms also play an important role in the biological carbon pump, 

by promoting carbon export outside of the mixed layer by sinking and due to their silica 

shells that provide anchorage to marine snow and faecal pellets (Rembauville et al., 2016; 

Tréguer et al., 2017). The possession of silicious cell walls as well as heavily silicified 

resting spores make diatoms a good model for palaeoecological studies facilitating the 

reconstruction of the structure of ancient communities. Moreover, diatom spores are 

sheltered from unfavourable conditions in the sediments, where they leave a 

morphological and genetic fingerprint that provides information on organisms, 

populations, communities and environments of the past (e.g.: Lewis et al., 1999; Finkel et 
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al., 2005; Smol & Stoermer, 2010; Härnström et al., 2011; Burge et al., 2018; Ellegaard 

et al., 2017; Ellegaard & Ribeiro, 2018; Siano et al., 2021). 

 

Resting spores/cells sink into the sediments where they can remain viable for 

several decades (Härnström et al., 2011) up to millennia in the case of Chaetoceros 

muelleri (Sanyal et al., 2021). A genetic signal is left behind in the sediments that has 

been explored by next generation sequencing metabarcoding approaches, to detect spatial 

patterns in surface sediments (Piredda et al., 2017a; Piredda et al., 2018) and temporally 

along several sediment layers of a single core (Siano et al., 2021). Spatially, across coastal 

European seas, planktonic genera dominated the sedimentary diatom assemblage (Piredda 

et al., 2018) in which Chaetoceros species where the most abundant and represented 40% 

of the reads found; instead, benthic genera (e.g., Nitzschia and Amphora) represented 

32.6% of the reads from the sediments (Piredda et al., 2018). Temporally, diatom 

assemblages were observed to dominate the Stramenopile assemblage in sediment layers 

in the Bay of Brest, dating back to 1942 and progressively increased in abundance up to 

contemporary layers (Siano et al., 2021). The genera Chaetoceros and Thalassiosira were 

the key taxa that signalled a shift in the diatom community (Siano et al., 2021). 

 

At the LTER-MC station in the Gulf of Naples, polar centric diatoms have been 

observed to dominate the sedimentary bank of resting stages in surface sediments, with 

the genus Chaetoceros being the most represented in metabarcoding data, followed by 

Thalassiosira, Skeletonema and Biddulphia (Piredda et al., 2017a). Results for the 

metabarcoding analysis by Piredda et al. (2017a) were in agreement with diversity 

inventories of diatom resting stages in the area (Montresor et al., 2013). Planktonic taxa 

such as Chaetoceros, Skeletonema and Thalassiosira were the most abundant taxa in both 

the water column and the sediments, and the greater abundance of their resting stages 

coincided with the bloom periods of the individual species (Montresor et al., 2013).  

 

The Mediterranean Sea and thus the regions therein are among the most impacted 

coastal ecosystems of the world due to human activity (Vlamis & Katikou, 2015), as such, 

the long-term study of the marine communities present is of upmost importance. 

Understanding the responses/strategies of natural assemblages to cope with environmental 

change offer a base line for the protection and restoration of impacted communities. 
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Moreover, the use of tools such as high throughput sequencing metabarcoding offers great 

temporal and spatial resolution that permits to reconstruct past communities. In the present 

study, the diatom populations that occurred in the Bay of Bagnoli were studied with the 

aim to i) reconstruct the composition of the diatom community from > 100-year-old 

sediment cores differentially impacted by industrial pollution, and to depict the temporal 

responses to environmental disturbance, and ii) assess the viability of diatom resting 

stages in different layers by the serial dilution cultures/most probable number approach 

(Andersen & Throndsen, 2003).  
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3.2 Material and methods  
 

3.2.1 Core collection 

 

Two sediment cores were collected in the Bay of Bagnoli (Gulf of Pozzuoli) on 

December 5th, 2018. The first core (Core 1) was collected in the vicinity of two piers in 

front of a dismantle steel factory, typifying an area impacted by industrial pollution. A 

second core (Core 2) was collected 1.3 NM from the site of collection of Core 1, in an 

area unspoilt by the industrial pollution (Damiani et al., 1987; Sharp & Nardi, 1987; 

Romano et al., 2004). (Fig. 3.1). The two sediment cores were collected with a SW-104 

corer equipped with a liner of 8 cm in diameter. After collection the cores were transported 

to the Stazione Zoologica Anton Dohrn for processing. 

 

 
 
Fig. 3.1: Map of the Gulf of Naples and Gulf of Pozzuoli (Tyrrhenian Sea, Italy), indicating collection 

sites of two sediment cores. For each core the geographical coordinates are given. 

 

Site Geographical location

Core 1 40o 48.154’ N, 14o 08.922’E

Core 2 40o 48.199’ N, 14o 07.185’E

La
tit
ud
e

Longitude
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3.2.2 Core processing 

 

The processing of individual layers was performed systematically. Samples for 

DNA extraction and the metabarcoding of protist taxa were collected by cutting the central 

portion of each layer (diameter 5 cm) using a disposable, sterile petri dish. Each sample 

was collected in duplicates and placed in 5 ml cryovials. The cryovials were frozen in 

liquid nitrogen and stored at -80 oC. Samples used to estimate the abundance of viable 

diatoms with the Serial Dilution Culture and Most Probable Number method were 

transferred to zip-locked plastic bags extruding the air from the bag, individually wrapped 

into aluminium foil and stored in the dark at 7 oC until further processing.  

 

3.2.3 Dating of cores 

 

The dating of the cores (Table 3.1a) was performed at ENEA, La Spezia by 

Antonio Schirone and collaborators. The chronological analysis was based on the activity 

of three radionuclides, 210Pb, 226Ra and 137Cs. Three periods of industrial activity were 

considered based on historical records outlined by Romano et al. (2004) and Gaglioti et 

al. (2020). Each period related to the level of industrial activity, outlining a pre-industrial 

period (< 1911), industrial period (> 1911 to 1990) and post-industrial period (> 1990 to 

2013) (Table 3.1b). As mentioned in Chapter II, the dating of Core 2 presented several 

problems, and it was not reliable to date sediment layers below the first 20 cm (Table 

3.1.a). 

 

For the exploration of the diatom community observed from sediment cores, a total 

of 14 layers in each core were targeted to performer a serial dilution (SDC) while a total 

of 11 layers were used for DNA extraction and high throughput sequencing metabarcoding 

(Table 3.2). 

 



Plankton-Benthos Coupling at Different Time Scales 
 

 

126 

Table 3.1: Dating and timeline: a) Dates in years based on the dating of the -hole Core 1 (polluted site) 

with 210Pbxs. Sedimentation rate: ω= 0.18 ± 0.01 g cm-2 y-1. Categorization of the sediment layers of 

the upper portion of the two cores (50cm) according to periods of industrial activity for Core 1 (b) and 

Core 2 (c). 
 

 

Core Sample Period Year

Core 1

1-2cm Post-industrial 2013
3-4cm Post-industrial 2007
5-6cm Post-industrial 2003
7-8cm Post-industrial 1997
9-10cm Industrial 1990
11-12cm Industrial 1982
13-14cm Industrial 1967
15-16cm Industrial 1954
23-24cm Pre-industrial 1911
31-32cm Pre-industrial 1870
39-40cm Pre-industrial 1832

Core Sample Period Year

Core 2

1-2cm Post-industrial 2012
3-4cm Post-industrial 2006
5-6cm Post-industrial 1997
7-8cm Post-industrial 1985
9-10cm Industrial 1973
11-12cm Industrial 1962
13-14cm Industrial 1951
15-16cm Industrial 1938
23-24cm Pre-industrial

< 190731-32cm Pre-industrial
39-40cm Pre-industrial

Core 1 Depth in cm Core 2
Age in years Age in years

2016 0-1 2015
2013 1-2 2012
2010 2-3 2008
2007 3-4 2006
2005 4-5 2001
2003 5-6 1997
2001 6-7 1991
1997 7-8 1985
1993 8-9 1980
1990 9-10 1973
1987 10-11 1967
1982 11-12 1962
1975 12-13 1957
1967 13-14 1951
1960 14-15 1946
1954 15-16 1938
1944 16-17 1929
1939 17-18 1924
1934 18-19 1920
1929 19-20 1915
1925 20-21 1907
1921 21-22
1916 22-23
1911 23-24 *
1906 24-25
1901 25-26
1895 26-27
1890 27-28
1885 28-29
1880 29-30
1875 30-31
1870 31-32 *
1865 32-33
1860 33-34
1856 34-35
1851 35-36
1846 36-37
1842 37-38
1837 38-39
1832 39-40 *
1827 40-41
1822 41-42
1818 42-43
1814 43-44
1808 44-45
1803 45-46
1798 46-47
1793 47-48
1788 48-49
1784 49-50
1780 50-51

a b

c
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Table 3.2: Sample layers targeted for the analysis of the diatom community observed from sediment 

cores by a combination of approaches: Serial dilution culture (SDC) and high throughput sequencing 

metabarcoding (HTS). 
 

 
  

CORE 1

Layer in cm Date (Y)

0-1 2016
1-2 2013
2-3 2010
3-4 2007
4-5 2005
5-6 2003
6-7 2001
7-8 1997
8-9 1993
9-10 1990
10-11 1987
11-12 1982
12-13 1975
13-14 1967
14-15 1960
15-16 1954
16-17 1944
17-18 1939
18-19 1934
19-20 1929
20-21 1925
21-22 1921
22-23 1916
23-24 1911
24-25 1906
25-26 1901
26-27 1895
27-28 1890
28-29 1885
29-30 1880
30-31 1875
31-32 1870
32-33 1865
33-34 1860
34-35 1856
35-36 1851
36-37 1846
37-38 1842
38-39 1837
39-40 1832
40-41 1827
41-42 1822
42-43 1818
43-44 1814
44-45 1808
45-46 1803
46-47 1798
47-48 1793
48-49 1788
49-50 1784
50-51 1780

CORE 2

Layer in cm Date (Y)

0-1 2015
1-2 2012
2-3 2008
3-4 2006
4-5 2001
5-6 1997
6-7 1991
7-8 1985
8-9 1980

9-10 1973
10-11 1967
11-12 1962
12-13 1957
13-14 1951
14-15 1946
15-16 1938
16-17 1929
17-18 1924
18-19 1920
19-20 1915
20-21 1907
21-22
22-23
23-24
24-25
25-26
26-27
27-28
28-29
29-30
30-31
31-32
32-33
33-34
34-35
35-36
36-37
37-38
38-39
39-40
40-41
41-42
42-43
43-44
44-45
45-46
46-47
47-48
48-49
49-50
50-51

SDC and HTS
SDC only
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3.2.4 Serial Dilution Culture (SDC) and Most Probable Number (MPN) approach 

 

The SDC approach is used to estimate the ‘most probable concentration’ of 

organisms that can be cultured but not directly identified and enumerate in light 

microscopy. The method was initially developed in bacteriology and has also been applied 

to estimate the abundance of viable phytoplankton cells in aquatic samples (Cullen & 

MacIntyre, 2016) and the abundance of viable (i.e., capable to germinate and produce cells 

that can grow) resting stages in sediment samples (e.g., Lewis et al., 1999; Ishikawa & 

Furuya, 2004; Montresor et al., 2013; Piredda et al., 2017a). The method is applied by 

diluting a sample in a stepwise manner and recording the presence of the different species 

over a fixed time interval in each of the dilution steps (Andersen & Throndsen, 2003).  

 

For the exploration of the diatom taxa that are capable to germinate from the 

Bagnoli sediment cores, five dilution steps were established as follows: 1 g of sediment 

was weighed (wet weight) and transferred into a 15 ml Falcon tube containing 9 ml of f/4 

medium (sea water: f/2 in a 1:1 ratio) to make the first dilution step (1:10) (Fig.3.2). The 

Falcon tube was gently shaken until all particles of sediment were thoroughly dispersed 

in the medium. A 24-well culture plate was filled with 1.8 ml f/4 medium and 200 µl of 

sample from the first dilution were transferred into each of the first 6 wells (row A) to 

make up the second dilution step (0.2 x10-1). From the sixth well of row A, 200 µl of 

sample was used to inoculate the 6 wells of the following row (row B). This procedure 

was repeated for rows C and D creating five dilution steps. The well-plates were placed 

under a combination of natural and artificial light regime (12L:12D) with one-week 

habituation under a screen at an irradiance of 10 – 11 µmol photons m-2s-1, followed by 

three to four weeks at 50 – 60 µmol photons m-2s-1 irradiance for observations. Plates were 

inspected once every week, under an inverted microscope (Leica DMIL LED, Leica 

Microsystems, Wetzlar-Germany). Diatom cells were identified based on morphological 

descriptions in Round et al (1990) and Tomas (1996). When possible, cells were identified 

to the species or genus level. In the case of pennate diatoms, cells were classified by their 

size and shape.  
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Fig. 3.2: Serial dilution setup for the germination of diatom resting stages from sediment layers. The 

plates were set up with 1g of sediment diluted in 9 ml of f/4 medium from which 200 µl were drawn 

each time to make the next diluted step. Each plate had a week of habituation under low light 

conditions, following this, the plates were exposed to 50-60 µmol photons m-2 s-1 irradiance for four 

weeks, during which weekly observations were carried out to assert presence/absence of species in the 

various dilutions. Created with Biorender. 

 

 

 

In addition, from the germination experiments several cells were isolated from 

discrete layers of the two sediment cores for morphological characterisation of the species 

and to build a photographic library. Single cells were isolated with a sterile glass Pasteur 

pipette and placed into a 12 well plate containing f/4 medium under a 12 : 12 hrs dark : 

light photocycle at a temperature of 18 oC. A number of strains were obtained from 

germination experiments with surface sediments from the study area (germination and 

isolation of surface sediments was performed by Elonora Scalco, EMI department, SZN), 

DNA was extracted from the cultures and the V4 region was sequenced following the 

procedure illustrated in Gaonkar et al. (2020). DNA extraction and sequencing was 

performed by Dr. Angela Pelusi, EMI department, SZN. 



Plankton-Benthos Coupling at Different Time Scales 
 

 

130 

3.2.5 DNA extraction from sediment layers 

 

Total DNA was extracted from 5 g of sediment from 22 sediment layers: 11 from 

Core 1 and 11 from Core 2. The isolation of genomic DNA from the sediment samples 

was carried out using the DNeasy® PowerMax® Soil kit (QIAGEN©) following the 

manufacturer’s instructions. The detailed description of the procedure is available in 

Chapter 2 of this thesis. Briefly, 5 g of sediment were added into a PowerMax Bead tube 

containing the power beads and 15 ml Powerbead Soil Solution. The tubes were vortexed 

for 1 minute to mix the components and disperse the sample in the solution to start cell 

lysis. Solution C1 was then added to the tubes for further cell lysis. Following this, 

solutions C2 and C3 were added to remove non-DNA organic and inorganic matter that 

can reduce DNA purity. The salt-solution C4 was added and thoroughly mixed to separate 

non-DNA organic and inorganic matter from DNA. The contents were then transfer to a 

MB Maxi Spin column and centrifuge for 2 minutes at 2500 x g (up to 4 times). The flow 

through was discarded as the DNA bound to the silica membrane of the Maxi Spin column. 

The bound DNA was cleaned with an ethanol-based solution (C5). The sterile elution 

buffer (C6) was added for the release of the DNA from the membrane. The DNA was then 

precipitated by adding 0.2 ml 5M of NaCl and 10,4 ml of cold ethanol (96%) and kept 

overnight at – 20o C. The next morning the tubes were centrifuge for 30 minutes, the 

supernatant was discarded, and the tubes were left at room temperature to dry. DNA was 

resuspended using 400 µl of C6 and stored at -20 oC before PCR amplification. 

 

3.2.6 PCR amplification and High Throughput sequencing metabarcoding 

 

The extracted DNA was used for amplification of the V4 hypervariable region of 

the 18S rDNA to target diatom taxa. The V4 region (of 280 bp) was amplified using the 

specific primers (DIV4for and DIV4rev) developed by Visco et al. (2015) and modified 

after Zimmermann et al. (2011). The forward and reverse tags plus the primer sequence 

for the marker are shown in Table 3.3 and were amplified by Polymerase Chain Reaction 

(PCR).  
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Table 3.3: Forward and reverse primer sequences for amplifying 18S rDNA hypervariable region V4 

(diatom-specific). Example of unique combination of tags used for individual samples (in blue), plus 

the primer sequence for THE DIV4 marker. 

Primer Sequence 

Forward Reverse 

5’- GCGGTAATTCCAGCTCCAATAG-3’  5’- CTCTGACAATGGAATACGAATA-3’ 

 

Sample Forward Reverse 

C21-2 

cm 

ACATGATGGCGGTAATTCC

AGCTCCAATAG 

CGCACGTGCTCTGACAATGGAA

TACGAATA 

 

 

 

 

The amplification of the 1 μl of DNA in 25 μl of reaction volume was performed 

using FastStartTM Taq polymerase (Sigma-Aldrich) with a PCR reaction buffer containing 

20 mM MgCl2, and Bovine Serum Albumin at 200 mg-1.ml-1. All components for the 

amplification were assembled in a PCR hood. The PCR reactions were performed with a 

thermocycler in three replicates per sediment sample together with three sets of controls. 

The amplification of the target gene region was performed under the following PCR 

conditions:  

 

 DIV4 marker 

Initial denaturation  

Denaturation  

Annealing 

Extension  

Final extension 

94 oC for 2' 

94 oC for 20'' 

50 oC for 45'' 

72 oC for 90'' x 35 cycles 

72 oC for 10' 
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Bioinformatic analyses 

 

The bioinformatic pipeline used for the processing of high throughput sequencing 

metabarcoding was explained in detail in Chapter 2 of this thesis. A brief description of 

the pre-processing pipeline is given below. Four filtering steps were performed and are 

described below followed by a final taxonomic assignation step:  

1) Demultiplexing of samples by separating samples into sample specific files 

assisted by a combination of Index Adapters bind to each DNA fragment which allows to 

identify, and sort reads to a sample, 2) Reads join for Pair-end sequencing data, in this 

step reads are joined into contigs (overlapping DNA sequences that form an original 

consensus DNA sequence), 3) Quality filtering: PCR and sequencing errors or chimeras 

are removed denoising the dataset, 4) Operative units , i.e., Amplicon Sequence Variants 

(ASVs) that represent ‘species’ were produced. 5) Taxonomic assignation, the final step 

of the pre-processing pipeline is to assign taxonomic identities to each operative unit by 

employing curated taxonomic reference sequence databases to which each representative 

ASV can be compared. 

 

For the analysis of the diatom community present in the Bangoli cores, a table 

containing the most representative ASVs was constructed from a FASTQ raw sequences 

obtained from the Illumina platform. The four filtering steps were performed in the SLIM 

platform (Dufresne et al. 2019). The taxonomic assignation of the resultant ASVs was 

done by performing a local BLAST considering a similarity threshold between 95 and 

100% to obtained eight taxonomic ranks (from Kingdom to species); the 18S rRNA 

sequence database Protist Ribosomal Reference Database (version 4. 14.0) (Guillou et 

al., 2013) was used together with a set of private reference sequences obtained from the 

isolates of benthic diatoms from sediments collected in Bagnoli. 

 

3.2.7 Statistical analyses 

 

SDC and MPN data 

 

Presence/absence of cells belonging to different taxa were scored and the most 

probable number was calculated using the conversion table provided in Andersen & 
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Throdsen (2003), by using the set of three successive dilution steps in which growth has 

been recorded and that gives the highest MPN. For the calculations, the three most diluted 

steps in which growth was recorded were chosen (i.e.: rows B, C, and D of the well plate). 

The most probable number reported from the table was then multiplied by 500 to account 

for the drawing of only 200 µl of sample for each of the different dilution steps.  

 

NGS data  

 

Prior to downstream analyses, the taxonomically assigned ASV table was further 

cleaned by excluding ASVs with zero reads. The dataset was first normalised by 

rarefaction using the rrarefy function from the vegan package in R studio. Normalisation 

of the dataset was performed by analysing rarefaction curves based on the number of reads 

per sample. The following normalisation values were used for 1) whole diatom 

community normalised to 7,714 reads (Core 1, P_1870); benthic diatoms to 9,950 reads 

(Core 1, P_2007); planktonic diatoms (including planktonic species with resting stages) 

to 40,930 reads (Core 1, P_2007) and planktonic diatoms with resting stages to 20,337 

reads (Core 1, P_1997). Analyses were performed using the software R and R studio 

(version 1.2.5003). 

 

To explore temporal trends of the diatom community, three alpha diversity indices 

were calculated for each sample, observed richness of taxonomically assigned ASVs 

within each sample, the Shannon index which expresses the proportion of ASVs relative 

to the total number multiplied by the natural logarithm of this proportion, and the Simpson 

index that expresses the probability that two randomly selected ASVs from a sample will 

belong to the same taxonomically assigned ASV. Diversity indices were calculated using 

the function diversity from the diverse R package (Guevara et al., 2017). 

 

Multivariate analysis 

 

To explore temporal trends among diatom assemblages present in the Bagnoli 

sediment cores, beta diversity analysis was performed by means of a hierarchical 

clustering that allows the exploration of the relationship among groups of samples linked 

at different hierarchical levels. The clustering was based on a Bray-Curtis distance 
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dissimilarity matrix generated with the vegan package in R and the clustering dendogram 

was produced using the hclust function and the average of the distances as the 

agglomeration method. The robustness of the clustering was then tested by 

PERMANOVA approach considering the three temporal windows/periods of 

industrialisation as a factor.  

The clustering was also performed for individual lifestyles by dividing the diatom 

assemblage in three groups: 1) benthic/epipelic diatoms, 2) The large group of planktonic 

diatoms that considered species with and without resting stages, and 3) planktonic species 

with recorded production of resting eggs (as described in Belmote & Rubino 2019). A list 

with the species classified to each of the lifestyles considered for the clustering analysis 

is provided in appendix 3.1. For the clustering of ASVs based on lifestyle, samples were 

removed prior to building the distance matrix when reads were not observed in that 

sample, as this would not have any statistical meaning in the clustering analysis. 

  



Chapter III Results 

 

135 

3.3 Results 

 

3.3.1 Viable resting stages based on Serial Dilution Culture and Most Probable 

Number approach 

 

Germination events were observed in only 5 sediment layers of Core 1 and in 6 

layers of Core 2 (Fig. 3.3). The number of resting stages (resting cells g-1 wet sediment) 

estimated by the MPN method were in the range of 9 x 102 to 1.2 x 106 in Core 1 and 

between 103 and 6.5 x 104 in Core 2. An exceptionally high abundance was recorded in 

the surface layer of Core 1 (> 2 x 106) compared to the same layer in Core 2 (~24 times 

lower). The maximum depth at which successful germination was recorded differed 

between the two cores. In Core 1, germination was recorded down to 16 cm corresponding 

to the 1954 layer while in Core 2 germination was recorded down to 12 cm corresponding 

to the 1962 layer. 

 

Germination experiments yielded vegetative cells of 25 diatom taxa (Table 3.4, Fig. 

3.3), which were identified to either family (1), genus (8), or species level (9); pennate 

diatoms were assigned to categories (Pennate sp. 1, Pennate sp. 2 etc.) based on their 

morphology and size, because it was impossible to distinguish between the species in light 

microscopy (Fig. 3.4). Centric diatoms were the most abundant taxa. 

The DNA extraction and sequencing of isolates obtained from the SDC-

germination experiments contributed to the taxonomic identification of two species: 1) a 

morphotype initially identified as small Cymatoceracea spp. was assigned to 

Nanofrustulum shiloi by a local Blast with 99.3% of sequence similarity (accession code: 

KU851875) and 2) Thalassiosira sp. 1 turned out to be a new species for which 

morphological analyses are in progress. The molecular and morphological identification 

of various strains isolated from the core samples and from the surface samples that have 

been used for taxonomic assignation is in progress within the PhD project by Apurva Mule 

at SZN. 

 

In Core 1, Nanofrustulum shiloi and medium sized Cymatoceraceae spp. were most 

abundant in the surface layer P_2013 (> 106 cells g-1 wet sediment), but progressively 

decreased to < 103 by 1997 (Table 3.4a), the second most abundant was Pennate sp. 2, 



Plankton-Benthos Coupling at Different Time Scales 
 

 

136 

reaching 4.6 x 105 cells in the first sediment layer but decreased to 103 cells g-1 by 2003. 

To this followed Thalassiosira sp. 2 that germinated from only two sediment layers from 

year 2013 and 1997 achieving 1.7 x 105 and 5 x 103 cells, respectively. Odontella aurita, 

small, Thalassiosira sp.1 and Pennate sp. 3 germinated from all the sediment layers until 

1997. Chaetoceros curvisetus was the only species that germinated from the 1954 layer 

where it reached 3x103 cells g-1 wet sediment. Other Chaetoceros species -C. socialis, C. 

diadema, C. constrictus, and C. protuberans- germinated from the first two sediment 

layers only. 

In Core 2 (Table 3.4b), Thalassiosira sp.1, C. curvisetus and O. aurita were the 

most abundant species. C. curvisetus germinated from all sediment layers until 1973, 

while Thalassiosira sp. 1 and O. aurita germinated from all layers until 1985. Except for 

the 2006 layer, Chaetoceros socialis was the species that germinated from all layers until 

1962, the oldest layers from which germination was recorded in this core. 
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Table 3.4: Diatom species diversity observed from the germination of resting stages and values for the 

most probable number calculated (viable resting stage g-1 wet sediment) for each sediment layer in 

which growth was recorded in a) Core 1 and b) Core 2. Time (in days) between core collection, and 

the start of the experiments is given below every sediment layer.  
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Fig. 3.3: Diatom taxa recovered in sediment layers by germination experiments (SDC) and most 

probable number (MPN) of viable resting stages recorded from two sediment cores. a-b) Total 

abundance of viable resting cells (g wet sediment) -1 in Core 1, c) Total abundance of viable resting 

cells in Core 2. The composition of the surface sample of core 1 is illustrated with a different scale in 

panel b. * sediment layers tested with SDC.  
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Fig. 3.4: Diversity of diatom species that germinated from SDC experiments performed on layers of 

dated sediment cores from the Bay of Bagnoli. a) Odontella aurita, b) Odontella sp, small, c) 

Chaetoceros socialis, d) Chaetoceros curvisetus, e) Chaetoceros constrictus, f) Chaetoceros diadema,  

a) b)

c) d)

e) f)
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Fig. 3.4 continued: g) Chaetoceros protuberans, h) Cymatoceracea spp. large, i) Cymatoceraceae spp. 

medium, j) Nanofrustulum shiloi, k) Skeletonema pseudocostatum, l) Thalassiosira sp. 1, m) 

Thalassiosira sp. 2. 

g) h)

i) j)

k) l) m)
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Fig. 3.4 continued: Pennate diatoms, n) Pennate sp. 1, o) Pennate sp. 2, p) Pennate sp. 3, q) Pennate 

sp. 4, r) Pennate sp. 5, t) Pennate sp. 7, s, u-w) Pennate spp. 

n) o)

p)
q)

r)

s)

t) u) v) w)
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3.3.2 High Throughput Sequencing metabarcoding of the diatom assemblage 

 

From the sequencing with the V4-Diatom marker of DNA extracted from 22 

sediment layers, a total of 1,630,892 reads in 1,720 ASVs were recovered. Following 

normalisation of the entire dataset, the total number of reads was 117,474 of which 59,190 

reads in 829 ASVs were recovered from Core 1 and 58,284 reads in 1,122 ASVs from 

Core 2.  

The alpha diversity (Fig. 3.5) highlighted an overall increasing pattern from the 

oldest layers towards the surface on both cores. However, in Core 1 (Fig.3.5 a-c), a 

decrease in observed richness occurred in the surface layer (P_2013), while Simpson and 

Shannon values decreased in samples P_1911 and P_1982. In Core 2 (Fig. 3.5 d-f), 

observed richness increased from the deepest layers up to 1962, remained stable until 

1985, increasing again in 1997 and fluctuating in the two upper layers. For both Simpson 

and Shannon indices, the steady increase of values towards the surface fell in the 1973 

layer, thereafter values rose again. 
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Fig. 3.5: Alpha diversity indices for the diatom community from sediments in sediment cores. Core 1: 

a) values observed richness of ASVs, b) Simpson index values indicating the even distribution of ASVs 

in each sample, c) Shannon index values indicating the proportion of ASVs relative to the total number 

of ASVs. Core 2: d) observed richness of ASVs, e) Simpson and f) Shannon. 

 

 

 

Beta diversity  

 

The exploration of the diatom community as observed from the hierarchical 

clustering analysis highlighted a temporal pattern where samples from the pre-industrial 

period were separated from those of the industrial and post-industrial periods; this was 

observed for both cores (Fig. 3.6). In Core 1, the clustering pattern indicated slight 

differences between two sets of samples that corresponded to industrial and post-industrial 

periods, the first cluster included the 1954-1982 samples and the second those from the 

1990-2013 layers. In Core 2, this temporal separation between industrial and post-

industrial periods was not observed. 

a b c d e f
Core 2Core 1
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Fig. 3.6: Hierarchical clustering of samples for the whole diatom assemblage from two sediment cores 

(Core 1 and Core 2), based on a Bray-Curtis dissimilarity matrix built from the normalised abundance 

of ASVS. On the bottom a time scale is given representing the historical temporal windows.  
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When dividing the community into the different lifestyles of the species (see 

Appendix 3.1 for a species list), the following patterns were observed. Benthic ASVs were 

second in abundance, only 5 ASVs (corresponding to raphid pennates like Cymbella, 

Navicula, and Prestauroneis) were retrieved from one of the oldest layers (1870) of Core 

1. ASVs increased since 1990 and were most numerous between 2003 and 2013. In Core 

2, benthic ASVs were not retrieved in the two oldest layers but since 1951 the number of 

ASVs progressively increased and were more abundant since 1997 onwards. ASVs for 

planktonic species were the most numerous in both cores. These ASVs were found in all 

layers of Core 1, steadily increased since 1990 and were more abundant between 1997 

and 2007 (Table. 3.5a). In Core 2, planktonic ASVs were retrieved from all but one 

sediment layer (C_39-40), these ASVs increased since 1951 and were more numerous 

between 1962 and 1997, and in 2012 (Table 3.5b). The number of ASVs attributed to 

planktonic species with resting stages were the least abundant (but with the second highest 

number of reads per ASV after planktonic ASVs in both cores; data presented in Appendix 

3.2). ASVs for this group were retrieved from all layers of Core 1, showing an increase in 

1954 and from 1990 to 2013. In Core 2, ASVs were retrieved from all but the oldest layer 

of this core, a steady increase in ASV numbers was recorded since 1951 onwards.  
 

The clustering patterns indicated that benthic diatoms separated pre-industrial 

from industrial samples in both cores (Fig. 3.7a), but in Core 1 a clear temporal separation 

between industrial (1954 to 1990) and post-industrial (1997-2013) samples was observed 

within a small subcluster. This pattern was not observed in Core 2 as samples from 1938 

onwards formed a larger subcluster with no clear temporal differentiation. 

 

In the clustering of planktonic diatoms and those with resting stages (Fig. 3.7 b 

and c), the oldest layer of Core 1 (P_1832) was separated from even the other two pre-

industrial layers. These later formed a subcluster of their own in both cores. But a temporal 

pattern between industrial and post-industrial periods was not resolved in the clustering 

of planktonic species.  

 

Planktonic species with resting stages (Fig. 3.7 c) resolved a temporal pattern 

differentiating not only the three temporal windows but also among the pre-industrial 

layers of Core 1. While for Core 2 a degree of temporal differentiation was observed with 
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the clustering of the two pre-industrial samples and the small subcluster formed by the 

two oldest industrial samples (C_1951 and 1938).  
 

 

 

 

Table 3.5: Number of ASVs retrieved from individual layers of Core 1 and Core 2 for the 3 lifestyles: 

Bn: benthic, Pl: planktonic, Pl-Rs: planktonic with resting stages.  

 

a) Core 1  
  Bn Pl Pl-Rs  

P_2013 116 104 24  
P_2007 236 151 53  
P_2003 113 133 36  
P_1997 62 114 26  
P_1990 41 59 25  
P_1982 8 21 6  
P_1967 23 54 8  
P_1954 9 24 13  
P_1911 1 2 2  
P_1870 5 5 3  
P_1832 0 3 1      

b) Core 2  
  Bn Pl Pl-Rs  

C_2012 184 156 60  
C_2006 127 111 34  
C_1997 226 177 85  
C_1985 90 141 45  
C_1973 90 116 28  
C_1962 84 118 32  
C_1951 37 76 30  
C_1938 11 21 11  
C_23_24 2 11 5  
C_31_32 0 4 3  
C_39_40 0 0 0 
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Fig. 3.7: Hierarchical clustering of samples from two sediment cores (Core 1 and Core 2), based on a 

Bray-Curtis dissimilarity matrix built from the normalised abundance of ASVs for benthic and epilithic 

diatoms (a), planktonic diatoms (b), and planktonic with resting stages (c). On the bottom a time scale 

is given representing the historical temporal windows.  
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The robustness of the observed clustering patterns, tested by PERMANOVA 

analysis, indicated statistically significant differences in Core 1 for the 3 periods of 

industrial activity as well for all the different groups of diatoms (Table 3.6). The temporal 

windows explained between 35 and 43% of the variation observed in the diatom 

community as a whole and separated by habitat. In Core 2, statistically significant 

differences were observed for all clustering patterns except for the clustering of benthic 

asvs. The temporal windows explained between 34% and 57% of the variation observed 

in the diatom community. 

 

 
Table 3.6: Results for the PERMANOVA test. The test considered the clustering pattern of sediment 

layers from the two cores and three periods of industrial activity. Results for the entire diatom 

assemblage, benthic (Bn), planktonic (Pl), and planktonic with resting stages (Pl-Rs). Statistically 

significant values in bold. 

 

  Diatom 
community 

Bn Pl Pl-Rs 

Core 1 
    

R2 0.42 0.38 0.43 0.35 
P 0.001 0.003 0.01 0.01      

Core 2 
    

R2 0.40 0.34 0.52 0.57 
P 0.002 0.06 0.02 0.01 

 

 

 

Taxonomic composition  

 

All the four diatom groups were detected in the whole diatom community: centric 

polar Mediophyceae, centric radial Coscinodiscophyceae, araphid and raphid pennates. 

Centric diatoms, both polar and radial, represented 58.8% of the reads in Core 1 and 76.8% 

in Core 2. Pennate diatoms represented 21.7% and 15.8% of the reads in Core 1 and Core 

2, respectively. Unidentified diatoms represented 19.3 and 7.4% of the reads for Core 1 

and Core 2, respectively. 
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In terms of the genera observed in the individual layers (Fig. 3.8), the spore 

formers Skeletonema and Thalassiosira were the most abundant in the pre-industrial 

period. In Core 1, Skeletonema represented 92.6 % of the reads found in the 1832 layer, 

but this was the only instance in which the genus achieved high relative abundances in 

this core, thereafter Skeletonema reads represented between 1.4 and 7.4% of the total 

number. By contrast, in Core 2, Skeletonema represented between 80.7 and 42.9% of the 

reads found in pre-industrial layers, but it was surpassed by Thalassiosira since the 

beginning of the industrial period when the highest number of reads were retrieved for 

this genus. From 1938 to 1985, Thalassiosira reads contributed between 22.1 to 51.9% of 

the total and between 17.6 and 35% from 1997 to 2012.  

The genus Biddulphia had a considerable increase since 1954 in Core 1 and 1938 

in Core 2. The highest average relative contribution of Biddulphia in Core 1 was between 

1954 and 1982, representing 47.8 ± 26.1% of the reads, it then decreased to 30.5 ± 8.0 % 

between 1990 and 2013. In Core 2, the average relative contribution of this genera did not 

change between industrial and post-industrial layers but remained at 20 ± 0.6% of the total 

reads. 

Reads for the genus Chaetoceros were retrieved from all but the oldest layer 

(1832) of Core 1 and only from the C_23_24 layer onwards in Core 2. A total of 20 species 

were identified and cryptic diversity was also recorded in C. brevis (3 species) and C. 

curvisetus (2 species). The highest contribution for this genus occurred in 1954 in Core 1 

(34.1%) and between 1951 and 1962 in Core 2 (8%). The two most abundant species were 

C. curvisetus and C. socialis, reads were retrieved from all layers in which Chaetoceros 

were found in both cores. C. curvisetus made an average contribution of 33.1% to the total 

number of Chaetoceros reads retrieved from Core 1 and 17.9% in Core 2. The averaged 

contribution of C. socialis was 26.8% in Core 1 and 48.3% in Core 2.  

Reads for pennate diatoms were recovered from the sediments since 1870 in Core 

1 and around the same time in Core 2 (Fig. 3.8). The raphid genera Cymbella, Navicula 

and Prestauroneis were the most abundant and made 57.2% of the reads found in the 1870 

layer of Core 1 but their relative contribution decreased thereafter. Core 2 was less diverse 

in the raphid genera found in pre-industrial layers and only Navicula, together with 

unidentified raphid pennates, were recovered in two of the three oldest sediment layers. 

Araphid pennates were observed since 1911 in Core 1 and from 1938 onwards in Core 2. 
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The genera Delphineis and Opephora were the most abundant but did not represent more 

than 2% of the reads recovered from industrial and post-industrial layers from both cores. 

 

The taxonomic assignment of the ASV was improved thanks to reference 

sequences obtained from a number of strains of benthic diatoms isolated from the 

sediments. These strains were tentatively attributed to different genera based on their 

morphology in light microscopy but further morphological analyses in scanning electron 

microscopy and by sequencing additional markers to achieve a precise identification at 

the species level (PhD thesis of Apurva Mule at SZN). From the isolates obtained from 

the germination experiments (Fig. 3.9), it was possible to identify 9 taxa at either the genus 

or species level (Table. 3.7). Reads for these benthic isolates were mostly retrieved from 

layers after 1954 and 1938, except for Gedaniella sp. reads that were found in pre-

industrial layers of both cores.  
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Fig. 3.8: Relative abundance of reads corresponding to diatom genera inferred by metabarcoding of 

the V4-diatom marker of sedimentary DNA retrieved from two cores in the Bay of Bagnoli. * 

Correspond to sequences recovered from isolates obtained from incubation of the sediments with the 

SDC method. 

  

Core 2Core 1

Relative abundance (%)Relative abundance (%)

Taxa

Araphid pennates

Raphid pennates

Centric 
Coscinodiscophyceae

Centric 
Mediophycea

*

*
*

*
*

*
*
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Table 3.7: Benthic isolates obtained from sediment incubations and from which DNA was extracted 

and sequenced with the V4 marker to obtain a taxonomic identity and to be used as part of the reference 

sequences for the taxonomic assignation of ASVs recovered from the Bagnoli sediment cores. 

References correspond to the morphological description of the species and or genera. 

 

 
 

 

 

 

 
Fig. 3.9: Isolates retrieved from the incubation of sediment layers from the Bagnoli cores and from 

which DNA was extracted. a) Amphora sp.: B1-20Q(P12-B2), b) c.f. Fragilariopsis: B1-10D (P3-A2), 

c) Gedaniella sp.: B1-10G (P4-B2), d) Nanofrustulum shiloi: B1-20-L1 (P11-B4), e) Nitzschia sp.: B1-

10E (P4-A1), f) Plagiogramma sp.: B1_20_S_P12-C3, g) Psamodictyon sp.: B1_20_G_P11-C3, h) 

small pennate within Raphoneis-Delphineis clade: B1_10_N_P3-B4.   

V4-diatom ID Reads ASV Isolate code Reference

Amphora  sp. 462 23 B1-20-Q-P12-B2 Kützing, 1844
Dimeregramma sp. 8,410 83 B3-40-B2-P37-A2 Pritchard, 1861
c.f. Fragilariopsis 80 9 B1-10-D-P3-A2 Schmidt, 1913
Gedaniella sp. 6,199 13 B1-10-G-P4-B2 Li et al., 2018
Nanofrustulum shiloi 9 3 B1-20-L1-P11-B4 Round et al., 1999
Nitzschia sp. 29 B1-10-E-P4-A1 Hassall, 1845
Plagiogramma sp. 16 5 B1-20-S-P12-C3 Li et al., 2020
Psamodictyon sp. 542 20 B1-20-G-P11-C3 Round et al., 1990
Rhaphoneis-Delphineis: small pennate 4 7 B1-10-N-P3-B4 Sato et al., 2008

a b c

d f

e

g h
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3.4 Discussion 
 

The diatom community present in the sediment cores collected in the Bay of Bagnoli 

were investigated by performing germination experiments and by high throughput 

sequencing metabarcoding (with a diatom specific version of the V4 marker (18S rDNA)). 

A pronounced dominance of centric diatoms (Mediophyceae), particularly the genera 

Chaetoceros, Thalassiosira and to an extent Skeletonema was observed. The estimated 

concentration of viable resting stages was higher in Core 1 than in Core 2. A higher 

number of pennate species were observed in the first two surface layers of Core 1. Two 

Chaetoceros species (C. curvisestus in Core 1 and C. socialis in Core 2) were the only 

taxa observed to germinate at depths beyond 9-10cm corresponding to the 1954 layer in 

Core 1 and 1962 in Core 2.  

 

In terms of the temporal trends derived from the beta diversity analysis of the 

metabarcoding dataset, the separation of pre-industrial layers from everything else was 

clear for the entire diatom community. When considering the different lifestyle/habitat, 

differentiation between the three temporal windows was more evident for benthic species 

and planktonic with resting stages than for planktonic species.  

 

A good correspondence between SDC-MPN results and the relative abundance of 

sequences from the metabarcoding dataset was observed for Chaetoceros species (Core 

1) and Thalassiosira (in Core 2).  

 

Temporal and spatial distribution of viable resting stages (SDC-MPN) 

 

A diverse diatom assemblage was observed to germinate from sediments of the 

two cores. The genus Chaetoceros dominated in terms of species diversity and had a 

temporal distribution that spanned to ~67 years in Core 1 and ~59 in Core 2. The 

dominance of this genus was not surprising as it is well represented in the coastal waters 

of the Gulf of Naples (Ribera d’Alcalà et al., 2004; Kooistra et al., 2010; De Luca et al., 

2019; Gaonkar et al., 2020). Moreover, a correspondence between the abundance of the 

species in the water column and the number of viable resting stages in the sediment was 
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observed for several Chaetoceros species present in the Gulf of Naples (Montresor et al. 

2013).  

 

Studies of diatom resting stages in surface sediments of the Gulf of Naples 

reported high number of viable resting stages for the genera Chaetoceros, Skeletonema 

and Thalassiosira as well as the species Odontella aurita and Papiliocellulus simplex and 

many undetermined small centric diatoms from the genera Chaetoceros and Thalassiosira 

(Montresor et al., 2013). In the present study, among the most abundant genera recorded 

to germinate from the sediments were Chaetoceros, Odontella and Thalassiosira, 

indicating a similar species assemblage at the neighbouring station LTER-MC. Of the 30 

species recorded to germinate from surface sediments by Montresor et al. (2013), eight 

were also identified from sediments in Core 1 and four from Core 2. Most of these species 

were from the genera Chaetoceros, Odontella and Skeletonema while others were only 

classified at the supra-specific level, for example Thalassiosira sp. 1 and 2 or 

Cymatosiraceae; several undetermined pennate diatoms were also present. A point of 

discrepancy between Montresor et al. (2013) and the present study is the estimated 

abundance of viable resting stages of Skeletonema pseudocostatum. This species had the 

highest average abundance of viable resting stages at the LTER-MC, but the opposite was 

observed for the Bay of Bagnoli, where the species only germinated from two layers of 

Core 1 (P_2007 and P_1997) and had an estimated average abundance of 700 viable 

resting stages. Montresor et al. (2013) explained that S. pseudocostatum is part of a species 

assemblage that is among the most abundant diatoms in the Gulf of Naples, recurrently 

blooms in late spring and early summer followed by an extremely high production of 

resting stages that enable a strong benthic-pelagic coupling in the area. The contrasting 

pattern observed in the Bay of Bagnoli is in line with the low abundance of the planktonic 

stages of S. pseudocostaum recorded by Margiotta et al. (2020), which highlighted this as 

one of the main differences between the two areas in relation to the phytoplankton 

community.  

 

In this first appraisal of the planktonic community of the Bay of Bagnoli, Margiotta 

et al. (2020) concluded that the community was comparable with other coastal areas that 

have not been heavily impacted by industries. However, the low abundance of viable 

resting stages for S. pseudocostatum found in the present study is suggestive of a possible 
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negative impact arising from the high concentration of pollutants found in sediments that 

could have also become dissolved in the water by bioturbation and resuspension, thus 

impairing the growth of the vegetative cells and the survival of the resting stages of the 

species. S. pseudocostatum has been observed to have good tolerance to different copper 

concentrations that often lead to toxicity issues (Cavalleti et al., 2021), but its growth has 

been observed to be impaired by the combined action of pollutants like PAHs (Petersen 

et al., 2014). Both copper and PAHs were recorded in concentrations notably higher than 

ground levels in the sediment layers of Core 1 compared to Core 2, particularly since 1925 

onwards (Armiento et al., 2020). The combined action of heavy metals and polyaromatic 

hydrocarbons could have impaired both the growth and thus the production of resting 

stages as highlighted here by the results from the SDC germination experiments. 

Moreover, as discussed below the temporal signal observed for Skeletonema species with 

the HTS metabarcoding approach indicated a higher relative abundance of sequences 

always before the industrial period in both cores.  

 

A considerable number of pennate diatoms were recorded from the sediments, 

particularly in Core 1. The dominance of these diatoms was more evident in the two 

surface layers of both cores (2013 and 2007 in Core 1 and 2012 and 2006 in Core 2), 

although they were recorded in layers as old as 1997 in Core 1 and 1985 in Core 2.  

Although the number of pennate diatoms with documented production of resting 

stages is by far lower than that of centric species, survival in complete darkness of centric 

(Peter, 1996a and b; Veuger & Van Oevelen, 2011; Van de Poll et al., 2020) and pennate 

diatoms has been already documented (Anderson, 1975; Kamp et al., 2011; Piredda et al., 

2017a). In the study by Anderson (1975) on the formation of resting cells in Amphora 

coffeaeformis (a benthic pennate diatom), the author observed viable resting cells after 

two months in the dark at 7 oC, while growth was resumed after 2 days of light exposure 

at 25 oC days (but it can take up to 2 weeks). Germination times of resting spores are not 

much longer than those of resting cells but vary across taxa (e.g.: McQuoid & Hobson, 

1995; 1996). However, at least for some species with resting cells, physiological processes 

such as the transformation of the condensed cytoplasm occurs within hours after exposure 

to light compared to the longer time taken by resting spores (Anderson, 1975; Peters, 

1996a and b). Furthermore, Kamp et al. (2011) observed that respiration of intracellular 

NO3- in Amphora coffeaeformis is the metabolic process that permits to survive darkness 
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and anoxia not only for resting cells but also for vegetative cells freshly deposited on the 

sediment surface. As the majority of pennate diatoms observed in the present study were 

recorded in the first sediment layer, it is possible that not only resting cells, but also 

vegetative cells might have survived by increasing the consumption of intracellular NO3- 

as sediments are a rich pool of NO3 compared to surface waters (Lomstein et al., 1990).  

 

Prolonged survival and storage effect 

 

Long term survival of diatom resting stages registered times up to 100 years in 

Skeletonema marinoi (Härnström et al., 2011), while for the genus Chaetoceros a recent 

study recorded the viability of Chaetoceros muelleri resting spores as ancient as ~1,250 

and ~ 6,600 years but the germination rate of ancient spores was lower (~31 and 12% 

respectively) than recent spores (Sanyal et al., 2021). Nevertheless, this remarkable case 

of long-term survival represents a unique environment as it is the Baltic Sea, making it 

difficult to extrapolate to other temperate coastal areas.  

As observed in the two Bagnoli cores, the resting stages of planktonic species, particularly 

those of the genus Chaetoceros successfully germinated from ~ 67-year-old sediment 

layers, indicating that prolonged exposure to contaminated sediments did not hindered 

their germination potential but it might have greatly impaired the viability of resting stages 

from genera such as Odontenlla, Thalassiosira and Skeletonema recorded in Core 1, which 

were not observed to germinate from layers beyond 1997 (the period in which industrial 

activities already came to a halt and the factory was dismantled). In Core 2, germination 

of genera other than Chaetoceros occurred until 1985.  

 

In a study using elutriates prepared from sediments collected in the Bagnoli area 

(Pelusi et al., 2020b), the authors observed that heavily polluted sediments negatively 

impacted the preservation of resting stages in Chaetoceros socialis, stored for as long as 

6 months in heavily polluted elutriates, and thus impaired the germination or seeding 

capacity of the species. The genus Chaetoceros is an important component of the 

planktonic community in the GoN (Ribera d’Alcalà et al., 2004; Margiotta et al., 2020). 

As such, the diversity of species observed to germinated was not surprising. Moreover, 

interspecific differences in the abundance of viable resting stages and germination success 

registered for Chaetoceros in the two Bagnoli cores was evident, with C. socialis 
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particularly abundant in Core 2 and C. curvisetus in Core 1. This latter one was the only 

species observed to germinate from layers before 1985. Interspecific differences in 

survival capabilities of diatom resting stages have been recorded for several species in the 

GoN. In a repeated germination experiment of sediments for over a year after collection, 

Montresor et al. (2013) observed that the resting stages of species like C. tenuissimus and 

Skeletonema menzelii showed a limited viability compared to species such as C. socialis, 

C. curvisetus and Leptocylindrus.  

 

The time between the processing of the cores and performing the SDC experiments 

is a technical caveat that must be considered, in particular for the oldest sediment layers. 

Lundholm et al. (2011) observed significant reduction of dinoflagellate cyst viability as 

storage time increased by germinating cyst from cores processed at three different time 

intervals (~ 50 days, 12, and 24 months). Lingulodinium polyedrum showed a clear 

reduction in germination success as time elapsed, with no germinations from the core 

processed after 24 months, while Pentapharsodinium dalei and Scrippsiella spp. were 

unaffected. The authors argued that, at least for these species, oxygen exposure might have 

caused the decrease in germination success (Lundholm et al., 2011). Successful 

germination after ~18 months of storage time have also been reported for Apocalathium 

malmogiense that readily germinated from a 100-year-old layer, while for Biecheleria 

baltica and Peridiniella catenata storage time had a negative impact on their germination, 

as cysts did not revive even from the surface layers (Kremp et al., 2018). These findings 

further highlight interspecific differences in survival and viability of phytoplankton 

resting stages that can potentially influence the results from germination studies.  

In the present study, the first SDC experiments performed with the oldest layers 

of the core (between 1832 and 1911) were run ~45 days after the slicing of the core, while 

the longest storage time before performing incubation was 175 days (~ 6 months) for the 

two surface layers of both cores, in which high abundance and diversity of pennate 

morphotypes were recorded.  

Because the storage time for the sediments in Bagnoli lies between those tested by 

Lundholm et al. (2011) and Kremp et al. (2018); it is possible to argue that the storage 

time should have not considerably impacted the results on the germination of the diatom 

resting stages in < 100-year-old sediment layers. To further support these assumptions, 
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Lundholm et al. (2011) noted the occurrence of diatom resting stages with cell contents 

(a sign of viability) in the core processed 12 months after collection.  

 

Diatom metabarcoding dataset  

 

The diatom community depicted by the sequencing metabarcoding with the V4 

(diatom-specific) marker showed a large degree of similarity between the two cores since 

the industrial period. The relative abundance of centric diatom genera like Biddulphia in 

Core 1 and Thalassiosira in Core 2, as well as Coscinodiscophyceae genera in both cores, 

offered a degree of differentiation between pre-industrial and the other two periods. 

Pennate diatoms (raphid and araphid) together with spore formers like Chaetoceros, 

Skeletonema and Thalassiosira characterised the pre-industrial communities in both cores.  

The clustering analysis for the entire diatom community separated the three pre-

industrial layers from layers after industrialisation, while little differentiation was 

observed between industrial and post-industrial periods. However, at least for Core 1, a 

small degree of differentiation was observed for samples formed before and after 1990. 

 

The temporal signals highlighted by species with different associations to the 

benthic habitat (benthic/resting stage producers/planktonic) was noticeable for Core 1 but 

only to an extent for Core 2. HCL analyses showed that benthic diatoms differentiated 

between samples before and after 1990 in Core 1, but samples clustering in a clear 

chronological manner was only observed for Core 1 with younger samples (after 1990) 

clustering together. This pattern reflects fluctuations of high and low number of reads 

recovered for benthic diatoms before 1990, for example, Cymbella in Core 1 had > 1000 

reads recovered in the 1870 layer but were only scarcely found until 1990 where < 50 

reads were recovered from all layers until 2013. This pattern was not observed in Core 2, 

here instead, Cymbella reads were recovered in all layers, from the oldest (C_23_24) till 

2012 but always with a low number of reads. Similarly, Navicula, Dimeregramma and 

Gedaniella also contributed to the temporal patterns observed for benthic diatoms (as the 

most abundant genera of benthic diatoms), but at least for Dimeregramma and Gedaniella, 

the number of reads were much higher in pre-industrial layers than in all other layers.  

Planktonic species resolved a similar pattern as the entire diatom community, 

separating pre-industrial layers from all the rest while species with resting stages were 
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best at differentiating within pre-industrial layers and between periods in Core 1, and was 

the only group able to differentiate, the two oldest industrial layers of Core 2 and the three 

youngest post-industrial layers of this core.  

 

Taxonomic assignment of metabarcoding data 

 

The length of the marker used in metabarcoding analysis plays a pivotal role in the 

amplification process and in turn will influence the taxonomic resolution achieved. As 

previously argued in Chapter 2, the taxonomic resolution of a short to medium barcode 

(as it is the V9 region of the 18S with 87 to 200 bp) offered a good compromise between 

length of the marker and taxonomic resolution of taxa spanning the whole diversity of 

eukaryotes. In this chapter, the diatom specific V4 marker falls in the medium to large 

region (280-290 bp) and is 100 bp shorter than the standard V4 (380 bp) region, broadly 

used to assess the diversity of protists. The diatom specific V4 marker, was built with the 

aim to improve NGS approaches for diatom-based monitoring and was supported by well 

correlated taxonomic assignments between molecular and morphological datasets (Visco 

et al., 2015). In this thesis work, private sequences and sequences obtained from cultures 

established from the isolation of cells that germinated from sediments examined here, 

were included to the PR2 database to provide further reference benchmarks to 

taxonomically assign the sequences obtained with the diatom-V4 marker. The addition of 

these reference sequences, together with the shorter length of the diatom specific marker 

offered a taxonomic resolution comparable to standard 18S markers like the V9 marker 

(presented in Chapter II) and the standard V4 marker, for which Piredda et al. (2017a) 

presented a comprehensive taxonomic coverage of planktonic diatoms in the neighbouring 

LTER-MC station. 

 

When comparing between the patterns observed with the diatom specific V4 and 

those obtained with the V9 marker presented in Chapter II (see Appendix 3.3), similarities 

occurred in the temporal trends of relative abundance for Odontella and Dimeregramma, 

for which both markers recovered similar abundances.  

Discrepancies occurred in that the V9 marker recorded a higher relative abundance of 

Chaetoceros (> 10,000 reads for each core) than the diatom-specific V4, but these high 

number of reads were grouped into fewer ASVs (42 representing 16 species) than what it 
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was observed for the diatom-specific marker (< 5,000 for each core, grouped in 46 ASV 

representing 21 species). Contrastingly, the V4 marker showed a higher relative 

abundance for Biddulphia, Thalassiosira and Skeletonema, as well as for raphid pennates 

like Navicula and Cymbella for which the diatom specific marker recovered between 300 

and 2000 reads per core while V9 marker recovered between 25 and 190 reads per core 

for these two pennate species.  

A higher number of species (assigned to different ASVs) for these and other genera 

were always detected with the diatom V4 marker than with V9. A total of 1,721 ASVs 

were retrieved with the diatom specific marker while only 292 ASVs assigned to diatoms 

were identified by the V9 marker. In the present study the discrepancy in taxonomic unit 

numbers between the two markers might be explained by the fact that the taxonomic units 

used were ASVs instead of OTUs, because ASVs work directly with DNA differences 

between the sequences, as opposed to differences created by a threshold imposed by the 

user (Callahan et al., 2016; Callahan et al., 2017). As such they provide a more precise 

measure of sequence variation. Moreover, the use of a diatom-specific marker was best at 

discriminating taxa, as it was built from the standard V4 marker that has high phylogenetic 

resolution, giving similar results as those derived from full-length 18S rRNA gene 

sequences (Hu et al., 2015). This is further supported by the study of Gaonkar et al. (2018), 

for the diatom family Chaetocerotaceae. Authors observed that the phylogenetic 

resolution of the V4 hypervariable region was similar to that of the entire 18S. Moreover, 

when compared to results with the V9 marker, Gaonkar et al. (2018) reported that the V4 

region was best at discriminating taxa as its primers fit the targeted sequences in all but 

two species (Chaetoceros cinctus and C. radicans) and that the V9 region presents a 

degree of uncertainty for the identification of chaetocerotacean taxa as several of its 

primer targets contained introns which affected the detection. This was the case for several 

species of Chaetoceros, as the region was either missing or incomplete in the sequences, 

or intros observed near the 5’ end of the forward primer resulted in failed identification. 

Lastly, the phylogenetic tree with the V9 marker collapsed several terminal taxa that were 

found in the 18s phylogenetic tree (Gaonkar et al., 2018).  

 

In the present study the diatom specific V4 marker was able to identify 21 different 

Chaetoceros species including cryptic species within C. brevis-1 to 3 and C. curvisetus- 

1 and 2. While the V9 marker identified 16 species but it grouped a high number of reads 
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in a fewer number of ASVs compared to the diatom-specific V4 that recovered more 

ASVs but with fewer reads. Thus, it could be concluded that the diatom specific V4 

barcode region results in a more refined and accurate identification for this group, hence 

the lower number of sequences produced by this marker, when compared to the V9 marker 

region (Gaonkar et al., 2018; Choi & Park, 2020; Gaonkar et al., 2020).  

  

Lastly, the relatively high number of reads, despite lower numbers of ASVs for 

genera with resting stages like Chaetoceros and Thalassiosira (Appendix 3.2), in the 

sediments suggests two things: 1) that the extraction protocol was effective in capturing 

mostly intracellular DNA (from resting stages), 2) the reference database for species of 

the genus Chaetoceros is extensive and robust with a wide coverage of the diversity of the 

species. However, sequences for benthic taxa are still lacking in reference databases as it 

was pointed out by Piredda et al. (2017a) in which a considerable number of sequences 

failed to be assigned even at the genus level. In the present work the additional sequencing 

of strains obtained from the germination of resting stages allowed identification of benthic 

taxa present in the sediments. Once the ultrastructure of these strains will be analysed, 

allowing for their identification at the species level, they will contribute to the number of 

validated reference sequences available for metabarcoding studies, a task that must be 

prioritised in future biodiversity assessments.  

 

The diatom assemblage in a rapidly warming environment 

 

The diatom assemblage was observed to be resilient in the face of environmental 

degradation by pollution. Species that produce resting stages were particularly stable in 

their taxonomic diversity and relative abundance along the sediment layers in both cores. 

Nevertheless, projected scenarios of increasing temperatures and changes in the structure 

of the water column and water circulation patterns can possibly alter the phenology of the 

species, affect trophic interactions, seedling, and recruitment of populations. In the case 

of diatoms that produce resting stages, survival under warmer conditions may depend on 

the standing genetic variation present in sedimentary seedbanks that can act as inocula of 

planktonic populations. Also, the potential for rapid evolutionary adaptation relies on the 

genotypic variation of populations stored in the sediments in the form of resting stages. 

This rapid adaptive potential has already been recorded for other phytoplankton species 
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with resting stage, i.e., the dinoflagellate Alexandrium ostenfeldii (Kremp et al., 

2016). However, survival in the sediments as a resting stage might also be 

compromised by increasing temperatures as survival of resting spores have been 

observed to be close to the limits of vegetative cells (McQuoid & Hobson, 1996). 

 

Signs of change as a response to increasing temperatures have been the 

reduction in the value of the average cell size of phytoplankton populations 

recorded since 1995 at the LTER-MC, with intense blooms of very small diatom 

species like Skeletonema menzelli, Minidiscus comicus and Minutocellus 

polymorphus as well as frequent blooms of unidentified coccoid algal groups 

(Ribera d’Alcalà et al., 2004). With increasing temperatures smaller cell-size 

organisms are expected to become increasingly abundant (Bautistan et al., 2014) 

a trend that has already being registered for the diatom assemblage recorded at the 

LTER-MC. Although the size of a cell does not hinder the production of resting 

stages, high temperatures have been listed among the environmental factors that 

trigger the transition from vegetative growth toward the production of resting 

stages in diatoms (McQuoid & Hobson, 1995; McQuoid & Hobson, 1996), thus 

changes in the production rate of resting stages could be another response to a 

warmer climate.  
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3.5 Conclusions 

 
The results of the research carried out with the SDC-MPN approach showed that 

alive diatom resting stages can be found in 60-70 years-old sediment layers. The diatoms 

obtained from the germination of the resting stages stored in the sediments were both 

planktonic and benthic taxa. The first included genera that are well known to produce 

either spores or resting cells and are very common in the planktonic community of the 

area. However, I also found a considerable abundance of benthic diatoms, demonstrating 

that also species with a benthic lifestyle can survive for long time in a dormant state. The 

finding of alive resting stages that are dozens of years old will offer the possibility to 

compare different aspects of the physiology and genetic structure of ancient and present-

day populations.  

The results of the research carried out with a metabarcoding approach showed that 

sediments store the fingerprint of a much larger and diversified diatom community, as 

shown by the high number of ASVs recorded in the sediment layers. We could amplify 

the diatom-specific V4 barcode region from DNA that was preserved in resting stages that 

were, however, no longer alive. The diversity of ASV was much lower in the oldest pre-

industrial sediments that clearly separated from those of the industrial and post-industrial 

periods especially when only benthic taxa were considered. This suggests that these taxa, 

that live in association with sediments, may represent potential indicators of the 

environmental status of surface sediments. More research should be done to gain adequate 

information on the taxonomy of benthic taxa. The general pattern of relative abundance 

of diatom taxa during the industrial and post-industrial period was not very different and 

was dominated by Biddulphia and other multipolar centric diatoms in core 1 and by 

Thalassiosira, Biddulphia and other multipolar diatoms in core 2. These results suggest a 

resilience of the planktonic diatom community over the last ~60 years.
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Appendices 

 

Appendix 3.1: List of diatom ASVs classified based on their lifestyle. Reference depicting 

the lifestyle of individual species.  

 

 
  

Species ASV number
Benthic

Achnanthes _sp. 2 Hafner et al. 2018
Actinoptychus_splendens 1 Hällfors 2004
Amphiprora_alata 1 Tomas 1996
Amphiprora_paludosa 10 Tomas 1996 (genus)
Amphora_capitellata 1 Hafner et al. 2018 (genus)
Amphora_coffeaeformis 12 Anderson 1975
Amphora_montana 2 Hafner et al. 2018 (Genus)
Amphora_pediculus 25 Stepanek & Kociolek 2011
Amphora _sp. 4 Hafner et al.  2018 (genus)
Bacillaria_paxillifer 2 Tomas 1996
Caloneis_silicula 6 Hafner et al.  2018 (genus)
Campylodiscus_thuretii 3 Webb 2019
Campylosira_cymbelliformis 11 Guiry 2020
Cocconeis_convexa 16 Riaux-Gobin et al. 2015
Cocconeis_stauroneiformis 4 Riaux-Gobin et al. 2015; Hafner et al.  2018 
Craticula_cuspidata 1 Fuelling & Laliberte 2011
Craticula_molestiformis 1 Fuelling & Laliberte 2011
Cylindrotheca_closterium 3 Tomas 1996
Cymbella_acutea 1 Spaulding & Edlund 2008 
Cymbella_calida 7 Spaulding & Edlund 2008 
Cymbella_cistuliformis 4 Spaulding & Edlund 2008 
Cymbella_diavola 1 Spaulding & Edlund 2008 
Cymbella_formosa 1 Spaulding & Edlund 2008 
Cymbella_hebridica 11 Spaulding & Edlund 2008 
Cymbella_inducta 3 Spaulding & Edlund 2008 
Cymbella_prostrata 2 Spaulding & Edlund 2008 
Cymbella_signata 6 Spaulding & Edlund 2008 
Cymbella_sp. 42 Spaulding & Edlund 2008 (genus)
Cymbopleura_naviculiformis 5 Bahls 2012
Delphineis_sp. 133 Kooistra et al. 2009 
Dickieia_ulvacea 1 Hanic et al. 1979
Dimeregramma_sp. 41 Hafner et al.  2018 (genus)
Entomoneis_alata 1 Sonemma et al. 2002
Entomoneis_ornata 5 Sonemma et al. 2002
Entomoneis_punctulata 2 Sonemma et al. 2002
Entomoneis_sp. 7 Sonemma et al.  2002 (genus)
Epithemia_turgida 1 Nakayama & Inagaki 2017
Fallacia_forcipata 33 Hafner et al.  2018
Fallacia_monoculata 18 Hafner et al.  2018 (genus)
Frustulia_erifuga 1 Sonemma et al. 2002
Gomphonema_sp. 1 Sonemma et al. 2002 (genus)
Grammatophora_gibberula 1 Hafner et al.  2018
Grammatophora_undulata 1 Hafner et al.  2018
Gyrosigma_limosum 7 Chaput 2014
Haslea_crucigera 1 Hamsher & Saunders 2014
Hyalosira_sp. 2 Hamsher & Saunders 2014 (genus)
Hyalosira_tropicalis 1 Hamsher & Saunders 2014

Reference
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Appendix. 3.1 continued 

 

 
 

  

Species ASV number
Benthic

Lemnicola_hungarica 6 Potapova 2010
Licmophora_juergensii 2 Hafner et al.  2018
Licmophora_reichardtii 1 Hafner et al.  2018
Mayamaea_atomus_var._permitis 8 Sonemma et al. 2002
Nanofrustulum_shiloi 6 Round et al. 1990
Navicula_cryptocephala_var._veneta 7 Sonemma et al. 2002
Navicula_reinhardtii 3 Sonemma et al. 2002
Navicula_sp. 14 Sonemma et al. 2002 (genus)
Neofragilaria_nicobarica 8 Sato et al. 2008
Nitzchia_inconspicua 1 Sonemma et al. 2002
Nitzchia_microcephala 1 Sonemma et al. 2002
Nitzchia_pusilla 2 Sonemma et al. 2002
Opephora_guenter-grassii 2 Sabbe & Vyverman 1995
Opephora_sp. 36 Sabbe & Vyverman 1995 (genus)
Plagiogramma_sp. 9 Sato et al. 2008
Plagiogrammopsis_vanheurckii 9 Tomas 1996
Pleurosigma_intermedium 24 Sonemma et al. 2002
Pleurosigma_sp. 1 Sonemma et al. 2002 (genus)
Prestauroneis_integra 75 Neil 2014
Psammoneis_japonica 12 Sato et al. 2008
Pseudostriatella_pacifica 1 Sato et al. 2008
Rhaphoneis_amphiceros 3 Kooistra et al. 2009 
Rhopalodia_gibba 2 Kociolek 2011
Rhopalodia_sp. 1 Kociolek 2011 (genus)
Sellaphora_bacillum 1 Kociolek 2011
Sellaphora_blackfordensis 1 Kociolek 2011 (genus)
Sellaphora_laevissima 2 Burge & Edlund 2017
Sellaphora_minima 2 Minerovic 2016
Sellaphora_pupula 1 Kociolek 2011 (genus)
Stauroneis_gracilior 3 Bahls 2012
Stauroneis_kriegeri 9 Bahls 2012
Staurosira_mutabilis 1 Bahls 2012
Staurosira_sp. 2 Kooistra et al. 2009 
Surirella_sp. 10 Cumming et al. 1995 (genus)
Synedropsis_hyperboreoides 6 Kooistra et al . 2009 
Tabularia_tabulata 1 Kooistra et al. 2009 

Reference

Species ASV number
Planktonic

Asterionellopsis_glacialis 4 Kooistra et al. 2009
Bellerochea_malleus 14 Hällfors 2004
Biddulphia_biddulphiana 1 Round et al. 1990
Biddulphia_reticulum 230 Round et al. 1990 
Biddulphia_tridens 3 Round et al. 1990
Cerataulina_pelagica 2 Tomas 1996
Chaetoceros_affinis 4 Belmonte & Rubino 2019
Chaetoceros_anastomosans 1 Belmonte & Rubino 2019
Chaetoceros_brevis _1 1 Belmonte & Rubino 2019
Chaetoceros_brevis _2 1 Belmonte & Rubino 2019
Chaetoceros_brevis _3 1 Belmonte & Rubino 2019
Chaetoceros_circinalis 1 Hällfors 2004
Chaetoceros_constrictus 1 Belmonte & Rubino 2019
Chaetoceros_costatus 9 Belmonte & Rubino 2019

Reference
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Appendix 3.1 continued  

 

  

Species ASV number
Planktonic

Chaetoceros_curvisetus _1 2 Belmonte & Rubino 2019

Chaetoceros_curvisetus _2b 2 Belmonte & Rubino 2019

Chaetoceros_debilis 1 Belmonte & Rubino 2019

Chaetoceros_diversus _2 1 Belmonte & Rubino 2019

Chaetoceros_lauderi 2 Belmonte & Rubino 2019

Chaetoceros_muellerii 2 Belmonte & Rubino 2019

Chaetoceros_protuberans 1 Belmonte & Rubino 2019

Chaetoceros_pseudocurvisetus 1 Belmonte & Rubino 2019

Chaetoceros_socialis 8 Belmonte & Rubino 2019

Chaetoceros _sp_Clade_Na26B1 1 Belmonte & Rubino 2019 (genus)

Chaetoceros _sp. 1 Belmonte & Rubino 2019 (genus)

Chaetoceros_tenuissimus 3 Belmonte & Rubino 2019

Chaetoceros_cf_vixvisibilis 1 Godrijan et al. 2013

Cyclotella_sp. 1 Tomas 1996 (genus)

Cyclotella_striata 1 Tomas 1996

Ditylum_brightwellii 1 Belmonte & Rubino 2019

Minutocellus_polymorphus 6 Belmonte & Rubino 2019

Leptocylindrus_aporus 3 Nanjappa et al. 2013

Lithodesmium_undulatum 13 Tomas 1996

Minidiscus_spinulatus_RCC4659 7 Park et al. 2017

Odontella_aurita 16 Belmonte & Rubino 2019

Odontella_longicruris 1 Belmonte & Rubino 2019

Odontella_mobiliensis 5 Belmonte & Rubino 2019

Paralia_longispina 1 Yun et al. 2016

Paralia_sulcata 13 Belmonte & Rubino 2019

Ps-nitzschia_galaxiae_B571 1 Lundholm & Moestrup 2002

Pseudo_nitzschia_batesiana_lim 3 Lundholm & Moestrup 2002 

Pseudo_nitzschia_circumpora_lim 1 Lundholm & Moestrup 2002 

Pseudo-nitzschia_delicatissima 1 Hasle & Syvertsen 1997

Pseudo-nitzschia_galaxiae 2 Lundholm & Moestrup 2002 

Pseudo-nitzschia_sp. 1 Lundholm & Moestrup 2002 (genus)

Rhizosolenia_imbricata 1 Tomas 1996

Skeletonema_dohrnii 2 Belmonte & Rubino 2019

Skeletonema_grevilleii 1 Zingone et al. 2005

Skeletonema_menzelii 1 Belmonte & Rubino 2019

Skeletonema _sp. 3 Belmonte & Rubino 2019 (genus)

Skeletonema_tropicum 8 Belmonte & Rubino 2019

Stephanopyxis_nipponica 2 Belmonte & Rubino 2019

Thalassionema_nitzschioides 1 Kooistra et al. 2009

Thalassiosira_allenii 3 Belmonte & Rubino 2019

Thalassiosira_gravida 10 Belmonte & Rubino 2019

Thalassiosira_lundiana 3 Tomas 1996

Thalassiosira_mediterranea 5 Belmonte & Rubino 2019

Thalassiosira_minima 5 Tomas 1996 (genus)

Thalassiosira_minuscula 2 Tomas 1996 (genus)

Thalassiosira_oceanica_new 6 Tomas 1996 (genus)

Thalassiosira_oestrupii 1 Tomas 1996 (genus)

Thalassiosira_profunda 5 Tomas 1996 (genus)

Thalassiosira_profunda_RCC4663 1 Tomas 1996 (genus)

Thalassiosira_punctigera 1 Tomas 1996 (genus)

Thalassiosira_pseudonana 6 Belmonte & Rubino 2019

Thalassiosira_sp. 1 Tomas 1996 (genus)

Reference
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Appendix 3.1 continued  

 

 
  

Species ASV number
Planktonic with resting stages

Biddulphia_tridens 3 Round et al. 1990
Chaetoceros_affinis 4 Belmonte & Rubino 2019
Chaetoceros_anastomosans 1 Belmonte & Rubino 2019
Chaetoceros_brevis _1 1 Belmonte & Rubino 2019
Chaetoceros_brevis _2 1 Belmonte & Rubino 2019
Chaetoceros_brevis _3 1 Belmonte & Rubino 2019
Chaetoceros_constrictus 1 Belmonte & Rubino 2019
Chaetoceros_costatus 9 Belmonte & Rubino 2019
Chaetoceros_curvisetus _1 2 Belmonte & Rubino 2019
Chaetoceros_curvisetus _2b 2 Belmonte & Rubino 2019
Chaetoceros_debilis 1 Belmonte & Rubino 2019
Chaetoceros_diversus _2 1 Belmonte & Rubino 2019
Chaetoceros_lauderi 2 Belmonte & Rubino 2019
Chaetoceros_muellerii 2 Belmonte & Rubino 2019
Chaetoceros_protuberans 1 Belmonte & Rubino 2019
Chaetoceros_pseudocurvisetus 1 Belmonte & Rubino 2019
Chaetoceros_socialis 8 Belmonte & Rubino 2019
Chaetoceros_tenuissimus 3 Belmonte & Rubino 2019
Ditylum_brightwellii 1 Belmonte & Rubino 2019
Minutocellus_polymorphus 6 Belmonte & Rubino 2019
Odontella_aurita 16 Belmonte & Rubino 2019
Odontella_longicruris 1 Belmonte & Rubino 2019
Odontella_mobiliensis 5 Belmonte & Rubino 2019
Paralia_sulcata 13 Belmonte & Rubino 2019
Skeletonema_dohrnii 2 Belmonte & Rubino 2019
Skeletonema_menzelii 1 Belmonte & Rubino 2019
Skeletonema_tropicum 8 Belmonte & Rubino 2019
Stephanopyxis_nipponica 2 Belmonte & Rubino 2019
Thalassiosira_allenii 3 Belmonte & Rubino 2019
Thalassiosira_gravida 10 Belmonte & Rubino 2019
Thalassiosira_mediterranea 5 Belmonte & Rubino 2019
Thalassiosira_pseudonana 6 Belmonte & Rubino 2019

Reference
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Appendix 3.2: Total number of reads per ASVs attributed to three different lifestyles in 

a) Core 1 and b) Core 2. 

 

a) Core 1  
  

Benthic Planktonic 
Planktonic with 

resting stages  
P_2013           1,971             7,180                 1,984   
P_2007         10,464           40,930                 7,293   
P_2003         26,172         127,728               39,227   
P_1997           6,960           45,581               11,132   
P_1990         28,895         119,940               23,502   
P_1982                35                434                      39   
P_1967           2,746           12,602                 1,218   
P_1954              897             8,572                 5,315   
P_1911              145                110                    110   
P_1870           4,443                154                    148   
P_1832                 -                    94                      88       

b) Core 2  
  Benthic Planktonic Planktonic with 

resting stages  
C_2012         13,251           48,824                 8,690   
C_2006         11,392           57,762               14,019   
C_1997         28,147         114,544               20,337   
C_1985           8,494           65,827                 9,696   
C_1973         10,580         133,800               17,615   
C_1962         19,432         106,785               31,460   
C_1951         17,790         116,725               34,423   
C_1938                81                590                    135   
C_23_24              516           12,900                 8,229   
C_31_32                 -                  486                    395   
C_39_40                 -                     -                        -    
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Appendix 3.3: Diatom diversity composition of two sediment cores inferred by 

metabarcoding of the V9 (left panel) and diatom specific V4 (right panel) 18S rDNA.  
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Chapter IV 
 

SEASONAL DYNAMICS OF MARINE 

CLADOCERANS AND THEIR RESTING EGGS AT A 

COASTAL MEDITERRANEAN LTER SITE 
 

Abstract 
 

Cladocerans, an important zooplankton group in marine coastal regions worldwide, 
contribute to the benthic-pelagic coupling thanks to their life cycle, which includes the 
production of resting eggs that sink to the bottom and survive during unfavourable 
seasons. In temperate habitats, the transition from parthenogenesis to gamogenic 
reproduction is commonly observed, but information on gamogenic stages is rarely 
provided. The growth, demise, and resurgence of cladoceran populations were followed 
from February 2019 to February 2021 at the LTER site MareChiara in the inner Gulf of 
Naples (Tyrrhenian Sea). The abundance and contribution of individual life stages to the 
total population were analysed together with the occurrence of resting eggs in the water 
column and in the sediments. Main findings highlighted: 1) the seasonal patterns of 
Penilia avirostris, Pseudevadne tergestina, Evadne spinifera, Pleopis polyphemoides and 
Podon intermedius occurring from spring through summer/autumn, 2) the species-specific 
relative contribution of different life stages, 4) parthenogenic fecundity in females of P. 
avirostris, P. tergestina, and E. spinifera differed over time and on the proportion of 
embryos at different developmental stages 5) Mismatch between the concentration of 
resting eggs in the sediments and the abundance of individuals in the water column is 
discussed for P. tergestina and P. avirostris in relation to the degree of depression of 
parthenogenic females and occurrence and abundance of gamogenic stages. This study 
sheds light on the demographic profile of the cladoceran species in the Gulf of Naples, 
contributing to our understanding of the role of life histories in determining population 
timing and structure. 
 

Keywords: resting eggs, marine cladocerans, population structure, sedimentary egg bank, 
LTER site. 
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4.1 Introduction 
 

The structure of a community is determined by the interactions between the biological 

and physical components of a habitat (Tonkin et al., 2017). On a temporal scale these 

interactions determine the length of species occurences throughout the annual cycle, 

differentiating between seasonal or perennial species.  

Seasonal species are adapted to survive and flourish under specific environmental 

conditions at a given time of the year. As such, many planktonic species show a 

discontinuous presence, seemly disappearing from the water column when fluctuations in 

the environment occur, but instead are present in the benthos in the form of dormant 

resting stages that help individuals to endure unfavourable environmental circumstances 

(Belmonte & Rubino, 2019). The reciprocal interactions between organisms, through their 

life cycle, and the environment connects the benthic and pelagic habitats, and it is known 

as the benthic-pelagic coupling (Boero et al., 1996; Marcus & Boero, 1998; Griffiths et 

al., 2017). Dormancy, as the term that encompasses all forms of arrested development, is 

a crucial part of the benthic-pelagic coupling because several zooplankton species rely on 

these forms to endure periods of adverse environmental conditions. 

 

Among the planktonic groups that are linked to the benthos through their resting 

stages are several copepod species from the super families Calanoidea and Diaptomoidea, 

with at least 54 marine species that produce resting eggs as part of their life cycle or as 

encysted adults (Marcus, 1990; Maps et al., 2014; Baumgartner & Tarrant, 2017; 

Belmonte & Rubino, 2019). Monogononta rotifers (Pourriot & Snell, 1983) and marine 

cladocerans exhibit a bipartite reproductive cycle with parthenogenic reproduction, as 

means of rapid population increase, and sexual reproduction and resting egg production 

that assist in survival and continuation of species every year (Onbé, 1991; Korovchinsky 

& Boikova, 1996; Egloff et al., 1997; Baumgartner & Tarrant, 2017).  

 

Unquestionably, resting egg production is a fundamental and intricate part of the life 

cycle of cladocerans, in both freshwater and marine habitats, particularly in subtropical, 

temperate, and austral regions (Jorgensen, 1933; Onbé, 1978; Marcus, 1990; Viitasalo & 

Katajisto, 1994; Madhupratap et al., 1996; Miyashita et al., 2011; Van Damme & Kotov, 

2016). Resting egg production in marine cladocerans was known since the 1800s (Claus, 
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1877; Jorgensen, 1933) but the idea of these eggs sinking and being stored in the sediments 

was only confirmed by Purajoski (1945), when he first observed resting eggs of Evadne, 

Podon, Bosmina and Daphnia in sediments of the Gulf of Finland. The occurrence of 

cladoceran resting eggs in truly marine environments was only determined almost three 

decades later by Onbé (1972) in the Inland Sea of Japan, where resting eggs found in 

sediment cores were incubated until hatched into Penilia avirostris, providing evidence 

for the connection of the two life cycle stages. Since then, occurrence of resting eggs in 

sediments was reported for other species of marine cladocerans, i.e., Pseudevadne 

tergestina, Evadne nordmanni, Pleopis polyphemoides, and Podon leuckarti, all found in 

the relatively shallow Inland Sea of Japan (Onbé, 1974; 1978b; 1985).  

 

The seasonal dynamics of the planktonic populations of marine cladocerans are 

among the most studied ecological features of the group (e.g.: Onbé, 1985; Goswami & 

Devassy, 1991; Onbé & Ikeda, 1995; Pestorić et al., 2009; Hernandéz-Trujillo et al., 2010; 

Põllupüü et al., 2011; Xiong et al., 2012; Oghenekaro & Chigbu, 2019). As primary 

consumers of phytoplankton, cladocerans link higher trophic levels to the primary 

production, thus they emerge as a crucial component for the productivity of an area 

whenever present in the water column, becoming so remarkably abundant as to support 

fisheries of commercial species like mackerel (Wickstead, 1963; Selvakumar, 1970; 

Goswami & Devassy ,1991). 

 

Marine cladocerans quickly attain high abundances by virtue of the explosive 

reproductive output of parthenogenic females, giving birth to fully formed individuals that 

achieve a reproductive stage soon after birth (e.g., one day for a newly born of P. 

avirostris, Atienza et al., 2008). In the case of podonid species like Podon intermedius 

and Evadne nordmanni, such reproductive turnover is further heightened by embryonic 

paedogenesis, where developing embryos produce embryos themselves before release, 

and by the deposition of the next brood of embryos before the release of the first brood 

(Cheng, 1947; Bainbridge, 1958; Onbé, 1983; Egloff et al., 1997). 

 

Growth and reproduction in marine cladocerans are linked to temperature and 

salinity, two environmental parameters that in turn determine the seasonal occurrence of 



Chapter IV Introduction 

 

177 

the different species (Fuller ,1950; Gislasson & Olafur, 1995; Pestoric et al., 2009; 

Põllupüü et al., 2011; Biancalana et al., 2014; Onbé & Kumai, 2019). 

 

Because of the pivotal ecological role that marine cladocerans play in coastal habitats, 

it is important to investigate populations occurring at fixed research stations that exhibit 

historical records of the local planktonic communities, to elucidate and forecast species 

responses to rapid environmental changes occurring in costal marine habitats around the 

world (NOAA, 2019). One of such historical research stations is the Long Term 

Ecological Research “MareChiara” (LTER-MC) station in the Gulf of Naples (Tyrrhenian 

Sea, western Mediterranean).  

 

The zooplankton community observed at the LTER-MC station represents a dynamic 

biological system that displays recurrent seasonal patterns of abundance and community 

structure (Mazzocchi & Ribera d’Alcalá, 1995; Mazzocchi et al., 2011; Zingone et al., 

2019). The highest annual peaks of abundance are observed in summer while the 

minimum lows occur in winter. Marine cladocerans are the second (after copepods) most 

abundant group, and during summer can dominate numerically at the LTER-MC station 

(Mazzocchi & Ribera d’Alcalà, 1995; Ribera d’Alcalà et al., 2004). Five of the eight truly 

marine cladocerans have been observed to regularly occur at the LTER-MC station, and 

while three of them (Penilia avirostris, Evadne spinifera and Pseudevadne tergestina) 

have been identified as members of the summer zooplankton associations and are often 

responsible for the major peak in this season, two of them (Podon intermedius and Pleopis 

polyphemoides) are part of the spring - early summer community (Mazzocchi et al., 2011).  

 

The population dynamics of marine cladocerans at the LTER-MC have not been 

investigated in depth thus far. In the present work, the ecological role that these 

zooplankters play as biological (Metazoans) elements of the benthic-pelagic-coupling in 

this coastal area has been addressed with the objective to bridge the gap in knowledge and 

awareness of this ecologically relevant zooplankton group.  

The aims of this work are: 1) to describe the seasonal dynamics of marine cladoceran 

populations at the LTER-MC, 2) describe the seasonal patterns for the occurrence of 

resting eggs in the water column, 3) determine whether the sea bottom houses an egg bank 

from which the species can recruit a new population every year, and 4) explain the upsurge 
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growth of populations and subsequent disappearance from the water column by studying 

the fecundity of parthenogenic females of the three most abundant species. 
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4.2 Material and methods 
 

4.2.1 Zooplankton sampling and counting 

 
Zooplankton samples were collected at weekly frequency from 26/02/2019 to 

23/02/2021 at the Long-Term Ecological Research MareChiara (LTER-MC) station, in 

the inner Gulf of Naples (Fig. 4.1). The station is located on the 75 m isobath, two nautical 

miles from the coastline in front of the city of Naples, in a very dynamic system influenced 

by littoral and offshore waters (Ribera d’Alcalà et al., 2004). For each sampling event, 

environmental data (temperature, salinity, oxygen and fluorescence) were recorded from 

0 to 70 m depth with an SBE911 CTD mounted on a Rosette sampler equipped with 12 

Niskin bottles (10 L). The data were provided by the Environmental Monitoring & 

Analysis Unit of the RIMAR Department of the Stazione Zoologica Anton Dohrn. Total 

chlorophyll a (chl a) concentrations were determined following the method illustrated in 

Sabia et al. (2019) from samples collected at 0, 2, 5, 10, 20, 40 and 60 m depths. 

Chlorophyll a data were provided by Dr. Francesca Margiotta (RIMAR).  

 

 

 

 
 
Fig. 4.1: The sampling site (LTER-MC) located in the Gulf of Naples (Tyrrhenian Sea, Western 

Mediterranean Sea). 

Italy (Western Mediterranean Sea)

Latitude Longitude 

40o48.5'N 14o15'E
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For zooplankton sampling, a vertical tow was performed from 60 m depth to the 

surface using a WP2 net (57 cm mouth diameter, 70 µm mesh size). The filtered water 

volume (m3) was calculated according to the geometric formula: Filtered volume = 

sampling depth (60m) x area of the net’s opening (0.25 m2). Samples were fixed with 

buffered formaldehyde (2% final concentration) until 30/09/2019. For safety restrictions, 

thereafter, samples were fixed with 96% ethanol and maintained at 5 oC (Fig. 4.2). A total 

of 55 zooplankton samples were collected over the two years of sampling1, 31 were 

collected in 2019, 21 collected in 2020 and 3 collected in 2021. 

 

Before counting, the samples fixed in formaldehyde were rinsed through a 70 µm 

mesh sieve with filtered sea water (fsw) under a chemical hood and re-suspended in fsw 

in a bowl to 200 ml final volume; the samples fixed in ethanol were concentrated on a 70 

µm sieve and resuspended in 96 % ethanol in a bowl to 100 ml final volume.  

Specimen identification and counts were performed under a stereomicroscope (Leica 

MZ12.5; Leica Microsystemsã) using a Bogorov counting chamber (10 ml) (Fig. 4.3).  
 

From the concentrated 200 or 100 ml sample, successive aliquots were taken after 

accurate mixing with a wide-bore graduated pipette; the number of aliquots varied 

depending on the abundance of cladocerans in the samples. The analysed fraction varied 

from 1/10 to ½ of the original samples. However, the entire sample was examined when 

the abundance of cladocerans was less than 1 ind. m-3, this to account for the presence of 

cladocerans as rare species. The total number of individuals counted in each sample 

ranged from 1 to 2,120. The cladoceran abundance was expressed as the number of 

individuals in a cubic metre (ind. m-3). 

 

 
 
1 Sampling was interrupted from 25/02/2020 to 18/06/2020, sampling was possible only on 21/05/2020, 
because of the global Covid-19 pandemic and between 01/12/2020 to 31/01/2021 because the sampling boat 
was unavailable.  
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Fig.4.2: Sampling device and sample storage. a) WP2 Zooplankton net. b) Collector fitted with 70 µm 

mesh. c) Sample fixed in ethanol (96%) and maintained at 5 oC. 
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Fig.4.3: Counting instruments. a) An ethanol-fixed sample concentrated to a 100 ml final volume. b) 

Graduated syringe (10 ml) for drawing the sample. c) Bogorov counting chamber. d) Cactus spines, 

needle, and glass pipette for handling specimens.  

 

 

4.2.2 Species identification 

 

The identification of cladoceran specimens to the species level was done following 

the taxonomic keys in Tregouboff and Rose (1957), Boltovskoy (1999), Castellani (2017). 

For the four Podonidae species (Evadne spinifera, Pseudevadne tergestina, Pleopis 

polyphemoides and Podon intermedius) specimen identification was based on the number 

of setae on the exopod of the four thoracic limbs, and by morphological and anatomical 

features of the body (Fig. 4.4a-d). Podonids have a round, almost spherical body shape 

that only in Evadne spinifera ends in a dorsal spine; the rounded carapace has evolved 

b

a

c

d
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into a brood pouch where embryos and resting eggs are deposited. By contrast, the body 

shape of the single marine representative of the Sididae family - Penilia avirostris - has a 

straight, much longer carapace that encloses the thoracic limbs and reproductive organs 

while allowing the head to move freely (Fig. 4.4 e). 

 

 

 

 
Fig. 4.4: General morphology and diagnostic characters for the identification of the marine cladocerans 

(females) recorded in the present study. a) Pleopis polyphemoides, b) Podon intermedius, c) Evadne 

spinifera, d) Pseudevadne tergestina, e) Penilia avirostris. Adapted from Boltovskoy (1999). 
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Following species identification, each individual was assigned to one of four 

categories: parthenogenic females (holding embryos), gamogenic females (holding resting 

eggs), non-reproductive females (without eggs or embryos), and males. (Fig. 4.5). Males 

were identified by the presence of paired testicles and a cylindrical copulatory organ 

(penises), as well as a terminal hook on the endopod of the first thoracic limb (Fig. 4.5 c). 

Males of all species have similar or slightly smaller size than females. In podonids, 

identification is also eased by the triangular outline of males compared to females (Egloff 

et al., 1997). 

 

 
Fig. 4.5: Examples of reproductive stages in marine cladocerans. a) Parthenogenic females of 

Pseudevadne tergestina (left) and Penilia avirostris (right) holding embryos in the brood pouch. b) 

Gamogenic females of Pseudevadne tergestina (left) and Penilia avirostris (right). V: vagina. c) Male 

of Pseudevadne tergestina (left) and Penilia avirostris (right); showing terminal hook on the first 

endopod and paired copulatory appendages. T: testis. Adapted from Onbé (1978c), Egloff et al. (1997) 

and Boltovskoy (1999). 
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Resting eggs found free in the subsamples were also counted and identified to the 

species level (Fig. 4.6). Egg identification was based on size, colour, and structure of the 

outer membrane, following the morphological description available in the literature 

(Onbé, 1978c; Marcus, 1990; Onbé, 1991; Madhupratap et al., 1996; Briski et al., 2011) 

The resting eggs of Penilia avirostris were easily identified by their ovoid shape with a 

characteristic invagination on one of the sides. The eggs of all Podonids are spherical but 

they vary in the thickness of the outer membrane and the colour (under reflected light) 

(Table 4.1). 

 

 
Fig.4.6: Resting eggs of the five marine cladoceran species recorded in the present study. a) Penilia 

avirostris, b) Pseudevadne tergestina, c) Evadne spinifera, d) Podon intermedius, e) Pleopis 

polyphemoides. Eggs view under reflected light (left) and transmitted light (right). From Marcus 

(1990), Onbé (1991), Madhupratap et al. (1996), Mugrabe et al. (2007), Briski et al. (2011). Scale bars 

in µm. 
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Table 4.1: Morphological characters of resting eggs of the five marine cladoceran species recorded in 

the present study. Colour is considered under reflected light.  

 
 

 

4.2.3 Parthenogenic brood size and identification of the embryonic stages 

 

Out of the total 55 samples collected, 33 were examined to quantify parthenogenic 

reproductive output of the three most abundant species of marine cladocerans at LTER-

MC. A total of 29 samples had females of the targeted species. Whenever possible, the 

first 50 females of Penilia avirostris, Pseudevadne tergestina and Evadne spinifera were 

considered; a lower number was analysed when the species were less abundant. For each 

female, the number of parthenogenic eggs and embryos were counted (dissected when 

necessary) and identified as initial, intermediate or advanced stage (Egloff et al., 1997). 

For Evadne spinifera and Pseudevadne tergestina, the developmental stages of the 

embryos were based on Egloff et al. (1997) observations of Evadne nordmanni. The initial 

Species Diameter 
(!m) Shape 

Outer 
membrane 
structure 

Colour  Reference  

Penilia avirostris 
210 - 290 
long, 140 - 
200 wide 

Ovoid, 
concave 
invagination 
on one side 

Smooth with 
minute pits Gray/brown 

Onbé, 1991; 
Egloff et al., 
1997.  

Pseudevadne 
tergestina 190 - 290 Spherical  

Smooth and 
thick (lesser 

than 
Evadne) 

outer 
membrane 

light-
yellow, 

dense yolk  

Onbé, 1991; 
Mugrabe et al., 
2007.  

Evadne spinifera  150 - 250 Spherical   
Smooth and 

thick  
Light-
yellow  

Marcus, 1990; 
Onbé, 1991; 
Madhupratap et 
al., 1996. 

Podon intermedius 180 - 270 

Similar to 
Pleopis eggs 
but with a 
denser 
centre 

Smooth white/light-
yellow  

Onbé, 1991; 
Briski et al., 
2011. 

Pleopis polyphemoides 150 - 270  Spherical  
Smooth and 

thin  White  

Marcus, 1990; 
Onbé, 1991; 
Madhupratap et 
al., 1996. 
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stage comprises two phases: (1) the egg becoming elongated at one pole and (2) formation 

of the second antennae; the intermediate stage (3) is characterized by the embryo 

elongation, the appearance of the first antennae and further development of the second 

antennae, the presence of four thoracic segments, mandibles and maxillary and 

mandibular region; the advanced stages (4-6) are indicated by the formation of the eye, 

elongation of the carapace and the development of the thoracic segments into endo- and 

exopodites (Fig. 4.7 a).  

For Penilia avirostris, embryonic developmental stages were based on Della Croce 

& Bettanin (1965) observations: five initial stages (I-V) where changes in shape occur 

from the egg (I) to the elongation of the embryo (II, III) and the appearance of the first 

and second antennae, and the mandible (III-IV), to the appearance of the first thoracic 

appendage (V); four intermediate stages (VI-IX) where the second to fifth paired-thoracic 

limbs develop along the trunk, with further development of the second antennae; three 

advanced stages (X-XII), where the sixth thoracic limbs develop (X) and the first and 

second maxilla begin to form. The differentiation between endo - and exopodites is 

accompanied by the initial elongation of the carapace (XI). Lastly, the post abdomen 

elongates into cylindrical ramifications, the carapace covers the entire trunk of the embryo 

(XII), and the pigment in the compound eye can be visualised (XII) (Fig. 4.7b). 
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Fig. 4.7: Developmental stages of parthenogenic embryos. a) 1 to 6 stages for E. nordmanni, and b) I 

to XII stages for P. avirostris. In order of appearance for E. nordmanni, first antennae (A1), second 

antennae (A2), mandible (Md), maxillary and mandibular region (Mxr), thoracic segments (T1- T4), 

eye (E), endopodite (En), exopodite (Ea), carapace (C), and pigmented eye (Ep). For P. avirostris: first 

and second antenna (A1 & A2), mandible (Md), thoracic appendages (P1 -P6), first and second maxilla 

(Mx1 & Mx2), Carapace (Crp), endopodite (Enp), exopodite (Esp) and postabdomen (Pabd). Adapted 

from Egloff et al. (1997). 
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4.2.4 Sediment samples 

 

Surface sediments: collection and processing 

 

Surface sediment samples were collected in March and October 2019 and in May 

2020 in the area of LTER-MC station, at three different depths (40, 60 and 80 m). Samples 

were collected in triplicates with a gravity corer. Following collection, each sample was 

processed by extruding the surface portion of the core and slicing the first two layers (1 

cm high each) using a clean spatula for each cut. The samples were transferred into 30 ml 

Falcon tubes and the overlying water from the cores was added. The Falcon tubes were 

wrapped in aluminium foil and placed in a dark plastic bag at 5 oC until further processing.  

A total of 43 samples from the first two centimetres of sediment collected at three 

depths and three sampling dates were examined. Samples from autumn 2019 were not 

sliced into two layers but in a single 2 cm layer. Two replicates were lost for the 40 m 

sampling depth in May 2020. 

 

Sucrose flotation method for cladoceran eggs 

 

The separation of cladoceran resting eggs from sediments was performed 

following a combination of the sucrose flotation methods presented by Briski et al. (2013) 

and Vehmaa et al. (2018). The method consists in mixing sediment samples with a sucrose 

solution that is denser than the eggs, which are resuspended after centrifugation at high 

speed. For each replicate, 8 g of wet sediment were first sieved through a 500 µm mesh-

size net and washed with distilled water into a glass beaker. The retained > 500 µm 

material was discarded. Each sieved replicate was sonicated with a Branson sonicator 

(Ultrasonic Bath Fisher FS140H) at setting 5 (energy supply in Joules) for 30 seconds, to 

allow the separation of the eggs from the sediment. Following sonication, the sample was 

sieved through a 200 µm mesh-size net to separate the larger sized eggs. The retained 

material (> 200 µm) was then transferred into a 50 ml Falcon tube and mixed with 20 ml 

of sucrose solution (1:1 ratio, 1 kg of sugar to 1 L of distilled water). The sieved material 

(< 200 µm) from the net was then sieved through a 50 µm mesh-size net, to collect the 

small sized eggs (see Table 4.1). The material retained on this net was transferred in a 
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similar manner into a Falcon tube with the 20 ml sucrose solution. The tubes were 

centrifuged (three times) at 3,000 rpm for 3 min. The supernatant was collected with a 

Pasteur pipette and the sucrose washed off with distilled water through a 20 µm mesh-size 

sieve. The collected material was transferred into a petri dish containing filtered sea water 

and the material was examined under a Leica MZ12.5 stereomicroscope (at 0.8x to 10x 

magnification). All the eggs found were identified to species level; their abundance was 

expressed as number of eggs per m2 (Fig. 4.8). 

 

 

 

 
 
Fig. 4.8: Surface sediment sampling and processing of 2 cm samples with the sucrose resuspension 

method. Created with Biorender.  

 

 

4.2.5 Data analysis 

To explore species-specific patterns of abundance, the following parameters were 

calculated: 1) the total abundance of the cladoceran group and 2) mean percentage 
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contribution of the single species to total group abundance (standard errors of the mean 

were reported because of the differences in the number of samples collected over the 

sampling period). For the individual species the parameters calculated were: 1) total 

abundance of the species, 2) total abundance of gamogenic forms, 3) percentage 

contribution of the life stages and 4) total abundance of free resting eggs. All statistical 

analyses and figures were performed in R and RStudio (versions 4.02 and 1.2.5033) and 

the ggplot2 package.  

To investigate the relation between the environment and 1) species abundance, and 

2) life stage abundance, a multiple regression was performed for each of the five marine 

cladoceran species. The regression was built between the abundance of the species 

(response variable) and three predictor variables: temperature and salinity (environmental) 

and chl a (biological). The values used for the predictor variables were the integrated 

averages between 0 and 20 m depth. The depth-limit was chosen based on observations of 

the vertical distribution of marine cladocerans at LTER-MC between 1999 and 2000 (L. 

Aguzzi unpublished) and supported by literature exploring vertical movements of marine 

cladocerans (Rocha, 1983; Wong et al., 2008; Atienza et al., 2016).  

Multiple regression analysis was chosen because it determines not only the strength 

of the relationships between abundance and predictor variables but also the direction of 

the relationship (positive or negative), while at the same time it considers possible 

interactions between variables to express how a predictor variable affect the response 

factor (Gardener, 2017). The output of a multiple regression includes an overall regression 

coefficient, called R2, which is a measure of the goodness-of-fit, indicating the percentage 

of the observed variability in the dependent variable as explained by the predictor 

variables. Another important component of the output are the regression coefficients and 

a statistical significance value for each. The multiple regression analysis was performed 

using the lm function from the R stats package (version 4.0.2) using the formula lm 

(y=abundance ~ x= Temperature + Salinity + Chla) where each predictor variable was 

treated independently. Before building the multiple regression formula, the data were 

examined for normalisation with the diagnostics function from the R trafo package 

(version 1.0.1).  
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Differences in the parthenogenic reproductive output between the three targeted 

species was compared by a one-way ANOVA. The analysis was performed on the number 

of embryos of the examined parthenogenic females of each species. In the periods in which 

the abundance of parthenogenic females was extremely low, the entire sample was 

scanned and only the samples that had > 10 parthenogenic females that represented 100% 

of the total female abundance were considered for this analysis. A total of 29 samples that 

met the above conditions were used for the analysis. One-way ANOVA was performed in 

R using the aov function, the output of the analysis provides the variance within samples 

and the between-groups variance calculated by the between-groups sums of squares 

divided by the degrees of freedom. Following this, a Tukey’s Honest post-hoc test was 

performed to determine the source of variation between the means of the three species. 

The test was performed with the TukeyHSD function. Both, the aov and the TukeyHSD 

functions were part of the R stats package (version 4.0.2).
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4.3 Results 
 

4.3.1 Environmental conditions 

 

The temporal patterns of temperature and salinity in the water column (0-70 m) 

showed seasonal fluctuations (Fig. 4.9 a, b). Over the two sampling years, the water 

column was stratified down to 20 and 40 meters, from mid-April until mid-December, and 

mixed for the rest of the year. Under mixed conditions, in 2019 the temperature at surface 

ranged from 13.8 to 15.7 oC while during the stratification period, values ranged from 16.1 

to 28.3 oC. Salinity changes between mixed and stratified periods were less evident, with 

minimum surface values of 37.5 for both periods and maxima of 38.0 and 38.1 during 

mixed and stratified conditions. Values for Chl-a during mixed conditions ranged between 

0. 6 and 4.3 µg L-1 at surface. During the stratification, the minimum value was 0.2 µg L-

1 and the maximum 6.4 µg L-1 (Table 4. 2a). In 2020, under mixed conditions, surface 

temperature ranged between 14.5 and 15.5 oC while under stratified conditions ranged 

between 19.6 and 27.9 oC. Salinity ranged between 37.6 and 38 under mixed conditions 

and between 37.1 and 38.1 under stratified conditions. Chla-a ranged between 0.3 and 2.2 

µg L-1 during mixed and between 02 and 4.5 µg L-1 during stratified conditions (Table. 

4.2b). In 2021, under mixed conditions, surface temperature ranged between 14.5 and 

14.8; salinity between 37 and 37.7 and chl a between 2.3 and 3.0 µg L-1 (Table 4.2.c). 
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Table 4.2: Values for environmental parameters and Chlorophyll-a, for surface (0 m) and integrated 

depths (0 to 70 m) for mixed and stratified conditions during 2019-2021 at LTER-MC station.  

 

a

b

c

2019
Mixed conditions (26/02 to 18/04/2019) Stratified conditions (24/04 to 10/12/2019)

Temperature oC

Min Max Av. ± SE Min Max Av. ± SE

Surface 13.8 15.7 14.5 ± 0.3 16.1 28.3 23.2  ± 0.8
Integrated 13.8 14.6 14.1 ± 0.1 15.3 19.8 18.2± 0.3

Salinity 

Surface 37.5 38.0 37.8± 0.1 37.1 38.137.7 ± 0.1

Integrated 37.9 38.0 38±0.01 37.8 38.037.9 ± 0.01

Chl a µg L-1

Surface 0.6 4.3 1.9 ± 0.6 0.2 6.4 2.0 ± 0.4
Integrated 0.5 2.3 1.1 ± 0.3 0.2 2.3 0.9 ± 0.1

2020
Mixed conditions (14/01 to 24/02/2020) Stratified conditions (14/01 to 18/11/2020)

Temperature oC

Surface 14.5 15.5 14.9 ± 0.1 19.6 27.9 24.6 ± 0.7
Integrated 14.9 15.5 15.1± 0.1 17.4 20.7 18.6 ± 0.2

Salinity 

Surface 37.6 38.0 37.9 ± 0.04 37.1 38.1 37.7 ± 0.1
Integrated 37.9 38.0 38 ± 0.01 37.5 38.1 38 ± 0.04

Chl a µg L-1

Surface 0.3 2.2 1.1 ± 0.3 0.2 4.5 2.3 ± 0.4
Integrated 0.3 1.6 0.7 ± 0.2 0.3 2.0 1 ± 0.1

2021
Mixed conditions (02/02 to 23/02/2021)

Temperature oC

Surface 14.5 14.8 15 ± 0.1
Integrated 14.8 15.3 15 ± 0.2

Salinity 

Surface 37.0 37.7 37.4 ± 0.2

Integrated 37.8 37.9 37.9 ± 0.03

Chl a µg L-1

Surface 2.3 3.0 2.6 ± 0.2
Integrated 0.5 2.0 1.4 ± 0.5
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Fig. 4.9: Patterns of temporal variability of a) temperature, b) salinity and c) chlorophyll-a at LTER-

MC station during the study period. 
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4.3.2 Cladoceran time course  

 

Group abundance and composition 

 

In the 55 samples collected over the two years of this study, five species of marine 

cladocerans were identified: Penilia avirostris, Pseudevadne tergestina, Evadne spinifera, 

Pleopis polyphemoides and Podon intermedius. The growth and demise of their 

populations were followed weekly, and their seasonal pattern of occurrence was depicted. 

Over two years of study, marine cladocerans were present in the plankton throughout the 

entire year but total abundance fluctuated, with low values (< 100 ind. m-3) in winter and 

early spring. A rapid increase in late spring and high values occurred through summer and 

autumn (Fig. 4.10). During 2019, the annual cladoceran abundance averaged 459 ± 108 

ind. m-3 with maximum abundance achieved on 25th of June (2,603 ind. m-3). In 2020, the 

annual abundance averaged 471 ± 161 ind. m-3, and the maximum abundance was 

achieved on 7th of June with 2,821 ind. m-3. In February 2021, the cladoceran abundance 

was extremely low (Fig.4.10). 

 

Of the total annual cladoceran abundance the highest contribution was by Penilia 

avirostris that made an average contribution of 61.3% in 2019 and 77.3% in 2020 to the 

total abundance (Table 4.3, Fig. 4.10b). The other species followed in a rank order of 

relative abundance: Pseudevadne tergestina (22.7 and 20.2%), Evadne spinifera (13.0 and 

2.1%), Podon intermedius (1.6 and 0.3%) and Pleopis polyphemoides (1.5 and 0.1%).  

In 2019, a clear succession in the peak of relative abundance of the species was 

observed as follows: starting in late winter and throughout May, Podon intermedius 

represented 57.4% of the total cladoceran abundance while the contribution of the co-

occurring Pleopis polyphemoides averaged 25.6%. Once the summer period started, 

populations of Penilia avirostris and Pseudevadne tergestina began to appear, during this 

period the percentage contribution of the spring species remained below 20% while 

Evadne spinifera that began to occur in mid-spring attained an average summer 

contribution of 14.2%. In summer, Penilia avirostris accounted for 60.6% of the total 

cladoceran abundance while Pseudevadne tergestina made 24.8%. The contribution of 

Penilia avirostris remained high in autumn (80.3%) while Pseudevadne tergestina (9.1%) 

was surpassed by the contribution of Evadne spinifera (10.2%) during this period. In 2020, 
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a similar pattern of the succession in relative abundance was observed for the three most 

abundant species during summer and autumn. Unfortunately, it was impossible to depict 

the temporal patterns of Pleopis polyphemoides and Podon intermedius in 2020 because 

of the sampling interruption between February and June. The counts of Pleopis 

polyphemoides and Podon intermedius and to some extent Evadne spinifera, were most 

affected as these species have been observed to increase in abundance between February 

and May, which resulted in visible differences in abundance of these species between the 

two years. Except for Penilia avirostris, all other species were more abundant in 2019 

than in 2020, likely due to the interrupted sampling in 2020 (Table 4.3). 

 

 

 

Table 4.3: Mean annual abundance (ind. m-3 ± Std. Error) and mean annual percentage contribution (% 

± Std. Error) to total group abundance of the five cladoceran species at LTER-MC station. 

 

 
  

 (ind. m-3) %  (ind. m-3) %  (ind. m-3) %
Penilia avirostris 281.2 ± 71.0 61.3 ± 15.1 363.9 ± 115.2 77.3 ± 24.5 - -
Pseudevadne tergestina 104.0 ± 36.1 22.7 ± 7.7 95.0 ± 56.5 20.2 ± 12.0 - -
Evadne spinifera 59.7 ± 17.4 13 ± 3.7 9.7 ± 2.6 2.1 ± 0.6 - -
Podon intermedius 7.3 ± 2.3 1.6 ± 0.5 1.4 ± 0.6 0.3 ± 0.1 0.1 100
Pleopis polyphemoides 6.7 ± 3.5 1.5 ± 0.7 0.7 ± 0.3 0.1 ± 0.1 - -

2019 2020 2021
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Fig. 4.10: Marine cladoceran abundance at LTER-MC station. a) Abundance of total cladocerans for 

each sampling year. b) Relative abundance of individual species. Vertical dotted lines mark calendar 

seasons; not-sample dates are in red. 
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4.3.3 Species abundance and demographic structure of populations 

 

Five species of marine cladocerans were identified and their different life stages were 

distinguished between parthenogenic females, gamogenic females, non-reproductive 

females, males, as well as resting eggs free in the water column (Fig. 4.11).  

 

` 
Fig. 4.11: Life cycle stages of marine cladocerans found at LTER-MC station. Parthenogenic females 

of a) Penilia avirostris, b) Pseudevadne tergestina and c) Podon intermedius; Gamogenic females 

carrying a resting egg of d) Penilia avirostris, e) Pseudevadne tergestina and f) Pleopis polyphemoides; 

Males of g) Penilia avirostris, h) Pseudevadne tergestina and i) Evadne spinifera; Free resting eggs of 

j) Penilia avirostris, k) Pleopis polyphemoides and parthenogenic neonate, l) Podon intermedius. 
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Penilia avirostris 

 

During the two years of study, this species was the most abundant cladoceran 

recorded at LTER-MC station. The period of occurrence was concentrated between June 

and November/December in both years; the species was occasionally found in very low 

numbers (< 10 ind. m-3) in the other months (Fig 4.12a). In 2019, the species was first 

detected in May, it then increased rapidly to reach a peak of 1,739 ind. m-3 on 25/06, but 

the population declined to about half the abundance a month later. Abundance continued 

to fluctuate throughout summer - early autumn and disappeared completely from the 

plankton by December (10/12). In 2020, the species was first observed in January (0.3 

ind. m-3), and again in late June (only one sample for this month) and attained maximum 

abundance (1,611 ind. m-3) on 07/07. After the peak, the abundance declined until late 

September, when an isolated increase up to 762 ind. m-3 was observed and occurred 

sparsely in October and November with negligible numbers.  

 

Sexually reproducing individuals in 2019 were first observed on 03/09 until the 

beginning of November (Fig 4.12b). Males occurred first in low abundances but reached 

a maximum of 15.3 ind.m-3 on 30/09 (four weeks after first appearance). Gamogenic 

females occurred two weeks later than males (on 17/09) and attained a maximum of 14.0 

ind.m-3 on the same date as the males. In 2020, both stages were first observed in July 

(03/07) then disappeared until mid-September. A maximum of 2.7 gamogenic females and 

1.3 male per m-3 were observed on 14/07 and 03/07, respectively. Regarding the 

demographic structure of the population (Fig. 4.12 c, Table 4.4), in 2019 parthenogenic 

females represented an average of 42.7 ± 10.1% of the total population and were first 

observed in mid-May, quickly proliferated until the demise of the population at the 

beginning of winter. Non reproductive females were observed shortly after the appearance 

of parthenogenic individuals and continued to occur in parallel with parthenogenic 

females. Non reproductive females made an average contribution of 56.8 ± 16.0% to the 

total. In 2020, the species first appeared in January as a non reproductive female. 

Parthenogenic females were then observed from late-June (24/06) to November. The 

average contribution of parthenogenic females was 50.8 ± 18.9%. Non reproductive 

females were observed in large numbers from late-June until the end of the population in 
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November. Non reproductive females averaged 49.1 ± 17.3% of the total population (Fig. 

4.12 c). 

 
Table 4.4: Population demographic structure of Penilia avirostris: Mean annul abundance (ind. m-3 ± 

Std.Error) and mean annual percentage contribution of individual life stages (% ± Std. Error). 

 

 
 

 

 

Free resting eggs in the water column were first observed in early September 2019 

(10/09), and then frequently until early November. In 2020, the eggs were observed 

sparsely in January, February, July, and October. In 2019 the maximum number of free 

resting eggs recorded was 2 while in 2020 the maximum was 1.3 eggs per m-3 (Fig. 4.12d). 

  

2019 2020
Avg. 

abundance Avg. % Avg. 
abundance Avg. %

Gamogenic females 0.7 ± 0.5 0.3 ± 0.2 0.3 ± 0.1 0.1 ± 0.04
Males 0.9 ± 0.5 0.3 ± 0.2 0.2 ± 0.1 0.1 ± 0.03
Parthenogenic females 119.9 ± 28.4 42.7 ± 10.1 184.8 ± 68.9 50.8 ± 18.9
Non reproductive females 159.6 ± 45.1 56.8 ± 16.0 178.6 ± 63.0 49.1 ± 17.3
Annual Avg. 281.2 ± 71.0 363.8 ± 115.2
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Fig. 4.12: Penilia avirostris occurrence and demographic structure. a) Abundance of total population 

(ind. m-3), b) Abundance of sexual life stages (ind. m-3), c) Relative abundance of different life stages 

(%), d) Abundance of free resting eggs (egg m-3). Not sampled dates are in red. 
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Pseudevadne tergestina 

 

The species occurred from late spring until the end of autumn attaining maximum 

abundances soon after the first detection in the water column, this seasonal pattern 

occurred in both years. In 2019, the species was first detected in June (21/06) and attained 

a first peak of abundance (715 ind. m-3) a week later. High abundances persisted for two 

weeks and was followed by a decrease until a smaller peak in late-summer 10/09 (448 ind. 

m-3). The species continued to be present in the water column until mid-November 

(26/11), disappearing thereafter. In 2020, there were two dates in February and May in 

which parthenogenic and non-reproductive females were detected in the water column at 

very low abundances (< 2 ind. m-3). A single peak was observed in July (07/07) with 1,181 

ind. m-3 after which the abundance decreased and remained below 20 ind. m-3 until 

November (Fig. 4.13a). 

 

Gamogenic females were first observed during the first peak of abundance in June 

(25/06), increasing to a maximum of 9.3 ind. m-3 in mid-October (15/10) (Fig. 4.13b). 

Males began to occur in mid-summer (01/08) two months after the first observation of the 

species, reaching a maximum abundance of 8.0 ind. m-3 on the same date as gamogenic 

females. In 2020, gamogenic females first occurred in late-June (24/06) for three 

consecutive weeks and reaching a maximum of 13.3 ind. m-3, then disappeared until early 

September when they were observed for the last time on 15/09. Males appeared at the 

same time in late-June, attained a maximum of 6.7 ind. m-3 on 03/07, and disappeared until 

September and again until November (18/11). The demographic structure of P. tergestina 

during 2019 consisted of parthenogenic females that appeared together with non-

reproductive females at the beginning of the summer season on 21/06. Parthenogenic 

females made an average 89.5 ± 31.2%, non reproductive females made 9.1 ± 4.3% of the 

total population. In 2020, a similar pattern of occurrence as in the previous year was 

observed for both types of females, the average percentage contribution of parthenogenic 

females was 90.1 ± 53.9% while for non reproductive females was 7.8 ± 4.8% (Fig.4.13c, 

Table 4.5).  
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Table 4.5: Population demographic structure of Pseudevadne tergestina: Mean annul abundance (ind. 

m-3 ± Std.Error) and mean annual percentage contribution of individual life stages (% ± Std. Error). 

 
 

 

 

Free resting eggs were first observed in mid-July on 16/07. The highest number of 

free resting eggs in 2019 was 5.3 eggs. m-3 and occurred in August (01/08 and 27/08). 

Thereafter, free resting eggs occurred in pulses in late September (25/09), October 

(22/10), November (26/11) and December (10/12). In 2020, free resting eggs were 

observed in January, July, August-September, and October. A maximum of 4.0 eggs m-3 

occurred for two weeks in July (07-14/07), decreasing in abundance afterwards (Fig. 4. 

13d). 

 

  

2019 2020
Avg. 

abundance Avg. % Avg. 
abundance Avg. %

Gamogenic females 0.8 ± 0.4 0.8 ± 0.3 1.1 ± 0.7 1.2 ± 0.8
Males 0.7 ± 0.3 0.6 ± 0.3 0.9 ± 0.4 0.9 ± 0.5
Parthenogenic females 93.1 ±32.4 89.5 ± 31.2 85.6 ± 51.2 90.1 ± 53.9
Non reproductive females 9.4 ± 4.5 9.1 ± 4.3 7.4 ± 4.6 7.8 ± 4.8 
Annual Avg. 104.0 ± 36.1 95.0 ± 56.5
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Fig. 4.13: Pseudevadne tergestina occurrence and demographic structure. a) Abundance of total 

population (ind. m-3), b) Abundance of sexual life stages (ind. m-3), c) Relative abundance of different 

life stages (%), d) Abundance of free resting eggs (egg m-3). Not-sampled dates in red. 
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Evadne spinifera 

 

The occurrence of this species was concentrated between mid-spring and autumn, 

observed in the plankton from May to early November 2019 (Fig. 4.14a). It was detected 

once in February and twice in April but at extremely low abundances (< 2 ind. m-3). 

Maximum abundance (436 ind. m-3) was reached in August (01/08). The peak was 

followed by a decrease to < 200 ind. m-3 throughout September and a further decline until 

the complete disappearance of the species in November (26/11). In 2020, a sharp decrease 

in abundance was observed. The highest abundance recorded was 43 ind. m-3 in September 

(07/09), representing a ten-fold decreased from the values observed in 2019.  

 

Gamogenic individuals appeared at the same time in early-September of both years 

(on 17/09/19 and 07/09/2020) and were present in the water column until late 

October/early November (07/11/19 and 14/10/20) (Fig. 4.14b). In 2019, gamogenic 

females reached a maximum of 2.7 ind. m-3 on 15/10 and disappeared two weeks after. 

Males reached a maximum of 13.3 ind. m-3 on the same date as gamogenic females. In 

2020, both stages were less abundant. Gamogenic females were observed once in 

September (1.3 ind. m-3 on 07/09), while males occurred in September and October (2.0 

ind. m-3). In both years, males were more abundant than gamogenic females. The 

demographic structure of E. spinifera in 2019 (Fig. 4.14c), had a large proportion of 

parthenogenic females with an average contribution of 88.0 ± 27.3% and were the only 

individuals observed for the first two months of occurrence of the species, thereafter they 

occurred in association with non reproductive females from late spring through autumn. 

Non reproductive females began to occur in mid-June (21/06) and represented an average 

of 10.6 ± 3.6%. In 2020, the bulk of the population was made of parthenogenic females 

that made an average contributed of 84.5 ± 22.1%, while non reproductive females 

represented 13.2 ± 4.8% (Table 4.6). Both forms occurred from May (21/05) to November 

(18/11) being more numerous in September.  
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Table 4.6: Population demographic structure of Evadne spinifera: Mean annul abundance (ind. m-3 ± 

Std.Error) and mean annual percentage contribution of individual life stages (% ± Std. Error). 

 
 

 

 

Free resting eggs in the water column followed the appearance of the sexual life 

stages. In 2019, they were detected from October (08/10) to November (7/11), but in 

extremely low abundance (between 0.2 and 0.5 eggs m-3). In 2020, free resting eggs were 

encountered only once in mid-November (1.7 eggs m-3) (Fig. 4.14d). 

  

2019 2020
Avg. 

abundance Avg. % Avg. 
abundance Avg. %

Gamogenic females 0.2 ± 0.1 0.3 ± 0.2 0.1 ± 0.1 0.7 ± 0.7
Males 0.7 ± 0.4 1.2 ± 0.7 0.2 ± 0.1 1.6 ± 1.0
Parthenogenic females 52.5 ± 16.3 88.0 ± 27.3 8.2 ± 2.2 84.5 ± 22.1
Non reproductive females 6.3 ± 2.2 10.6 ± 3.6 1.3 ± 0.5 13.2 ± 4.8
Annual Avg. 59.7 ± 17.4 9.7 ± 2.6
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Fig. 4.14: Evadne spinifera occurrence and demographic structure. a) Abundance of total population 

(ind. m-3), b) Abundance of sexual life stages (ind. m-3), c) Relative abundance of different life stages 

(%), d) Abundance of free resting eggs (egg m-3). Not-sampled dates in red. 

20
21

N
o 

in
di

vi
du

al
s 

ob
se

rv
ed

 in
 

sa
m

pl
es

0123

26/02
04/03
13/03
19/03
(26/03)
02/04
09/04
18/04
24/04
30/04
07/05
(14/05)
22/05
(28/05)
(04/06)
(11/06)
21/06
25/06
(02/07)
09/07
16/07
22/07
01/08
05/08
(13/08)
(20/08)
27/08
03/09
10/09
17/09
25/09
30/09
08/10
15/10
22/10
29/10
07/11
(14/11)
(21/11)
26/11
(03/12)
10/12
(17/12)
(24/12)
(31/12)

08/01
14/01
22/01
28/01
(04/02)
(11/02)
18/02
24/02
(03/03)
(10/03)
(17/03)
(24/03)
(31/03)
(07/04)
(14/04)
(21/04)
(28/04)
(05/05)
(12/05)
21/05
(28/05)
(04/06)
(11/06)
(18/06)
24/06
03/07
07/07
14/07
21/07
(28/07)
05/08
(11/08)
(18/08)
25/08
02/09
07/09
15/09
22/09
(29/09)
(06/10)
14/10
(20/10)
(27/10)
03/11
18/11

eggs m-3

Fr
ee

 re
sti

ng
 eg

gs

N
on

 re
pr

od
uc

tiv
e 

♀

G
am

og
en

ic
 ♀

Pa
rt

he
no

ge
ni

c 
♀

M
al

es
 ♂

0.
6

0.
1

1.
7

0.
1 

-4
.2

1.
3 

–
24

.0

34
.7

43
.3

11
.7

2.
0

FM
   

   
A 

   
   

  M
   

  J
   

   
  J

   
   

 A
   

   
   

S 
   

   
  O

   
   

N 
   

  D
J  

   
  F

   
   

M
   

   
A 

   
  M

   
  J

   
   

 J 
   

   
A 

   
  S

   
   

 O
   

  N
   

 D

2.
7

0.
3

0.
7

0.
7



Chapter IV Results 

 

209 

Podon intermedius 

 

This species occurred from mid-winter to the end of summer/beginning of autumn 

of both years. In 2019, the species appeared in March (04/03) and occurred until early 

October (08/10), attaining high abundances in mid-April (38 ind. m-3), mid-May (36 ind. 

m-3) and in mid-July (49 ind. m-3) (Fig. 4.16a). Abundance dropped and remained below 

20 ind. m-3 until it disappeared from the water column. In 2020, the species was first 

observed in January (28/01) and February (18-24/02) with extremely low abundances (< 

2 ind. m-3), and again in late-June (24/06) until September (22/09) when the highest value 

of 11 ind. m-3 occurred. In 2021, the species was again detected in February 2021 (23/02) 

at very low abundances (0.13 ind. m-3). 

 

Gamogenic females were the only sexually reproducing individuals observed in 

2019 (Fig. 4.16b); they appeared in April (24/04) during the first peak of abundance and 

continued to be observed until July (16/07). In the following year, no gamogenic females 

were observed but a single male was found in June (24/06). The demographic structure of 

this species (Fig. 4.16c, Table 4.7) was mostly represented by parthenogenic females. In 

2019, the proportion of parthenogenic females averaged 93.9 ± 29.7% of the total 

population. During the three periods of high abundances, they constituted between 90 to 

100% of the individuals. Non reproductive females occurred from July (16/07) until 

September (10/09) and made 4.5 ± 2.2% of the total population. In 2020, parthenogenic 

females were again the most abundant stage making on average 91.2 ± 43.2%. Non 

reproductive females were observed in two occasions, once in August (25/08) and again 

in September (22/09). In February 2021, parthenogenic females were observed in only 

one occasion (0.1 ind. m-3).  
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Table 4.7: Population demographic structure of Podon intermedius: Mean annul abundance (ind. m-3 

± Std.Error) and mean annual percentage contribution of individual life stages (% ± Std. Error). 

 
 

 

 

Free resting eggs were not found in 2019, but in 2020 resting eggs were encountered in 

January and February, a maximum of 2.1 eggs m-3 were observed over these two months. 

In 2021, free resting eggs were observed in all February samples, ranging from 0.1 to 2.0 

eggs m-3 (Fig. 4.16d). 

2019 2020 2021
Avg. 

abundance Avg. % Avg. 
abundance Avg. % Avg. 

abundance Avg. %

Gamogenic females 0.1 ± 0.1 1.7 ± 0.9 - - - -
Males - - 0.1 4.4 ± 4.6 - -
Parthenogenic females 6.8 ± 2.2 93.9 ± 29.7 1.3 ± 0.3 91.2 ± 43.2 0.04 ± 0.04 100
Non reproductive females 0.3 ± 0.2 4.5 ± 2.2 0.1 ± 0.1 4.4 ± 3.2 - -
Annual Avg. 7.3 ± 2.3 1.4 ± 0.3 0.04 ± 0.04
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Fig. 4.15: Podon intermedius occurrence and demographic structure. a) Abundance of total population 

(ind. m-3), b) Abundance of sexual life stages (ind. m-3), c) Relative abundance of different life stages 

(%), d) Abundance of free resting eggs (egg m-3). Not-sampled dates in red. 0123
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Pleopis polyphemoides 

 

This species was present in the plankton from late winter to early summer between 

March and July, although it occurred sporadically at extremely low abundances (< 10 ind. 

m-3) in late summer-beginning of autumn of both years. In 2019, high abundances were 

recorded in mid-April (90 ind. m-3), May (60 ind. m-3) and mid-June (28 ind. m-3), 

disappearing from the plankton in July (16/07) but re-emerging later in October (08/10) 

and November (07/11). In 2020, the species recorded extremely low values and the highest 

abundance (4 ind. m-3) was observed between June and July. The species was last observed 

in September (22/09) (Fig. 4.15a). 

 

Gamogenic females were the only sexually reproducing individuals found during 

the sampling period (Fig. 4.15b). In 2019, they were first observed at the peak of 

abundance in April (18/04), continued to be present till June (21-25/06) and once again in 

October (08/10). The highest number recorded was 2.7 ind. m-3 in late spring (25/06). In 

2020, a single record of gamogenic females (1.0 ind. m-3) was made in May (21/05). The 

demographic structure of Pleopis polyphemoides in 2019 consisted of parthenogenic 

females that occurred from March (13/03) to July (16/07) (Fig. 4.15c), their average 

contribution was 93.8 ± 50.7%. Non reproductive females were observed on two 

occasions, once in June (21/06) and July (09/07) at very low abundances (3.1 ± 2.6% of 

the total). In 2020, parthenogenic females were observed throughout the period of 

occurrence (24/02-22/09) and contributed to an average 79.1 ± 39.7%. Non reproductive 

females occurred once in July (03/07) and September (22/09) attaining an average of 14.0 

± 10.2% of the total (Table 4.8). 
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Table 4.8: Population demographic structure of Pleopis polyphemoides: Mean annul abundance (ind. 

m-3 ± Std.Error) and mean annual percentage contribution of individual life stages (% ± Std. Error).  

 
 

 

 

In 2019, free resting eggs were recorded in April (0.1 eggs. m-3), May (0.7 eggs. 

m-3) and June (2.7 eggs. m-3), and again in November (0.3 eggs. m-3) and December (0.5 

eggs. m-3). The maximum number of free resting eggs was 2.7 eggs m-3 and occurred in 

June of both years (25/06/19 and 24/06/20, respectively). In 2020, free resting eggs were 

found from January till February and in mid-June (0.3-2.7 egg. m-3), a month after the 

observation of the gamogenic female. In February 2021, resting eggs were recorded in 

three samples (ranging between 0.3 and 1.9 eggs. m-3) (Fig. 4.15d). 

  

2019 2020
Avg. 

abundance Avg. % Avg. 
abundance Avg. %

Gamogenic females 0.2 ± 0.1 3.1 ± 1.6 0.05 ± 0.05 7.0
Males - - - -
Parthenogenic females 6.3 ± 3.4 93.8 ± 50.7 0.5 ± 0.3 79.1 ± 39.7
Non reproductive females 0.2 ± 0.2 3.1 ± 2.6 0.1 ± 0.1 14.0 ± 10.2
Annual Avg. 6.7 ± 3.5 0.7 ± 0.3
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Fig. 4.16: Pleopis polyphemoides occurrence and demographic structure. a) Abundance of total 

population (ind. m-3), b) Abundance of sexual life stages (ind. m-3), c) Relative abundance of different 

life stages (%), d) Abundance of free resting eggs (egg m-3). Not-sampled dates in red. 0123
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4.3.4 Species abundance in relation to environmental conditions 

 

Multiple regression analysis was carried out considering the integrated values of 

temperature, salinity and chlorophyll-a over the first 20 m of the water column. Results 

of this analysis highlighted temperature as the main influencer on the abundance of the 

species having a positive effect on the numerical growth of three of the five species (Table 

4.9, Fig. 4.17). Pleopis polyphemoides and Podon intermedius were the exception, as for 

every unit of increase in temperature the abundance would decrease by one individual. 

Contrastingly, salinity played a significant role on the abundance of only two species, 

Evadne spinifera and Pleopis polyphemoides, for which it had a strong negative effect. 

Chl a was observed to not exert a significant effect on the abundance of the five species 

of marine cladocerans. Among the three most abundant species, Penilia avirostris 

occurred between 14.7 and 25.9 oC and attained maximum abundance at 22.05 oC (Fig. 

4.17). Pseudevadne tergestina, occurred between 19.3 and 25.9 oC while maximum 

abundance was attained at 23.3 oC. Evadne spinifera occurred at temperatures between 

15.1 and 25. 9 oC, and maximum abundance was attained at 22.6 oC. Podon intermedius 

occurred between 13.9 and 25.9 oC and attained maximum abundance at 23.8 oC. Pleopis 

polyphemoides occurred between 14.1 oC and 25.9 oC and attained maximum abundances 

at 15.3 oC. 
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Table 4.9: Results of the multiple regression built from the total abundance (ind. m-3) and integrated 

values from 0-20 m depth for temperature (oC), salinity and chlorophyll a (µg L-1) as predictors 

variables, for each cladoceran species. The model provides the overall regression coefficient (R2) for 

the multiple regression, which tells what the proportion of variability in the response variable is 

explained by the predictors, and overall significance value (p) of the model. Significant values in bold.  

Multiple regression: cladoceran abundance & predictors 
  Coefficients Std. Error p 
Penilia avirostris Temperature 0.46 0.02 <2e-16 

Salinity -0.36 0.66 0.58 
Chl a 0.17 0.13 0.21 

 Model F(3,48) = 127.1, p = <2.2e-16; R2: 0.88 
     
Pseudevadne tergestina Temperature 0.23 0.02 <2e-16 

Salinity -0.63 0.43 0.15 
Chl a 0.08 0.09 0.36 

 Model F(3,48) = 74.96, p = <2.2e-16; R2: 0.80 
     
Evadne spinifera Temperature 0.24 0.02 <2e-16 

Salinity -1.10 0.53 0.05 
Chl a 0.03 0.11 0.75 

 Model F(3,48) = 52.71, p = 3.198e-15; R2: 0.75 
   
Podon intermedius Temperature 4.33E-03 0.02 0.82 
 Salinity -0.57 0.53 0.29 
 Chl a 0.14 0.11 0.19 
  Model F(3,48) = 1.48, p = 0.23; R2: 0.03  
     
Pleopis polyphemoides Temperature -4.52e-03 0.01 0.62 

Salinity -1.06 0.25 9.92e-05 
Chl a 0.01 0.05 0.86 

 Model F(3,48) = 7.16, p = 4.56E-04; R2: 0.26 
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Fig. 4.17: Scatter plots for abundance vs temperature and salinity for a) Penilia avirostris, b) 

Pseudevadne tergestina, c) Evadne spinifera, d) Podon intermedius, and e) Pleopis polyphemoides. 
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Regarding the different life stages, it was observed that temperature played a 

positive significant role in the abundance of parthenogenic and non reproductive females 

of Penilia avirostris (Fig. 4.18, Table 4.10), Pseudevadne tergestina (Fig. 4.19, Table 

4.11) and Evadne spinifera (Fig. 4.20, Table 4.12). No significant effect was observed on 

the abundance of parthenogenic females of Podon intermedius (Fig. 4.21, Table 4.13) and 

Pleopis polyphemoides (Fig. 4.22, Table 4.14), and only for Podon intermedius 

temperature had a significant and positive effect on the abundance of non reproductive 

females.  

For gamogenic stages, temperature was significantly positive for Penilia avirostris 

and Pseudevadne tergestina females. Salinity had significant and positive influence on 

female abundance of Penilia avirostris and Evadne spinifera while for Pleopis 

polyphemoides, Podon intermedius and Pseudevadne tergestina females was significantly 

negative. In the case of males, both temperature and salinity, were significantly positive 

for the abundance of Penilia avirostris and Evadne spinifera while for males of 

Pseudevadne tergestina, temperature was the only significant factor. The abundance of 

Podon intermedius males was too low to observe any effects, but positive high 

temperatures and low salinities seem to be important. 
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Fig. 4.18: Scatter plots for abundance vs temperature and salinity of the four life stages in Penilia 

avirostris.  
 

 

Table 4.10: Results of the multiple regression built from the abundance of four life stages (ind. m-3) of 

Penilia avirostris and integrated values from 0-20 m depth, for temperature (oC), salinity and 

chlorophyll a (µg L-1) as predictors variables. Significant values in bold. 

  

In
d.

 m
-3

Penilia avirostris

Non reproductive ♀

Gamogenic ♀

Parthenogenic ♀

Males ♂

Multiple regression: stage abundance & predictors
Stages Coefficients Std.Error p
Parthenogenic females Temperature 0.35 0.02 <2e-16

Salinity -0.45 0.51 0.39
Chl a 0.11 0.10 0.29
Model F(3,48) = 119.2, p = <2.2e-16; R2: 0.9

Non reproductive females Temperature 0.42 0.03 <2e-16
Salinity -0.24 0.86 0.78
Chl a 0.12 0.17 0.48
Model F(3,48) = 60.3, p = <2.6212e-16; R2: 0.8

Gamogenic females Temperature 0.02 0.01 0.005
Salinity 0.27 0.15 0.07
Chl a 0.00 0.03 0.97
Model F(3,48) = 4.41, p = 0.008; R2: 0.17

Males Temperature 0.02 0.00 0.002
Salinity 0.45 0.14 0.002
Chl a 0.04 0.03 0.20
Model F(3,48) = 7.97, p = 2.06e-04; R2: 0.3
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Fig. 4.19: Scatter plots for abundance vs temperature and salinity of the four life stages in Pseudevadne 

tergestina. 

 

 

Table 4.11: Results of the multiple regression built from the abundance of four life stages (ind. m-3) of 

Pseudevadne tergestina and integrated values from 0-20 m depth, for temperature (oC), salinity and 

chlorophyll a (µg L-1) as predictors variables. Significant values in bold. 

   

Multiple regression: stage abundance & predictors

Stages Coefficients Std.Error p
Parthenogenic females Temperature 0.22 0.02 <2e-16

Salinity -0.51 0.41 0.23

Chl a 0.09 0.08 0.26

Model F(3,48) = 71.2, p = <2.2e-16; R2: 0.81

Non reproductive females Temperature 0.09 0.01 4.32e- 13
Salinity -0.64 0.25 0.01

Chl a 0.03 0.05 0.57

Model F(3,48) = 35.2, p = 3.55e-12; R2: 0.67

Gamogenic females Temperature 0.02 0.01 0.001
Salinity -0.23 1.62E-01 0.16

Chl a -0.02 3.26E-02 0.45

Model F(3,48) = 4.40, p = 0.008; R2: 0.17

Males Temperature 0.02 0.01 0.003
Salinity 0.17 0.17 0.30

Chl a -0.02 0.03 0.66

Model F(3,48) = 7.97, p = 2.06e-04; R2: 0.3
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Pseudevadne tergestina

Non reproductive ♀

Gamogenic ♀

Parthenogenic ♀

Males ♂
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Fig. 4.20: Scatter plots for abundance vs temperature and salinity of the four life stages in Evadne 

spinifera. 

 

Table 4.12: Results of the multiple regression built from the abundance of four life stages (ind. m-3) of 

Evadne spinifera and integrated values from 0-20 m depth, for temperature (oC), salinity and 

chlorophyll a (µg L-1) as predictors variables. Significant values in bold. 

  

In
d.

 m
-3

Evadne spinifera

Non reproductive ♀

Gamogenic ♀

Parthenogenic ♀

Males ♂

Multiple regression: stage abundance & predictors
Stages Coefficients Std.Error p
Parthenogenic females Temperature 0.23 0.02 3.46e -16

Salinity -1.09 0.51 0.04
Chl a 0.04 0.10 0.71
Model F(3,48) = 50.7, p = 6.604e-15; R2: 0.74

Non reproductive females
Temperature 0.08 0.01 1.42e -11
Salinity -0.40 0.25 0.12
Chl a 0.04 0.05 0.46
Model F(3,48) = 27.4, p = 1.842e-10; R2: 0.13

Gamogenic females Temperature 0.01 0.004 0.12
Salinity 0.24 0.10 0.02
Chl a -0.01 0.02 0.51
Model F(3,48) = 3.64, p = 0.02; R2: 0.13

Males Temperature 0.01 0.005 0.01
Salinity 0.40 0.13 0.005
Chl a -0.02 0.03 0.42
Model F(3,48) = 6.454, p = 9.26e-04; R2: 0.24
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Fig. 4.21: Scatter plots for abundance vs temperature and salinity of the four life stages in Podon 

intermedius. 

 

Table 4.13: Results of the multiple regression built from the abundance of three life stages (ind. m-3) 

of Podon intermedius and integrated values from 0-20 m depth, for temperature (oC), salinity and 

chlorophyll a (µg L-1) as predictors variables. Significant values in bold. 

  

In
d.

 m
-3

Podon intermedius

Non reproductive ♀

Gamogenic ♀

Parthenogenic ♀

Males ♂

Multiple regression: stage abundance & predictors
Stages Coefficients Std.Error p
Parthenogenic females Temperature 4.33E-03 0.02 0.82

Salinity -0.57 0.53 0.29
Chl a 0.14 0.11 0.19
Model F(3,48) = 1.478, p = 0.23; R2: 0.03

Non reproductive females
Temperature 0.01 0.005 0.003
Salinity -0.003 0.12 0.98
Chl a 0.02 0.02 0.49
Model F(3,48) = 3.575, p = 0.02; R2: 0.13

Gamogenic females Temperature 3.55E-04 0.003 0.91
Salinity -0.20 0.09 0.03
Chl a -0.01 0.02 0.46
Model F(3,48) = 1.72, p = 0.18; R2: 0.04

Males Temperature 0.001 0.002 0.75
Salinity -0.04 0.06 0.52
Chl a -0.01 0.01 0.28
Model F(3,48) =0.4502, p = 0.72; R2: 0.03
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Fig. 4.22: Scatter plots for abundance vs temperature and salinity of the four life stages in Pleopis 

polyphemoides. 

 

 

 
Table 4.14: Results of the multiple regression built from the abundance of three life stages (ind. m-3) 

of Pleopis polyphemoides and integrated values from 0-20 m depth, for temperature (oC), salinity and 

chlorophyll a (µg L-1) as predictors variables. Significant values in bold. 

  

In
d.

 m
-3

Pleopis polyphemoides

Non reproductive ♀

Gamogenic ♀

Parthenogenic ♀

Multiple regression: stage abundance & predictors
Stages Coefficients Std.Error p
Parthenogenic females Temperature -0.01 0.01 0.32

Salinity -0.92 0.22 9.98e -05
Chl a 0.00 0.04 0.96
Model F(3,48) = 7.208, p = 4.56e-04; R2: 0.27

Non reproductive females
Temperature 0.01 3.57E-03 0.16
Salinity -0.13 0.10 0.18
Chl a 0.03 0.02 0.10
Model F(3,48) = 3.567, p = 1.842e-10; R2: 0.13

Gamogenic females Temperature -1.35E-03 3.72E-03 0.72
Salinity -0.34 0.10 1.65e -03
Chl a 0.03 0.02 0.12
Model F(3,48) = 3.64, p = 8.25e-04; R2: 0.25
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4.3.5 Reproductive traits 

 

The reproductive output of parthenogenic females was investigated for the three most 

abundant cladoceran species occurring at the LTER-MC station; Penilia avirostris, 

Pseudevadne tergestina and Evadne spinifera. The number of embryos in parthenogenic 

females were compared between the three species for each sampling year (Fig. 4.23). In 

2019, the average number of parthenogenic embryos was higher for Pseudevadne 

tergestina and Evadne spinifera than for Penilia avirostris. The opposite was observed in 

2020, Penilia avirostris reached the highest average number of embryos of all three 

species (5.7 embryos). 
 

 

 
 
Fig. 4.23: Mean annual number of embryos per parthenogenic female for the three most abundant 

cladoceran species in the two years. Box plots indicate the average number of embryos for each species, 

the upper and lower quartiles of the distributions and the p value of pairwise comparisons of the means. 

 

 

Results for one-way ANOVA, showed differences in the means between the three 

species in 2020 (F2,36 = 5.616, p: 0.007) but not in 2019 (F 2,48 = 2.019, p: 0.14). A post 

hoc Tukey test showed that in 2020, the average number of embryos differed significantly 

between Penilia avirostris and Pseudevadne tergestina, Evadne spinifera was not 

significantly different from the other two species, lying somewhere in the middle 

(Appendix 4.1). 

2019 2020

0.21

0.081
0.001

0.72

0.13
0.21
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Penilia avirostris 

 

In the samples of 2019, the average number of embryos in Penilia avirostris 

ranged from 1.6 ± 0.8 to 4.2 ± 1.1 embryos female-1, while in 2020 the average ranged 

between 2.0 ± 0.8 and 5.7 ± 1.8 embryos female-1 (Table 4.15). In 2019, the average 

number of embryos was the lowest at the beginning (1.6 embryos female-1) but increased 

by a half three weeks later (Fig. 4.24), fluctuating until reaching a maximum (4.2 embryos 

female-1) on 10/09, followed by an immediate fall to similar values observed at the 

beginning of the cycle. The number continued to fluctuate as the number of parthenogenic 

females began to decrease. A last increased to 3.5 embryos female-1 occurred on 29/10. In 

2020, the maximum average number of embryos (5.7 embryos female-1) occurred at the 

incipient phase of the population, followed by a marked decreased to half of the maximum, 

and remained between 2.9 and 3.5 embryos female-1 for most of the cycle as the number 

of parthenogenic females increased. In September, there was a second increase (3.8 

embryos female-1) followed by the lowest value (2.0 embryos female-1) and a final 

increase up to 5.0 embryos female-1 before the parthenogenic population disappeared.  

 

 

 

 
Table 4.15: Mean annual number of embryos per parthenogenic female (± Standard deviation) for three 

cladoceran species in two years. minimum and maximum number of embryos per species and the 

number of females examined.  

Number of parthenogenic embryos  

2019 Min Max Av ± SD 
Females 

examined 
Penilia avirostris 1.6 ± 0.8 4.2 ± 1.1 2.7 ± 0.7 753 
Pseudevadne tergestina 2.1 ± 0.9 4.6 ± 1.0 3.1 ± 0.7 633 
Evadne spinifera 2.2 ± 0.8  4.9 ± 1.3 3.2 ± 0.8 650 

            
2020         
Penilia avirostris 2.0 ± 0.8 5.7 ± 1.8 3.4 ± 0.9 609 
Pseudevadne tergestina 2.0 ± 0.8  3.1 ± 1.1 2.4 ± 0.3 444 
Evadne spinifera 1.6 ± 0.6 4.1 ± 0.7  2.8 ± 0.7  219 
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Fig. 4.24: Average number of parthenogenic embryos (embryos female-1) in Penilia avirostris. a) Total 

abundance of parthenogenic females. b) Average number of embryos with standard deviation vertical 

bars (± SD). Not-sampled dates in red. 

 

 

 

In terms of the developmental stages of parthenogenic embryos, the percentage 

contribution of the three stages was observed to fluctuate through time and to differ 

between the three species. For Penilia avirostris (Table 4.16, Fig. 4.25), the relative 

contribution of initial stages ranged from 16% to 54% in 2019 and between 28% and 50% 

in 2020. The relative contribution of this stage during 2019 increased at the beginning of 

the cycle and fluctuated between 20 and 50% for the rest of the cycle. Conversely, in 2020 

the proportion of initial stages was higher in the middle but remained between 29% and 

38% for the rest of the cycle. The contribution of embryos at intermediate stages was the 

lowest among the tree developmental stages, their percentage contribution ranged between 

0% and 26% in 2019 and between 4% and 28% in 2020; their highest contribution was 

observed for three weeks in August 2019 and at the beginning of the population in 2020. 

Embryos at an advanced stage were the most abundant during both sampling years. The 

percentage contribution of advanced stages ranged between 30% and 80% in 2019 and 

between 38% and 64% in 2020. 

 

 

Females counted
Total parthenogenic femalesa

b

FM     A        M      J       J       A         S        O      N      D J       F      M      A      M     J       J        A      S       O      N    D

5.6
11.8

18.3 16.7
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Table 4.16: Average percentage contribution (± Standard deviation) of embryos at three developmental 

stages in Penilia avirostris. 

Embryonic developmental stages 

2019 
Av% ± SD 

Total number 
of counted 
embryos 

Initial 37.6 ± 10.2 283 
Intermediate 11.9 ± 7.9 93 
Advanced 50.5 ± 11.4 377 
2020    

Initial 35.3 ± 7.3 217 
Intermediate 12.2 ± 8.0 75 
Advanced 52.0 ± 8.4 317 

 

 

 

 

 

 

 

Fig. 4.25: Relative abundance of parthenogenic embryos at three stages of development in Penilia 

avirostris. Not-sampled dates in red. 

  

Penilia avirostris
AdvancedIntermediateInitialDevelopmental stages

2019 2020
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Pseudevadne tergestina 

 

The average number of embryos in this species ranged from 2.1 ± 0.9 to 4.6 ± 1.0 

in 2019 and from 2.0 ± 0.8 to 3.1 ± 1.1 embryos female-1 in 2020 (Table 4.15). The average 

number of embryos in 2019 started at 3.0 ± 1.3 embryos female-1, fluctuating between two 

and three in the successive five weeks (Fig. 4. 26). The value rose to 4.2 ± 1.1 on 10/09 

and plummeted as the abundance of parthenogenic females decreased substantially. 

Towards the end of October, the average increased again rising to the maximum value for 

the year (4.6 ± 1.0 embryos female-1) on 29/10, decreasing once more at the end of the 

planktonic population. In 2020, the temporal variability was less evident, and the average 

number of embryos was observed to remain between two and three for most of the 

occurrence. The lowest value occurred on 15/09 a week before a final increased in the 

abundance of parthenogenic females. The highest value (3.1 ± 1.1 embryos female-1) was 

recorded at the end of the population on 18/11. 

 

The percentage contribution of embryos at initial stages ranged between 25% and 

77% in 2019 and between 18% and 75% in 2020 and represented the most abundant 

developmental stage observed in both years (Table 4.17, Fig.4.27). The highest 

contribution of embryos at this stage occurred at the beginning and towards the end of the 

cycle. The percentage contribution of embryos at an intermediate stage ranged between 

6% and 37% in 2019 and between 0% and 48% in 2020. Embryos at this stage were more 

abundant towards the end of the population cycle in 2019 while in 2020 the embryos were 

more numerous at the beginning and middle of the population cycle. Embryos at advanced 

stages were the least abundant during the two years of sampling; their percentage 

contribution range between 0% and 46% in 2019 and between 14% and 38% in 2020. 

Advanced embryos were more numerous at the beginning and towards the end of the 

population in both years. 
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Fig. 4.26: Average number of parthenogenic embryos (embryos female-1) in Pseudevadne tergestina. 

a) Total abundance of parthenogenic females. b) Average number of embryos with standard deviation 

vertical bars (± SD). Not-sampled dates in red. 

 

 

 
Table 4.17: Average percentage contribution (± Standard deviation) of embryos at three developmental 

stages in Pseudevadne tergestina. 

Embryonic developmental stages 

2019 
Av% ± SD 

Total number 
of counted 
embryos 

Initial 55.6 ± 13.6 359 
Intermediate 21.2 ± 9.4 122 
Advanced 23.3 ± 10.9 152 
2020    

Initial 41.0 ± 17.4 181 
Intermediate 30.4 ± 14.0 145 
Advanced 28.6 ± 8.3 118 

 

Females counted
Total parthenogenic femalesa

b
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Fig. 4.27: Relative abundance of parthenogenic embryos at three stages of development in 

Pseudevadne tergestina. Not-sampled dates in red. 
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Evadne spinifera 

 

The number of embryos in Evadne spinifera ranged between 2.2 ± 0.8 and 4.9 ± 

1.3 in 2019 and between 1.6 ± 0.6 and 4.1 ± 0.7 embryos female-1 in 2020 (Table 4.15). 

At the beginning of the counts in 2019, the average number of embryos was 2.9 ± 1.2 and 

increased to three in the four successive weeks. The lowest value was observed after the 

peak of maximum abundance of parthenogenic females on 22/07. The average rose again 

at the beginning of September, fluctuating slightly until October when there was a steady 

increase towards the maximum value on 29/10, followed by a marked decrease as the 

abundance of parthenogenic females dropped (Fig. 4.28). In 2020, the species registered 

the lowest number of embryos out of the three species. From the first observation on 24/06 

the average increased from 2.2 ± 0.8 up to 3.8 ± 0.7 by August. As the number of 

parthenogenic females rose in September the average number of embryos decreased down 

to two, reaching the lowest value on 14/10 followed by a final increase to 4.1 ± 0.7 

embryos female-1 as the parthenogenic females disappeared. 

 

For Evadne spinifera, the percentage contribution of embryos at the initial stage 

ranged between 38.5% and 92.3% in 2019 and between 0% and 100% in 2020. Embryos 

at this stage were the most abundant and were greatly numerous at the beginning of the 

population cycle in 2019 but during the middle of the cycle in 2020 (Table 4.18, Fig. 4.29). 

The percentage contribution of embryos at an intermediate stage ranged between 4% and 

40% in 2019 and between 0 and 100% in 2020. High abundances of embryos at an 

intermediate stage occurred once at the beginning and towards the end of the population 

cycle for about five weeks. Embryos at an advanced stage made a percentage contribution 

that ranged between 0% and 42% in 2019 and between 0% and 50% in 2020. Embryos at 

this stage of development were more abundant in 2019 than 2020 and were most numerous 

at the middle of the population cycle in 2019, while in 2020 high abundances were 

observed once at the beginning, in the middle and one week before the end of the 

population cycle. 
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Fig. 4.28: Average number of parthenogenic embryos (embryos female-1) in Evadne spinifera. a) Total 

abundance of parthenogenic females. b) Average number of embryos with standard deviation vertical 

bars (± SD). Not-sampled dates in red. 

 

 

 
Table 4.18: Average percentage contribution (± Standard deviation) of embryos at three developmental 

stages in Evadne spinifera.  

Embryonic developmental stages 

2019 
Av ± SD 

Total number of 
counted 
embryos 

Initial 61.0 ± 14.5 392 
Intermediate 17.2 ± 9.3 114 
Advanced 21.8 ± 11.3 144 
2020   

Initial 41.1 ± 29 80 
Intermediate 36.2 ± 23.6 77 
Advanced 22.7 ± 17.3 62 
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Fig. 4.29: Relative abundance of parthenogenic embryos at three stages of development in Evadne 

spinifera. Not-sampled dates in red. 

 

 

4.3.6 Sediment samples 

 

Resting eggs from surface sediments  

 

In the area of the LTER-MC station, the abundance of cladoceran resting eggs was 

observed to differ between seasons and at sampled depths (Table 4.19). In the spring of 

2019, the highest egg abundance was recorded at 80 m depth, while for autumn 2019 and 

spring 2020 high abundances occurred at 40 m depth (Fig. 4.30 a-c). 

 

 

Table 4.19: Mean abundance (±Sd) of cladocerans resting eggs in the upper 2 cm of surface sediments 

for three seasons and three sampling depths. Sd: standard deviation of the means. 

  Resting eggs m-2 
  

Depth (m) Spring (19/03/19)  Autumn (19/10/19) Spring 
(20/05/20) 

40 1,439 ± 927 4,983 ± 4,983 3,026 ± 699 

60 1,407 ± 906 833 ± 1,442 811 ± 994 

80 3,110 ± 2,697 0 802± 621 

Evadne spinifera

AdvancedIntermediateInitialDevelopmental stages

2019 2020

FM      A         M      J        J       A         S        O       N      D J       F      M      A     M     J       J        A      S       O     N    D
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All five cladoceran species were observed to contribute to the sediment egg bank, 

although Penilia avirostris largely dominated at all sampling depths and seasons (Table 

4.20). Resting eggs of Pleopis polyphemoides were the second most abundant, found at 

all sampling depths in spring 2019 but for autumn and spring 2020 eggs were concentrated 

at 40 m only. Third most abundant were the resting eggs of Pseudevadne tergestina, the 

eggs were found only in 2019 at 40 and 80 m in spring and at 40 m in autumn; no eggs 

were found in 2020. The resting eggs of Evadne spinifera were found only at 40 m in the 

spring of 2020, Podon intermedius was the species that contributed the least to the egg 

bank; resting eggs were found only at 80 m in spring 2020 (Table 4.20, Fig. 4.22d-f). 

 
 

 
Table 4.20: Average number of resting eggs m-2 attributed to each species of marine cladocerans found 

in surface sediments (2 cm), here presented in a rank order of overall abundance. Averages calculated 

from three sample replicates. SD: standard deviation of the means. 

Resting eggs m-2 
  

Spring 
(19/03/19) 

 
Autumn 

(19/10/19) 

 
Spring 

(20/05/20) 
40 m  Av ± Sd 

 
Av ± Sd 

 
Av ± Sd 

Penilia avirostris 821 ± 636 
 

3,322 ± 2,877 
 

2,421 ± 987 
Pseudevadne tergestina 415 ± 642 

 
831 ± 1,439 

 
0 

Evadne spinifera 0 
 

0 
 

302 ± 605 
Podon intermedius 0 

 
0 

 
0 

Pleopis polyphemoides 203 ± 498 
 

831 ± 1,439 
 

303 ± 606 

  
     

60 m   
     

Penilia avirostris 1,204 ± 754 
 

833 ± 1,442 
 

811 ± 994 
Pseudevadne tergestina 0 

 
0 

 
0 

Evadne spinifera 0 
 

0 
 

0 
Podon intermedius 0 

 
0 

 
0 

Pleopis polyphemoides 203 ± 497 
 

0 
 

0 

  
     

80 m  
     

Penilia avirostris 2,488 ± 2,725 
 

0 
 

603 ± 660 
Pseudevadne tergestina 207 ± 508 

 
0 

 
0 

Evadne spinifera 0 
 

0 
 

0 
Podon intermedius 0 

 
0 

 
199 ± 489 

Pleopis polyphemoides 415 ± 642 
 

0 
 

0 
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Fig. 4.30: Marine cladoceran resting eggs in surface sediments (2 cm) from the LTER-MC station. a-

c) Mean number of resting eggs m-2 found at different depths in Spring 2019, Autumn 2019 and Spring 

2020, vertical lines: standard deviation. I-III) Percentage contribution of the five cladoceran species 

to the egg bank in the sediments for the three seasons. 

Spring 2019

0 2,000 4,000 6,000 8,000 10,000

80 m

0 2,000 4,000 6,000 8,000 10,000

60 m

0 2,000 4,000 6,000 8,000 10,000

40 m

0% 20% 40% 60% 80% 100%0% 20% 40% 60% 80% 100%0% 20% 40% 60% 80% 100%

Autumn 2019

0 2,000 4,000 6,000 8,000 10,0000 2,000 4,000 6,000 8,000 10,000

0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

Spring 2020

0 2,000 4,000 6,000 8,000 10,000 0 2,000 4,000 6,000 8,000 10,000 0 2,000 4,000 6,000 8,000 10,000

0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

0% 20% 40% 60% 80% 100%

P. avirostris P.tergestina E. spinifera P. intermedius P.polyphemoides

0% 20% 40% 60% 80% 100%

P. avirostris P.tergestina E. spinifera P. intermedius P.polyphemoides

0% 20% 40% 60% 80% 100%

P. avirostris P.tergestina E. spinifera P. intermedius P.polyphemoides

0% 20% 40% 60% 80% 100%

P. avirostris P.tergestina E. spinifera P. intermedius P.polyphemoides

a

I

b

II

c

III
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4.4 Discussion 
 

The growth and demise of planktonic populations of five marine cladocerans was followed 

for two consecutive years at the costal LTER station MareChiara. The species had a well-

defined seasonal cycle, but seasonal occurrence delimited two groups of species with a 

late spring and sumer maxima. The production of resting eggs followed the demise of the 

planktonic population in all the species; free resting eggs were observed at the start and 

end of the population cycle of the species (Fig. 4.31). The contribution of physical 

parameters like windstress are discussed as a contributing factor for the resuspension of 

eggs from the sediments.  

Interspecific variation was observed in the occurrence and abundance of the different life 

stages. The contribution of parthenogenic females was larger in all species except for 

Penilia avirostris. Differences in the abundance of gamogenic stages were recorded, 

temperature is discussed as a contributing factor.  

All five species of marine cladocerans contributed to the sedimentary egg bank at the 

LTER-MC. The temporal patterns of resting eggs occurrence, in both the sediments and 

the water column, highlighted a predominance of Penilia avirostris.  
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Fig. 4.31: Seasonal occurrence and population dynamics of five species of marine cladocerans 

occurring at the LTER-MC station. The cycle represents the 2019 sampling period. One representative 

species of the spring (Pleopis polyphemoides) and summer (Penilia avirostris) seasons are shown. 

Overlap between the species is represented by vertical, intercalated lines coloured according to each 

species. Five life stages are shown for the individual species. In order of occurrence: Podon intermedius 

in blue, Pleopis polyphemoides in green, Evadne spinifera in red, Penilia avirostris in purple, and 

Pseudevadne tergestina in yellow. 

 

 

  

Seasonal abundance of cladoceran species and relation with environmental variables 

 

The temporal distribution of marine cladocerans found at the LTER-MC station 

was discontinuous, with peaks of high or very high abundances occurring in spring and 
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summer, followed by a rapid decline in late autumn. Absence through winter was not 

observed as individuals were still encountered in extremely low abundances from 

December to February. Of the five cladoceran species recorded, Penilia avirostris was 

numerically dominant during summer while Pleopis polyphemoides was numerically 

dominant in spring when only three of the five species occurred.  

Long-term sampling of the coastal planktonic community at the LTER-MC station 

has shown regular and consistent seasonal patterns of the zooplankton community (Scotto 

di Carlo et al., 1985; Mazzocchi & Ribera d’Alcalà, 1995; Mazzocchi et al., 2011), in 

which the marine cladocerans represent a consistent fraction of the summer 

mesozooplankton (Ribera d’Alcalà et al., 2004). In particular, the numerical dominance 

of Penilia avirostris during the summer season has been consistently recorded ever since 

the species was first detect in the Gulf of Naples in 1922 (Caroli, 1923). Despite a 

noticeable summer presence, the seasonal cycle of the five marine cladocerans found at 

the LTER-MC has only recently been addressed in detail by Montalbano (2021) who 

analysed two targeted years of the time series (2010 and 2011). Both in Montalbano 

(2021) and the present work, the cladoceran species were observed to have a well-defined 

seasonal cycle, with abundance in succession or overlapping one another according to 

species.  

The cladoceran assemblage first surged in spring with the occurrence of two 

species, Pleopis polyphemoides and Podon intermedius, which were the least abundant 

species at the LTER-MC site. This finding differs with observations for the two species 

in the Gulf of Trieste (Adriatic Sea) where Pleopis polyphemoides achieves abundances 

> 10,000 ind.m-3, while Podon intermedius attained two peaks of 4,000 and > 10,000 ind. 

m-3 in a single year. This latter species is present all year round but with peaks of 

abundance in spring and autumn (Specchi & Zitter, 1973-1974), In Izmit Bay (Marmara 

Sea, Turkey), Pleopis polyphemoides reached 8,000 ind. m-3 in March, at stations with 

higher influences of the less saline waters from the Black Sea (Isinibilir et al., 2008). 

However, values at the LTER-MC are comparable with records for the Saronic Gulf 

(Greece) where the two species were rare (< 500 ind. m-3) and occurred only in winter 

(Kiortsis & Moraitou, 1975), and in the Northwestern Alboran Sea (Spain), where higher 

abundances (100 ind. m-3) occurred in spring (Sampaio de Souza et al., 2011). Low 

abundances could partly be explained by the environmental conditions encountered by 
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these species; in the case of Pleopis polyphemoides, total abundance was observed to be 

negatively influenced by salinity, indicating that an increase in salinity would impair the 

numerical growth of the population. Pleopis polyphemoides is a eurythermal species that 

thrives in warm, coastal waters where large inputs of freshwaters occur as is the case in 

Boka Kotorska Bay in Montenegro-South Adriatic (Pestorić et al., 2011), close to the 

mouth of the river Po in the north Adriatic (Specchi & Zitter, 1973-1974) and in 

Dardanelles Harbour, Sea of Marmara (Buyukates & Inanmaz, 2007) or in other 

temperature regions that have large incursions of freshwater, like in Chesapeake Bay 

(Bosch & Taylor, 1973), Mar del Plata  (Ramirez & De Vreese, 1974) and in Pärnu Bay, 

Baltic Sea (Põllupüü et al., 2010) where the species is able to attain considerably high 

abundances (> 5,000 ind. m-3). At the LTER-MC site the high salinities with minor 

fluctuations (between 37.7 and 37.9 during the late winter-spring period on both years) 

encountered by the species limits the growth of the population to the periods in which 

salinity is at its lowest values (but still high) and the water column is still mixed. In the 

case of Podon intermedius, neither temperature nor salinity were observed to significantly 

influence the abundance of the species. However, this species has been observed to attain 

numerical dominance in areas that are influenced by cold, less saline (< 35) coastal waters 

(Ramirez & De Vreese, 1974; Ramirez & Perez Seijas, 1985; Pestorić et al., 2011). Other 

environmental factors such as eutrophication and large amounts of suspended detritus and 

dissolved organic matter were observed to favour the abundance of Pleopis 

polyphemoides and other marine cladocerans (Kiortsis & Moraitou, 1975; Buyukates & 

Inanmaz, 2007; Põllupüü et al., 2010).  

The numerical dominance of Penilia avirostris and Pseudevadne tergestina at the 

LTER site in summer might be explained by the positive influence of temperature, 

denoting the frequent association of the two species during summer in numerous coastal-

neritic regions like in other Mediterranean sites (Moraïtou-Apostolopoulou and Kiortsis, 

1973; Isari et al., 2007; Pestorić et al., 2011; Sampaio de Souza et al., 2011; D’Elbée et 

al., 2014; Kurt & Polat, 2014), as well as in the Indian ocean (Frontier, 1973; Goswami 

and Devassy, 1991; Baliarsigh et al., 2014), south Atlantic (Rocha, 1983; Marazzo & 

Valentin, 2004), and western Pacific (Onbé and Ikeda, 1995; Tang et al, 1995). Their 

coexistence relies on the efficient exploitation of the same food resource (diatoms, 

dinoflagellates and ciliates) but with differences in their prey-size. Penilia avirostris 
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ingests food particles of the smallest size ranges (from 15 up to 100 µm in length and 2 to 

37.5 µm width), while species in the genera Evadne prefer to ingest larger food particles 

up to 210 µm (Katechakis and Stibor, 2004). 

The slightly different temperature thresholds at which the two species first 

occurred and achieved maximum abundances contribute to explain the minor offset of 

their seasonal pattern. At the LTER-MC, Penilia avirostris began to occur at temperatures 

of 2 to 5 oC lower than Pseudevadne tergestina, and maximum abundance was attained in 

succession: Penilia avirostris abundance peaked one to two weeks before Pseudevadne 

tergestina during the two years of study.  

The third most abundant cladoceran at the LTER-MC was Evadne spinifera, this 

species exhibited an extended period of occurrence from spring to late autumn but being 

numerically abundant in late spring/summer. The recorded abundance at the LTER-MC 

is at the lower end of values recorded for other Mediterranean basins such as the Gulf of 

Trieste, where the species was observed to have two peaks of maximum abundance in 

spring and mid-summer, reaching abundances of between 4,000 and > 10,000 ind. m-3 

(Specchi et al., 1974), and in Hamsilos Bay (Turkey) where it attains abundance of 2,500 

ind. m-3 in June (Üstün, 2019). However, abundance recorded at LTER-MC were higher 

than the abundance observed in the North-East Atlantic in the Bay of Biscay (D’ Elbée et 

al., 2014). The species is recognised as a moderately warm-stenothermal and euryhaline 

species (Longhurst & Seibert ,1972; Mujica & Espinoza, 1994; Becker et al., 2018), and 

attains high abundances in areas with influence of fresh water, like in Montenegro (South 

Adriatic), where salinity values are considerably lower than at the LTER-MC, ranging 

between 24.3 and 36.8 (Pestorić et al., 2011). The period of occurrence of Evadne 

spinifera was also similar to that of the two most abundant species mentioned above; 

however, this species seems to prefer lower temperatures (4 oC lower) than Pseudevadne 

tergestina. Unlike P. avirostris and P. tergestina, the abundance of Evadne spinifera was 

negatively influenced by salinity while temperature had a positive effect.  

Temperature was observed to be the main environmental factor driving the 

occurrence and numerical increase of cladoceran species. This correlation between 

abundance and temperature points to potential changes in phenology of the species if 

seasonal boundaries become eroded by a warmer climate, as temperature acts as a timing 
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cue for the hatching (resting and parthenogenic eggs) and reproduction in cladocerans 

(Onbé, 1978c; Onbé and Brendonck, 1996; Vandekerkhove et al., 2005; Mugrabe et al., 

2007). These in turn would result in changes in community composition and a dramatic 

decrease or even disappearance of the less numerous spring species -Podon intermedius 

and Pleopis polyphemoides- which have already exhibited a decreasing trend at the LTER-

MC for the past 20 years (Montalbano, 2021). A year-round warming scenario for the 

Mediterranean region has already been forecasted, with the largest warming happening in 

summer, particular for the western and southern regions (Lejeusne et al., 2010; Lionello 

& Scarascia, 2018); this could potentially extend the period of stratification of the water 

column and in turn alter the time of occurrence for the species with preference for warm 

waters such as Pseudevadne tergestina and Penilia avirostris that are already the most 

abundant cladocerans at the LTER-MC. This latter trend has already been observed in the 

cladoceran populations of the Bay of Biscay, where the species with a preference for warm 

waters have extended their period of occurrence to an almost year-round high abundance 

(D’Elbée et al., 2014). Phenological changes in marine cladocerans have thus far not being 

addressed but at least for freshwater temperate species like Daphnia galeata exhibited a 

“earlier when warmer” response and had a faster seasonal timing with an estimated rate 

of change ranging between 0.37 and 0.67 days per year since 1934 to 2009 (Thackeray, et 

al., 2012). 

Changes in phenology (annually recurring life cycle events) of planktonic species 

have already been registered as a response to climate change. Phenological changes across 

five functional groups in the North Sea have indicated that the alteration in the timing of 

life cycle processes lead to a mismatch between trophic levels and functional groups 

including diatoms, dinoflagellates, copepods, non-copepod holozooplankton and 

meroplankton (Edwards & Richardson, 2004). Similarly, in the North Atlantic a reduction 

in the mean abundance and biomass of phytoplankton was recorded for the past 50 years 

wheN the timing and magnitude of winter-spring blooms were altered (became 

intermittent) or even disappeared. These changes were associated with the warming of the 

water during winter; in turn the quantity and quality of organic matter reaching the bottom 

were greatly reduced affecting the epibenthic community and possibly having broader 

impacts on secondary producers (Nixon et al., 2009).  
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In the Gulf of Naples, phenological changes of the copepods Acartia clausi and 

Centropages typicus have already been registered (Mackas et al., 2012). For A. clausi, the 

effect of warming during spring-early summer period has shorten the duration of the 

annual population peak, C. typicus show a “earlier when warmer” response anticipating 

the population cycle in relation to positive temperature anomalies.  

 

Demographic structure of cladoceran populations 

 

All the life cycle stages considered for depicting the demographic structure of 

marine cladocerans populations -parthenogenic reproductive and non reproductive 

females, gamogenic females and males- were observed in all species present at the LTER-

MC, in both or at least one of the sampling years. Overall, the five species relied on 

parthenogenic reproduction to achieve a rapid population growth in a short period of time 

during their season of occurrence. In Pseudevadne tergestina, Evadne spinifera, Pleopis 

polyphemoides and Podon intermedius ³ 80% of the population was always represented 

by parthenogenic females containing embryos at different developmental stages in their 

brood chamber. By contrast, in Penilia avirostris about half of the population was 

comprised of non-reproductive females.  

The population demographic structure of Penilia avirostris at the LTER-MC, 

agrees with records for Penilia in the Gulf of Trieste (Specchi & Fonda 1974), in the 

Catalan Sea (Atienza et al., 2008), and in the Bay of Brest, where the decline and even 

disappearance of reproductive individuals (parthenogenic and gamogenic) was coupled 

with the steady increase of non-reproductive individuals recorded since 2006, and the 

increasing trend in surface water temperatures since 1986 (D’Elbée et al., 2014). 

Nevertheless, previous reports for the Gulf of Naples by Della Croce & Bettanin (1964-

1965) emphasised the high percentage of non reproductive individuals (mostly juveniles) 

at the incipient and termination phases of the population.  

In podonids the low percentages of non-reproductive individuals observed at the 

LTER-MC could be associated with the nocturnal release of neonates observed in podonid 

species like Pseudevadne tergestina, Evadne nordmanni (Onbé, 2002; Wong et al., 2008), 

Pleopis polyphemoides and Podon schmackeri (Wong et al., 2004). Parthenogenic 
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females of this podonid species were observed to carry embryos at early or intermediate 

stages of development during the day and only during the night females with mature 

embryos were observed. Conversely, in Penilia avirostris parthenogenic females carrying 

mature embryos were observed both day and night but with a strong tendency to release 

embryos at night (Wong et al., 2004) Therefore, in samples collected during the day the 

proportion of females carrying embryos in Penilia avirostris would be lower than in 

podonid species as mature embryos are released during the day and not exclusively at 

night as it occurs in podonid species. Another factor that could influence the timing and 

release of neonates is the moulting process. In podonids, neonate release is concurrent 

with moulting of the mother as their carapace is completely closed (Onbé, 1974), thus 

limiting the timing of embryonic release compared to Penilia in which the carapace is an 

open structure facilitating the released of embryos through the opening between trunk and 

carapace without moulting (Onbé, 2002), which would result in more instances of empty 

parthenogenic females of Penilia. Moreover, the embryonic development in Penilia 

avirostris has been observed to be much shorter in relation to other Cladocera genera 

because of the reduced number of morphological events during embryonic development 

(Fritsch et al., 2013). Lastly, non-reproductive females have been observed following a 

period of exclusive parthenogenic reproduction at the beginning of the population (Della 

Croce & Bettanin, 1964 – 1965; Specchi & Fonda, 1974) or at periods of intensive 

parthenogenic reproduction (Põllupüü et al., 2010), a pattern observed at the LTER-MC 

for Pleopis polyphemoides, Podon intermedius and Evadne spinifera but not for 

Pseudevadne tergestina.  

In terms of the gamogenic stages, the relative contribution of both gamogenic 

females and males for all five species of cladocerans at the LTER-MC did not surpass 

10% of the total population. Furthermore, except for Evadne spinifera, gamogenic females 

were more abundant than males in all the species. The relatively low proportion of both 

gamogenic females and males in all five species is in accordance with other Mediterranean 

regions where even for some species like Evadne spinifera and Pleopis polyphemoides, 

gamogenic individuals are rare or not found (Kajdiž, 1912; Specchi et al., 1974; Fofonoff, 

1994). A complete shift to gamogenesis has never been observed in natural populations 

of marine cladocerans (Egloff et al., 1997), as in several regions of the world the 

proportion of the population that is gamogenic (male and gamogenic females together) 
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has not surpass 50% of the total abundance, ranging from < 2 to 50% (Bainbridge, 1958; 

Specchi et al., 1974; Onbé, 1978c; Ramirez & Perez, 1985; Marazzo & Valentine, 2003; 

Põllupüü et al., 2010; D’Elbée et al., 2014; Oghenekaro & Chigbu, 2019). In marine 

cladocerans the transition to sexual reproduction has been observed to be the result of the 

variation in temperature, salinity, and dissolved oxygen (Atienza et al., 2008; Onbé, 1999; 

Põllupüü et al., 2010). While other factors like predation pressure by chaetognaths, fish 

larvae and polychaetes have been associated with low percentage of gamogenic stages in 

several Atlantic coastal areas, because gamogenic females are more conspicuous to visual 

predators as they carry a large, coloured egg (Marazzo and Valentin, 2003; Wong et al., 

2008; Miyashita et al., 2010; Oghenekaro & Chigbu, 2019). At the LTER-MC, the 

increased presence of predators like chaetognaths in late summer (Mazzocchi et al., 2011), 

when most marine cladocerans start sexual reproduction (September/October) might have 

also impacted the number of gamogenic females observed. 

The occurrence of gamogenic stages differed between the species, lasting for ~2 

months in Penilia avirostris and Evadne spinifera or between 3 and 4 months in Pleopis 

polyphemoides, Podon intermedius and Pseudevadne tergestina. In these latter three 

species, gamogenic stages were observed throughout the period of occurrence of the 

planktonic population but an increase in abundance occurred towards the end of the 

population in 2019 but not in 2020. The spring podonids, Pleopis polyphemoides and 

Podon intermedius, had the lowest number of gamogenic individuals recorded. 

Gamogenic females were the most abundant sexual stage, and a single male was recorded 

in 2020 only in Podon intermedius. The absence of Pleopis polyphemoides males in the 

samples could suggest that both temperature and salinity might play a role in the 

abundance of this life stage as higher salinities had a significantly negative effect on the 

total abundance. The higher salinity values encountered in the GoN during the period of 

occurrence of the two species could partly explain the low abundances of gamogenic 

stages, because in areas with a little or no influence of freshwater, populations did not 

reach higher abundances (> 100 ind. m-3), as it was the case in the sub-tropical Ubatuba 

Bay, where gamogenic females represented < 10% of the total population, occurred only 

for a month and males were not observed (Miyashita et al., 2011). Whereas, in highly 

eutrophied areas like Guanabara Bay, gamogenic females of Pleopis polyphemoides 

represented 20-50% and males 8-28% of the total abundance (Marazzo & Valentin, 2003). 
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The abundance of the population might also be a factor influencing the abundance of 

gamogenic stages, what is known as the crowding effect, as it has been observed that in 

areas where the two species were very abundant (> 10,000 ind. m-3), like in the Gulf of 

Trieste (Adriatic sea), Banyuls-sur-Mer, the Gulf of Marseille and the Pärnu Bay (Baltic 

Sea), both gamogenic stages were highly abundant and occured at the same time than the 

population maxima (Leveau, 1965; Thiriot, 1970; Specchi & Zitter ,1973-1974; Põllupüü 

et al., 2010).  

The abundance of gamogenic stages for the summer group of species was higher 

than for the spring species. The occurrence of gamogenic stages in Penilia avirostris and 

Evadne spinifera was observed towards the end of the planktonic populations, while for 

Pseudevadne tergestina, gamogenic stages were observed throughout the period of 

occurrence. The prolonged occurrence of gamogenic stages in this latter species has also 

been observed in the Gulf of Trieste by Specchi et al. (1974) that suggested the maximum 

annual temperatures as the main driver for the abundance of gamogenic stages. Previous 

findings for the species in the Gulf of Naples during 2010-2011(Montalbano, 2021) 

reported the occurrence of gamogenic stages of Pseudevadne tergestina to be limited to 

the autumn months from September to November. Inter-annual variation in the abundance 

of gamogenic stages in marine cladocerans has been previously reported (Specchi et al., 

1974). But the extended period of occurrence of these stages could have resulted by an 

initial overcrowding effect at the beginning of the planktonic population. During the two 

years of sampling, gamogenic stages were observed right at the beginning when the 

planktonic populations achieved maximum abundances; at this point an overcrowding 

effect produced by the abundance of the species itself as well as the presence of the other 

two summer species might have prompted the premature transition to sexual reproduction.  

In Penilia avirostris and Evadne spinifera that also achieved maximum 

abundances at the beginning of their populations but there was not a prolonged occurrence 

of gamogenic stages, it can be argued that in these cases temperature, more than other 

ecological interactions, determined the occurrence of gamogenic stages, as in Penilia 

avirostris gamogenic females and males occurred at one to two degrees higher than 

Evadne spinifera and Pseudevadne tergestina, although the temperature ranges for the 

three species overlapped. The observed variation in occurrence and abundance of 

gamogenic stages could be explained by considering factors such as the size of female 
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when sexual maturity is reached; a few authors postulated that only the largest 

parthenogenic females could transform into gamogenic females, because of the larger size 

of fertilised eggs relative to parthenogenic eggs (Egloff et al., 1997) and by observations 

of body length of gamogenic females in Pseudevadne tergestina (Onbé, 1978c), Podon 

schmackeri (Onbé, 1983a) and Pleopis polyphemoides (Põllupüü et al., 2010). At least for 

Penilia avirostris, geographical differences in the body size of females exist. 

Mediterranean (parthenogenic) females are smaller (Atienza et al., 2008) than females 

found in the southern Atlantic (Angelino & Della Croce,1965; Marazzo & Valentine, 

2004b).  

 

Parthenogenic reproductive output 

 

At the LTER-MC, the reproductive potential (number of parthenogenic embryos 

in a brood) was observed to overlap among the three summer species investigated, ranging 

between an average of 1.6 and 5.7 embryos female-1. Statistically significant differences 

between the average number of embryos for the three species was observed between the 

two years, because in 2019 Pseudevadne tergestina and Evadne spinifera had a 

reproductive potential that was much higher (2.1 to 4.9 embryos) than Penilia avirostris 

(1.6 to 4.2) but in 2020 Penilia avirostris had the highest reproductive potential (brood 

size between 2.0 to 5.7 embryos compared to 1.6 to 4.1 in the other two species). These 

interannual differences may be determined by the time at which parthenogenic 

reproductive potential was first investigated in 2019, as the planktonic populations of 

Penilia avirostris had already achieved the population maxima (on 25/06) before the first 

counts considered for analysing the parthenogenic reproductive potential (since 09/07). 

Indeed, the average number of embryos for Penilia avirostris on 25/06 was 6.5 embryos 

but this sample could not be considered as several of the developmental stages of embryos 

in the other two species were not possible to be identified with certainty.  

Temporal variation in the reproductive potential was observed in all three species 

and was different between Penilia avirostris and the two podonid species. In Penilia 

avirostris the highest number of embryos was observed to occur at the beginning and 

towards the end of the planktonic populations while for Pseudevadne tergestina and 

Evadne spinifera, the highest reproductive potential occurred about 12 weeks after 
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maximum abundance was achieved, when the abundance of the planktonic populations 

was in a steady decreasing phase in the case of Pseudevadne tergestina or about to 

disappear as in Evadne spinifera. The finding for the reproductive potential of the two 

podonids were in line with observations of the species in the Gulf of Trieste where the 

highest reproductive potential (4.2 embryos female-1) was observed at the end of the 

population cycle of both species (Specchi et al., 1974). In the same area of the Gulf of 

Trieste, a similar temporal fluctuation of reproductive potential as observed at the LTER-

MC was recorded in Penilia avirostris (Specchi & Fonda, 1974). These findings highlight 

that the fluctuation of the reproductive potential is not in line with the changes in 

abundance of the planktonic populations.  

Previous postulations on the temporal variation in reproductive potential indicated 

that variation in the reproductive capacity of marine cladocerans is explained by a positive 

correlation between number of embryos and the size of the mother (Cheng, 1947; Onbé, 

1974; Bainbridge, 1958; Ramirez & Perez, 1985), and an inverse correlation between 

number of embryos and temperature (Specchi & Zitter, 1973-1974; Specchi & Fonda, 

1974; Ramirez & Perez, 1985; Põllupüü et al., 2010). Because a higher number of larger 

females bearing many embryos has been recorded at the incipient phase of the population. 

The reproductive potential then stabilises as the size of the mother and the number of 

parthenogenic eggs produced decrease along the cycle (Della Croce ,1964; Onbé, 1974; 

Specchi & Fontana, 1974; Angellino & Della Croce, 1975; Onbé, 1978a).  

In terms of the relationship between reproductive potential and temperature, in 

Penilia avirostris the reproductive potential was high at the incipient phase of the 

population cycle when temperatures not higher than 21 oC occurred. The reproductive 

potential was then halved, and the number of embryos remained low but stable for most 

of the period of occurrence. A notable increase happened again towards the end of the 

population when temperatures dropped to < 22 oC. For the two podonids (Pseudevadne 

tergestina and Evadne spinifera) the pattern differed from the former species in that the 

number of embryos at the incipient phase of the population remained stable although 

dropping when temperature reached 23.8 and 24.6 oC, respectively. At the end of the 

planktonic population the number of embryos increased and surpassed that of the start as 

water temperature at this moment reached 22.3 oC. Several authors have also observed 

that the reproductive potential in the above-mentioned species, Podon intermedius and 

Pleopis polyphemoides, changed from high to low when higher temperatures were reached 
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in summer, followed by an increase towards the end of the cycle when temperatures 

decreased (Specchi & Zitter, 1973-1974; Specchi & Fonda, 1974; Specchi et al., 1974; 

Ramirez & Perez ,1985; Põllupüü et al, 2010). 

In Penilia avirostris the contribution of embryos at initial and advanced stages of 

development was almost equal throughout the period of occurrence, as well as when the 

highest reproductive potential was achieved and over the two years of sampling. Embryos 

at an intermediate stage of development contributed the least to the total number of 

embryos and were more numerous at the beginning or middle of the population cycle. 

Contrastingly in Pseudevadne tergestina the highest contribution was by embryos at an 

initial stage of development, while the contribution of embryos at intermediate and 

advanced stages fluctuated through time with high percentage contributions (between 30 

and 40%) occurring at different points in the cycle but without a clear pattern of increase. 

Similarly, in Evadne spinifera the highest contribution was by embryos at initial stages 

but embryos at advanced stages represented a higher proportion than those at intermediate 

stages. Moreover, embryos at advanced stages were more numerous (making between 30 

and 40% of the total embryos) during the middle of the cycle covering about four weeks 

of increase abundance of mature embryos. The observed differences in the proportion of 

embryos at different developmental stages can be explained by the developmental time 

for each of the species. In Penilia avirostris a developmental time between 1.5 to 2.4 days 

at 22 to 28 oC (surface temperature) was registered in the Catalan Sea (Atienza et al., 

2008) but developmental times between 3 and 4 days have also been reported for this 

species (Onbé, 1978a). In Pseudevadne tergestina a developmental time of 2 days at 27 

to 28 oC were reported in the inland Sea of Japan (Onbé, 1974) and in Chesapeake Bay 

(Bryan, 1979).  

At the LTER-MC, the temperature range at which Penilia avirostris occurred are 

similar to values reported by Atienza et al. (2008), in 2019 the temperature at surface 

during the period of occurrence of Penilia avirostris ranged between 18.1 and 28.3 oC and 

between 19.6 and 27.9 oC in 2020, thus similar developmental times might have occurred 

at the LTER-MC for the two sampling years. It could be argued that the higher proportion 

of embryos at advanced stages in Penilia avirostris were due to a higher developmental 

time, because Penilia avirostris occurred over a broader range of temperatures than 

Pseudevadne tergestina (between 18.9 and 28.3 oC in 2019 and between 19.6 and 27.9 oC 

in 2020) and at higher temperatures than Evadne spinifera (between 15.7 and 28.3 oC in 
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2019 and between 19.8 and 27.9 oC in 2020), and because faster developmental times in 

Pseudevadne tergestina require temperatures above 27 oC (Onbé, 1974; Bryan, 1979), 

these high temperatures occurred at the LTER-MC for only three weeks. Moreover, the 

timing of embryonic release in Pseudevadne tergestina have been observed to be restricted 

to night-time (Marazzo & Valentin, 2001; Onbé, 2002; Wong et al., 2004; Wong et al., 

2008) while in Penilia avirostris is possible to observed numerous females with mature 

embryos both during the day and night (Wong et al., 2008), which would further explain 

the differences in the proportion of embryos at advanced stages between the species.  
 

 

Resting eggs occurrence 

 

The occurrence of resting eggs both in sediments and the water column observed 

in the present study represents the first instance in which resting eggs have been quantified 

in both habitats. By analysing the temporal patterns of occurrence in both the sediments 

and the water column it was possible to highlight key stages at the incipient and end of 

the population cycle.  

In terms of the resting eggs found in surface sediments at the LTER-MC, all 

species were found to contribute to the sedimentary egg bank, but their abundances 

fluctuated between seasons and at sampling depths. The highest number of resting eggs in 

the sediment were observed in autumn 2019 (a depth average of 1,939 ± 2,669 egg m-2) 

with a major contribution by Penilia avirostris (68 % and 100% of the total number of 

eggs at 40 and 60 m respectively). When comparing the abundance of cladoceran resting 

eggs (eggs m-2) in surface sediments (2 cm) at the LTER-MC with standardised values 

reported in the literature (Table 4.21) it was highlighted that for Penilia avirostris, the 

highest abundance of resting eggs found at the LTER-MC were comparable with only two 

stations in Central Japan (Ise Bay St.1 and Uragami Inlet St. 2; Onbé, 1978b) while it was 

one to two orders of magnitude lower than the values reported in the Inland Sea of Japan 

(Onbé, 1985). For Pleopis polyphemoides, the abundance of resting eggs at the LTER-

MC were higher than values reported for the Baltic Sea (Madhupratap et al., 1996) but 

were one to eight times fewer than the values reported for the Gulf of Finland (Viitasalo 

& Katajisto, 1994) and the western Pacific (Onbé, 1972; 1985). For Pseudevadne 



Plankton-Benthos Coupling at Different Time Scales 
 

 

250 

tergestina, values recorded at the LTER-MC were similar to those reported for Central 

Japan in Ise Bay St. 1 and all the stations of Uragami inlet (Onbé, 1972) but were one 

order of magnitude lower than values reported for the Inland Sea of Japan (Onbé, 1985). 

No comparable records for the abundance of resting eggs in sediments were found in the 

literature for Evadne spinifera and Podon intermedius. 

The seemly large discrepancy in egg densities observed in surface sediments 

between the LTER-MC and other regions could be because of three factors: 1) in all cases, 

examination of resting eggs in sediment cores were done down to either 5 to 10 cm, 2) the 

depth at which sediments were collected were shallower than at LTER-MC, 3)The 

granulometric characteristics of the sediments, high densities of resting eggs were found 

in sediments with higher percentages of particles smaller than 50 µm, mainly soft, 

clay/muddy bottoms (Onbé, 1977; 1985; Barros et al., 2000). The sediments at the LTER-

MC are composed of Quartz (30 to 40 %), Clay (~ 40%) and organic matter (10%) (Lange, 

C. pers comm) which would make for an intermediate type of sediment suitable for the 

storage of resting eggs. 

High temporal and spatial variation in the abundance of resting eggs in sediments 

were observed. In spring 2019 the average number of eggs found for the three depths was 

1,985 ± 974 eggs m-2 with the highest number of eggs occurring at 80 meters. By autumn 

the average number was 1,939 ± 2,669 eggs m-2 with most of the eggs found at 40 meters, 

the number of eggs found at this depth (4,983) was the highest value observed over the 

two sampling years. In spring 2020 an average of 1,546 ± 1,281 eggs m-2 were found and 

were more numerous at 40 meters. The seasonal fluctuation observed between spring and 

autumn 2019 were in line with findings reported by other authors that observed lower 

abundances of resting eggs in sediments when the populations were about to re-appear in 

the plankton, while higher egg abundances in the sediments occurred when planktonic 

populations disappeared (Onbé, 1972; Onbé, 1978; Onbé, 1985). Thus, providing support 

for the pivotal role that resting eggs play in the annual re-appearance of cladoceran 

populations and the continuation of species in temperate coastal habitats. The numerical 

differences between 80m in spring and at 40m in autumn 2019 and spring 2020 further 

support the existence of a sedimentary egg bank due to high number of eggs found at 80 

m in spring at the beginning of populations of the two spring podonids, and the production 
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of resting eggs that is intensified as planktonic populations are about to disappear, as 

observed by the increased abundance of resting eggs at 40m both in autumn 2019 and in 

spring 2020, as this latter sample was collected in May which is the period when spring 

podonids began to disappear from the water column.  
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Table 4.21: Abundance of cladoceran resting eggs found in marine sediments in different geographical 

regions. 

 

Species Location Station Depth (m) height of 
sample(cm)

Egg 
abundance 

(egg 103 m-2)

Standardised egg 
abundance (egg m-2/2 

cm)
Date Reference

Penilia avirostris
Central Japan 
Ise Bay St. 1 - 5 cm 9.15 3,660 Sep. 1975 Onbé 1978

St. 2 23.47 9,388 
St. 11 74.37 29,748 
St. 13 142.6 57,040 

Central Japan 
Uragami Inlet St. 1 - 5 cm 16.25 6,500 Dec. 1976 Onbé 1978

St. 2 9.93 3,972 
St. 3 21.66 8,664 
St. 4 40.43 16,172 
St. 5 67 26,800 

Inland Sea of 
Japan Sensui-jima 8-12 m 10 cm 2.5 to 3 500 - 600 May. 1975 Onbé 1985

4 800 
May/Jun. 

1976 
30 to 40 6,000 - 8,000 Nov. 1976 

Gulf of Naples LTER-MC 40 m 2 cm 821 Mar. 2019 This study
60 m 1,204 Mar. 2019 
80 m 2,488 Mar. 2019 
40 m 3,322 Oct. 2019 
60 m 833 Oct. 2019 
40 m 2,421 May. 2020 
60 m 811 May. 2020 
80 m 603 May. 2020 

Pleopis polyphemoides
Central Japan 
Ise Bay St. 1 - 5 cm 3.13 1,252 Sep. 1975 Onbé 1978

St. 2 35.38 14,152 
St. 11 20.7 8,280 
St. 13 64.98 25,992 

Central Japan 
Uragami Inlet St. 4 - 5 cm 0.54 216 Dec. 1976 Onbé 1978

St. 5 0.72 288 
Inland Sea of 
Japan Sensui-jima 8-12 m 10 cm 13.0 2,600 May. 1975 Onbé 1985

18.0 3,600 
May/Jun. 

1976 

Gulf of Finland Sällvik 42 m 10 cm (1cm 
subsamples

6.0 1,200 May. 1991 
Viitasalo & 

Katajisto 1994

Storfjärden 33 m 34 6,800 May. 1991 

Schlei Fjord St. 3 6-20 m 2 cm 0.06 60 Apr. 1994
Madhupratap et al. 

1996
Kiel Bight St. 3 16-30 m 0.025 25 May. 1994

St. 4 0.005 5
Gulf of Naples LTER-MC 40 m 2 cm 203 Mar. 2019 This study

60 m 203 Mar. 2019 
80 m 415 Mar. 2019 
40 m 831 Oct. 2019 
40 m 303 May.2019 

Pseudevadne tergestina 
Central Japan 
Ise Bay St. 1 - 5 cm 1.21 484 Sep. 1975 Onbé 1978

St. 2 4.69 1,876 
St. 11 14.68 5,872 
St. 13 18.77 7,508 

Central Japan 
Uragami Inlet St. 1 - 5 cm 0.54 216 Dec. 1976

St. 2 0.36 144
St. 3 0.36 144
St. 4 0.36 144
St. 5 0.58 232

Inland Sea of 
Japan Sensui-jima 8-12 m 10 cm 5.8 1,160 May. 1975 Onbé 1985

7.7 1,540 
May/Jun. 

1976 
Gulf of Naples LTER-MC 40 m 2 cm 415 Mar. 2019 This study

80 m 207 Mar. 2019 
40 m 831 Oct. 2019 
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Table 4.21: continued 

 
 

 

 

The differences found for the individual species contributing to the sedimentary 

egg bank can be explained in terms of the seasonal occurrence of the species and the 

timing at which they start to reproduce sexually. Spring podonids were recorded in the 

water column since February but their resting eggs both in sediments and the water column 

were recorded before their first appearance, individuals hatching from the resting eggs in 

late winter would deplete the number of eggs found in the sediments, as it was observed 

for spring 2019 when P. polyphemoides resting eggs ranged between 203 and 415. The 

contribution of the spring podonids to the sedimentary egg bank would then be reflected 

in summer/autumn as their populations disappear completed around this time of the year. 

The number of Pleopis polyphemoides resting eggs found in the sediments in autumn 2019 

(831 eggs) was higher (at 40m) than what it was observed in spring of that year.  

For the group of species that occurred in summer, hatching from resting eggs 

would begin in late spring/early summer as the planktonic populations appeared in the 

water column; their contribution to the sedimentary egg bank would occur in late autumn 

with the intensification of sexual reproduction towards the end of the planktonic 

population, this occurred at the LTER-MC for all the three summer species, as the highest 

number of both gamogenic females and free resting eggs were observed from mid-

September to mid-October, which lead to the higher values of resting eggs observed in 

autumn 2019. These findings highlight the need for sampling sediments not only at the 

two ends of the population cycle but also in the middle to account for inter-specific 

differences in the time of resting egg production. 

Species Location Station Depth (m)
Height of 
sample 

(cm)

Egg 
abundance

(egg 103 m-2)

Standardised egg 
abundance (egg m-

2/2 cm) Date Reference

Evadne spinifera
Gulf of Naples LTER-MC 40 m 2 cm 302 May. 2020 This study

Podon intermedius
Gulf of Naples LTER-MC 80 m 2 cm 199 May. 2020 This study
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In the case of Pseudevadne tergestina, that had a prolong occurrence of gamogenic 

stages throughout the period of occurrence, the number of free resting eggs found in the 

water column did not match the contribution of the species to the sedimentary egg bank, 

being much lower in the sediments than in the water column. These observations highlight 

the need to address key aspects pertaining predation, burial in sediments by bioturbation 

as well as sinking rate, transportation by currents and physical features of the water 

column that might prevent the eggs reaching the sediments. Predation of resting eggs by 

pelagic organisms like juvenile fishes and chaetognaths can decimate the number of 

resting eggs in the water column. Selective predation on gravid females in marine 

cladocerans was observed in Tolo Harbour (by Acanthopagrus schlegeli) and the Baltic 

Sea (by Clupea harengus) by observations of the stomach contents of juvenile fishes 

(Flinkman et al., 1992, Wong et al. 2004). The authors argued that the enlargement of the 

brood chamber in gravid females makes them more vulnerable to predators by increasing 

their visibility. Other predators like polychaetes and chaetognaths may also deplete the 

number of individuals in the water column, as it was observed for Pleopis polyphemoides 

in Guanabara Bay, the increase presence of chaetognaths was met with the collapse of the 

cladoceran population (Marazzo & Valentine, 2003). At the LTER-MC, the increase 

presence of predators like chaetognaths in late summer (Mazzocchi et al., 2011) when 

most marine cladocerans start sexual reproduction (September/October) might also impact 

the population and the number of eggs sinking into the sediments.  

The mechanical activity (bioturbation) of benthic organisms like polychaete 

worms relocate deposited eggs from the surface to deeper layers, thus decreasing the 

number of resting eggs observed in surface sediments (Marcus, 1984; Marcus & Schimdt, 

1986; Onbé, 1991; Viitasalo et al., 2007). However, bioturbation can also facilitate the 

translocation of resting eggs from deeper sediment layers upwards to the water-sediment 

interface where eggs can be picked up by currents and resuspended (Marcus, 1984; 

Marcus & Schimdt, 1986; Onbé, 1991). While burial of resting eggs can be detrimental 

for viability and long-term survival (Marcus, 1996) for some species hatching can occur 

even without reaching the sediment-water interface, provided that oxygen and temperature 

conditions in the sediments are conducive to hatching, as it was the case of Pleopis 

polyphemoides and Evadne Nordmanni in the Baltic Sea (Madhupratap et al., 1996).  
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In terms of the eggs free in the water column, recording the abundance of these 

eggs made possible to observe, for at least one sampling year, the beginning of planktonic 

populations arising from the hatching of resting eggs in Penilia avirostris, Pseudevadne 

tergestina, Pleopis polyphemoides and Podon intermedius, as high numbers of resting 

eggs were found shortly before planktonic individuals were first observed. Similarly, the 

high abundances of free resting eggs found towards the end of the populations of P. 

avirostris, Pseudevadne tergestina and Evadne spinifera highlighted the increase in sexual 

reproduction towards the end of the planktonic populations. Moreover, in Pseudevadne 

tergestina a prolonged occurrence of free resting eggs was in line with observations for 

the abundance of gamogenic stages which occurred throughout the period of occurrence 

of the planktonic population. 

At the LTER-MC, the occurrence of free resting eggs in the water column could 

be a mixture of resuspended eggs (from the sediments) and eggs produced during the 

annual cycle of sexual reproduction for each of the observed species. Resuspension of 

resting eggs from the sediments at the LTER-MC can be driven by wind stress (a measure 

of the stress exerted by wind velocity; u* (m.s-1); Bourassa et al., 1999) that inputs energy 

into the water column in the form of internal waves that promotes vertical mixing above 

the sediments (Van Haren et al., 2021). Wind stress have been observed to be highest 

during the winter months (when the mix layer depth is deepest) until the beginning of the 

stratification period (Kokoska, F pers comm). This together with extraordinary events 

such as the storm that occurred in winter at the beginning of 2020, are sources of energy 

that can lead to the resuspension of resting eggs from the sediments in the study area.  
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4.5 Conclusions 
 

By targeting key stages in the life cycle of marine cladocerans, the present 

investigation of the cladoceran assemblage at the LTER-MC have made a unique 

contribution to the existing knowledge of the ecology of this important zooplankton group. 

This was achieved by depicting not only the seasonal occurrence of five species and the 

demographic structure of their populations but by looking at occurrence of resting eggs in 

both sediments and water column, this later is a key component that has not been 

considered on previous works pertaining the ecology of marine cladocerans.  

At the LTER-MC the cladoceran assemblage was composed of five species 

divided into a spring (Pleopis polyphemoides and Podon intermedius) and summer group 

(Penilia avirostris, Pseudevadne tergestina and Evadne spinifera) of species. Although 

individual species had a well delimitate period of population growth, individuals were still 

observed (at extremely low abundances) in the water column at different times of the year.  

The population structure differed between Penilia avirostris and the four podonid 

species. A marked dominance of parthenogenic females was observed in all podonids but 

to a lesser degree in Penilia for which a large proportion of females were non-

reproductive, such differences might be explained by specific anatomical and behavioural 

traits. 

Inter-specific variation in the reproductive potential was observed in the three most 

abundant species. Overall, the podonid Pseudevadne tergestina exhibited the highest 

potential over the shortest time (4 months) compared to Penilia avirostris and Evadne 

spinifera.  

Based on the observed abundance of resting eggs in sediments, gamogenic females and 

free resting egg, it can be concluded that marine cladocerans at the LTER-MC, rely 

heavily on a long-standing sedimentary egg bank, that receives an annual contribution that 

ensures the prolong emergence of the species.  

Future research avenues should aim to address the relationship between 

environmental parameters and the timing of occurrence of gamogenic forms, particularly 

males. Another research avenue could examine the role of marine cladocerans as 

biological indicators by constructing a baseline indicating the degree of pollution in 

sediments base on the abundance of resting eggs found in polluted vs non-polluted 

environments. 
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Appendices 

 

Appendix 4.1: Parthenogenic reproductive output; results for One way ANOVA 

comparing the number of parthenogenic embryos for three cladoceran species. 

 

 

 

  

2019 Sum sq. df Mean sq. F p
Between groups 2.01 2 1 1.756 0.184
Residuals 25.72 45 0.57

P. avirostris P. tergestina E. spinifera
P. avirostris - 0.21 0.13

- 0.72
E. spinifera -

2020 Sum sq. df Mean sq. F p
Between groups 5.89 2 2.94 5.616 0.007
Residuals 18.87 36 0.52

P. avirostris P. tergestina E. spinifera
P. avirostris - 0.001 0.08

0.21
E. spinifera -

Post-hoc t- values

P. tergestina

Post-hoc t- values

P. tergestina

ONE-WAY ANOVA
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Chapter V 
 

 

CONCLUDING REMARKS AND FUTURE 

PERSPECTIVES 
 

 

Concluding remarks 
 

Numerous planktonic marine organisms produce resting stages to overcome 

periods of adverse environmental conditions. These stages produced in the water column 

sink to the bottom and create a link between the planktonic and benthic domains. The 

identification of resting stages allows to unveil the characteristics of this link and the 

biological processes associated to it; however, the extent of the diversity of resting stages 

has still to be assessed.  

Acquiring information on the production of resting stages by planktonic protists 

requires studies carried out in the laboratory using individual species of unicellular 

organisms and culture them to unequivocally link the morphology of resting stages to a 

species. This information has been complemented with investigations on the abundance 

and diversity of resting stages in the surface sediments and/or in sediment traps that 

allowed to assess their spatial and temporal distribution and abundance. These studies 

allowed the identification of resting stages of several unicellular and multicellular 

organisms (e.g., Dale, 1983; McQuoid & Hobson, 1996; Cáceres, 1997; Onbé, 1991; 

Clausen et al., 2014). However, i) information based on morphological identification still 

covers a limited number of species, ii) many species produce resting stages that are 

difficult/impossible to identify in sediment samples, and iii) the role of resting stages in 

the dynamics of natural populations is still poorly known. 

 

In this thesis I have addressed the coupling between the benthic and pelagic 

habitats by posing two main questions considering two different time scales:  
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A. Which are the temporal changes of eukaryote assemblages – with particular focus 

on micro-eukaryotes – in sediment cores impacted by industrial pollution (long-term 

approach)?  

• Are there differences in composition between the pre-industrial period and 

the more recent layers impacted by pollution?  

• Are there viable, i.e., capable to germinate, diatom species in sediment 

layers of different ages? 

 

B. Which are the temporal dynamics of the life stages of cladoceran species, including 

the resting eggs produced by sexual reproduction (short-term approach)? 

• Are there differences in the timing and abundance of resting stages and the 

population growth patterns in the different cladoceran species present in 

the Gulf of Naples? 

 

 In the following, I summarise the main achievements of my work and the 

contribution to the advancement of knowledge in the respective fields of research. 

 

 

A. Long term changes in the communities detected in sediment cores  

 

HTS-metabarcoding approaches offer the possibility to explore long term changes 

of whole unicellular and multicellular community based on the DNA stored in resting 

stages and/or in the tissue of large organisms. While this approach has been already 

applied in a number of freshwater systems, there is - to my knowledge - only one study in 

which HTS metabarcoding has been applied in sediment cores collected in the marine 

environment (Siano et al., 2021). The present study (Chapter II) thus represents an 

important contribution to this field of research, whose value has been also recently 

highlighted (Capo et al., 2021). The study carried out in this thesis work allowed to 

identify major changes in the community composition between the pre-industrial and the 

industrial periods in a bay of the Gulf of Naples where a steel factory operated until 1990. 

 

Sediments conserve DNA fingerprints of both multicellular and unicellular 

organisms and of both planktonic and benthic organisms. The analysis of the V9-18S 
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barcode region offers the possibility to identify, albeit with different taxonomic resolution, 

the various components of the eukaryotic community. It was thus possible to detect the 

changes in relative abundance of seagrasses, which were present in the most sheltered 

portion of the bay (core 1) in the pre-industrial area, and of macroalgae (Pheophyceans 

and Corallinales red algae), demonstrating the progressive degradation of the benthic 

environment due to pollution. A comparative study of DNA extraction protocols showed 

that the procedure applied in the present study is optimized for the extraction of 

intracellular DNA included in resting stages of unicellular eukaryotes (Siano et al., 2021). 

This is supported by the fact that the vast majority of unicellular taxa detected in the 

sediments belong to genera capable of forming resting stages (e.g., Scrippsiella and 

related genera, several genera of Gonyaulacales, Protoperidinium, Chaetoceros, 

Thalassiosira) and are important members of the planktonic community of the area. 

Changes in the community detected for the planktonic taxa suggest that pollutants were 

present also in the water column and thus affected also this compartment. An example is 

the dominance of dinoflagellates in the industrial and post-industrial period: it has been 

shown that various pollutants can promote the formation of cysts in this group of protists, 

thus explaining their remarkable dominance. The shifts in relative abundance observed 

for parasitic taxa (Syndiniales and Apicomplexa, with relative abundances higher in the 

pre-industrial period) is most probably related to changes in the presence of their hosts, 

but limited information is available on the diversity and host specificity of these 

organisms. 

The location of the two sediment cores was selected based on the information of 

pollutants in the surface sediment layers identified in Romano et al. (2004). The results of 

my study showed some differences in the structure of past communities between the two 

cores, but the general pattern was relatively similar, suggesting that the pollutants should 

have affected over time not only the area in front of the piers of the steel factory, but a 

much wider area. 

 

The diatom assemblage in the two sediment cores were explored in detail in Chapter 

III through two distinct approaches: I tested the presence of viable diatom resting stages 

through the application of Serial Dilution Cultures/Most Probable Number approach and 

investigated the changes in community composition using HTS metabarcoding approach 

based on the diatom-specific V4 18S markers.  
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The first part of the study showed that alive Chaetoceros resting stages were present 

in polluted layers up to 60-years old and that high concentrations of benthic pennate 

diatoms were capable to germinate. There are only very few publications reporting 

information on the viability of resting stages in sediment layers. The information produced 

in this chapter adds interesting information on the viability of diatom resting stages buried 

in sediments and provides evidence of the remarkable physiological adaptations of these 

microalgae.  

The availability of additional reference sequences of pennate diatoms isolated from 

sediments increased the capability to taxonomically assign metabarcoding sequences. 

While several reference sequences are available for the dominant planktonic taxa of the 

region (Chaetoceros, Skeletonema, Leptocylindrus), extremely limited is the information 

on benthic pennate diatoms whose diversity is still largely unexplored. The good 

resolution of benthic pennate diatoms between pre-industrial and industrial period and the 

finding of some taxa only in the pre-industrial period suggest that these microalgae may 

represent potential indicators of environmental quality. However, these approaches 

require further investigations on the taxonomy and genetic characterization of these key 

marine protists. 

 

 

B. Population dynamics and resting egg production of marine cladocerans over 

two annual cycles 

 

In Chapter IV I have investigated the population dynamics, i.e., the timing in which 

the different life stages and the resting eggs are recorded in the water column, over two 

annual cycles of the five cladoceran species present at the LTER-MC station. I also have 

assessed the abundance of resting eggs in the surface sediments of that area. Resting eggs 

are produced in cladocerans only after sexual reproduction involving males and 

gamogenic females and it is thus important to follow the timing at which parthenogenic 

populations shift to sexual reproduction. Information on the dynamics of life stages of 

marine cladocerans is very sparse, often focused on single species and based on the 

application of different sampling methods. This study represents a complete overview of 

the population dynamics of five cladoceran species at the same site, thus allowing 

comparisons between the species-specific life strategies and response to different 
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environmental factors. Within the same architecture of the life cycle, cladoceran species 

in the Gulf of Naples showed differences in the percentage contribution of parthenogenic 

females to population abundance, in the timing of appearance of the sexual stages, and in 

the production of resting eggs. Puzzling were the marked differences in the concentration 

of resting eggs in the sediments, dominated by Penilia avirostris. 

 

 

Future perspectives and research directions 

 
Results from my research call attention to future research perspectives by raising 

several questions. 

 

In Chapter II and III, the changes of the planktonic community in response to 

environmental pollution has been highlighted. Barcode markers provided resolution of the 

diversity of unicellular eukaryotes but also show the importance of validated reference 

sequences to interpret this diversity with the best possible resolution. Many groups of 

organisms (e.g., Cercozoa, Apicomplexa) are still unexplored from the taxonomic point 

of view and information is limited also for some groups of dinoflagellates and diatoms. 

This highlights the importance of taxonomic studies to gain a better understanding of the 

organisms that inhabit the water column. These organisms have different functions in the 

trophic food webs, and we must know their diversity to fully appreciate their signature in 

the sediments and the water column to obtain a better picture of changes that will occur in 

the environment following anthropic and climatic changes. 

 

In Chapter III I showed that diatom resting stages can be preserved alive also in 

polluted sediments; most probably a higher diversity and longer preservation will occur 

in pristine sediments. Studies on the genetic structure and physiological performances of 

populations resurrected from different periods of time will represent a tool to assess 

‘evolution in action’. Unicellular organisms have high division rates and many of them 

can undergo sexual reproduction: mutations occurring during mitotic replication and 

recombination events during sex are sources of genetic diversity and can modify the 

genetic structure of populations over time. Intra-specific differences could be also 

assessed exploring variation of the haplotypes attributed to specific ASVs to test potential 
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changes over time. It has been hypothesized that sedimentary dormant banks house a 

higher genetic diversity than the active planktonic populations (Sundqvist et al., 2018). It 

would be interesting to study the genetic structure of planktonic populations of a target 

species with populations established from the germination of resting stages by applying 

highly sensitive species-specific genetic markers such as microsatellites.  

 

The study of marine cladocerans population dynamics conducted in Chapter IV 

showed similarities and differences between life cycle traits among different species. To 

better address the differences in resting egg production rates, it would be interesting to 

improve their quantification with sediment traps that will allow to capture all eggs 

produced in different time intervals and relate them to the abundance of life stages in the 

water column and e.g., temperature.  

Sedimentary egg banks represent an insurance to the prolonged survival of the 

species in a certain environment. However, the occurrence of gamogenic females and their 

resting egg production represented a very low percentage of the annual cladoceran 

populations in the Gulf of Naples. Therefore, it would be interesting to monitor changes 

with a higher resolution over multiple annual cycles to test the extent to which these 

species rely on resting eggs production/germination. It will be also interesting to assess 

with laboratory studies the possible presence of endogenous rhythms in resting egg 

germination.  

Alteration of temperature could impact reproduction in phytoplankton and 

zooplankton as well as recruitment from resting stages in the sediments (Baustian et al., 

2014; Holm et al., 2018). It would be interesting to investigate the role of subtle variation 

in temperature on the germination success of cladoceran resting eggs.  

Genomic approaches may be also applied in the future to unveil the genomic 

program that determines the shift from parthenogenic to gamogenic stages; this will 

however require the setup of experimental conditions in which these changes occur.  

Thus far there is limited information on the population genetics of marine 

cladocerans (a single study on the biogeography of 6 species, Durbin et al., 2008) and 

reference databases are still lagging behind with a lack of curated sequences for this 

marine group, making it difficult to perform a reliable identification of species of marine 

cladocerans from sedimentary archives or from the analysis of eDNA in general. 
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Climate change can directly impact the benthic-pelagic coupling by altering the 

physical characteristics of the environment that regulate the coupling. Increased 

temperature, light attenuation, wind speed and circulation patterns are among the recorded 

environmental impacts resulting from an increased pressure by anthropogenic activities 

(Baustian et al., 2014; Capo et al., 2016; Thornalley et al., 2018).  

The life cycles of several planktonic organisms are intricately linked to the 

physical environment. The combination of environmental conditions like nutrient 

availability, temperature and light promotes the production and germination of resting 

stages. Drastic changes in environmental factors can potentially alter the environment, 

changing the physiological boundaries of species and their biological processes.  

Alteration to the temperature patterns could greatly impact reproduction in 

phytoplankton and zooplankton, as well as recruitment from resting stages in the 

sediments (Baustian et al., 2014; Holm et al., 2018). Changes in global oceanic circulation 

result in alterations to the transport of nutrients, heat, and individuals. This latter also 

refers to the transport of resting stages to new habitats (Baustian et al., 2014; Thornalley 

et al., 2018).  

 

Despite the observed resilience of the diatom community in the Bay of Bagnoli, 

changes in the water column such as nutrient availability, temperature and light 

availability and the length of the stratification period can alter the biological cycles of 

phytoplankton species. An extended stratification period for the Gulf of Naples could lead 

to shorter or more variable nutrients input whith changes in species composition and 

abundance and consequenct changes in sinking organic biomass responsible for fueling 

the benthic productivity (Zingone et al., 2019), thus weakening the link between the 

benthos and the water column. Assessing the response of phytoplankton species to climate 

change can be helped by looking at sedimentary archives of resting stages over long time 

intervals (Capo et al., 2019) and applying resurrection ecology techniques to measure 

phenotypic and genotypic variation of the species exposed to a set of environmental 

conditions.  

 

In the case of marine zooplankton, in Chapter IV, we observed that temperature 

plays an important role in the abundance of marine cladocerans and their different life 

stages. Thus, for species like Pleopis polyphemoides and Pseudevadne tergestina with a 
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narrow range of temperatures compared to other marine cladocerans, drastic changes in 

temperature could result in the species failing to reproduce sexually with no production of 

resting eggs. Although sedimentary egg banks represent an insurance to the prolonged 

survival of the species, if the egg bank is not fed by the biological process in the water 

column, the contribution of the egg bank would have a time limit. Exploring the species 

responses to different thermal conditions, including projected increases for the 

Mediterranean Sea, together with hatching experiments of resting eggs from sediment 

cores could offer insights on the adaptive potential of cladoceran species.  

Future studies addressing the marine cladoceran assemblage in the Gulf of Naples 

could also assess possible changes in phenology of the species by examining the long-

term datasets available for the LTER-MC and by applying methods for indexing seasonal 

timing such as “centre of gravity” or “cumulative percentaile” as explained by Edwards 

& Richardson (2004) and Mackas et al. (2012) and correlating such indices to 

environmental parameters.  
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